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When cells are faced with the stress of oxygen deprivation (hypoxia), they must
alter their physiology in order to survive. One adaptation cells make during hypoxia entails
the transcriptional activation of specific groups of genes as well as the concurrent
repression of other groups. This modulation is achieved through the actions of
transcription factors, proteins that are directly involved in this transcriptional activation and
repression. I studied the transcriptional response to hypoxia in the model organism
Drosophila melanogaster utilizing DNA microarrays to examine the transcriptomes of five
different mutant Drosophila strains deficient in the hypoxia-responsive transcription factors
HIF-], FOXO, NFkB, p53, and MTF-1. By comparing hypoxia responsive gene
expression in these mutants to that of wild type flies and subsequently identifying binding

sites for each transcription factor near putative target genes, I was able to identify the
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transcripts regulated by each transcription factor during hypoxia. I discovered that FOX0O

plays an unexpectedly large role in hypoxic gene regulation, regulating a greater number of
genes than any other transcription factor. I also identified multiple interesting targets of
other transcription factors and uncovered a potential regulatory link between HIF-1 and
FOXO. This study is the most in-depth examination of the transcriptional hypoxia
response to date.

I was also involved in additional research on transcriptional stress responses in
Drosophila. Also included in this dissertation are two papers on which I was the second
author. One paper identified a regulatory link between the transcriptional responses to
hypoxia and heat-shock. The other examined elevated CO, stress (hypercapnia) in
Drosophila, showing that this stress causes the down-regulation of NFxB-dependent
antimicrobial peptide gene expression.

My studies of stress responses would not have been possible without well-described
mutant fly strains. Another part of my dissertation research involved the creation of a
method for characterizing new mutants for future studies. When researchers seek to
identify the molecular nature of a mutation that causes an interesting phenotype, they must
ultimately determine the specific responsible genomic sequence change. While classical
genetic methods and other techniques can easily be used to roughly map the location of a
mutation in a genome, regions identified by these means are usually so large that
sequencing them to precisely identify the polymorphism is laborious and slow. I have
developed a technique that makes sequencing genomic regions of this size much easier.
My technique involves capturing genomic regions by hybridization of fragmented genomic

target DNA to biotinylated probes generated from fosmid DNA, which are subsequently
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immobilized and washed on streptavidin beads. Genomic DNA fragments are then

eluted by denaturation and sequenced using the latest generation of massively parallel
sequencing technology. I have demonstrated the effectiveness of this approach by
sequencing a mutation-containing 336-kilobase genomic region from a Caenorhabditis
elegans strain. My entire protocol can be completed in two days, is relatively inexpensive,
and is broadly applicable to any situation in which one wants to sequence a specific
genomic region using massively parallel sequencing.

This dissertation includes both my previously published and my coauthored

materials.
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CHAPTER 1

INTRODUCTION TO HYPOXIC GENE REGULATION AND NEXT

GENERATION SEQUENCING

Background of hypoxic gene regulation

Molecular oxygen plays a multitude of essential roles in eukaryotic cellular
physiology, perhaps most notably as the terminal electron acceptor in the electron
transport chain of cellular respiration. Because of this critical role in cellular energy
harvest, eukaryotic organisms have evolved several mechanisms to deal with situations
where the supply of oxygen becomes scarce (hypoxia). One of the central hypoxic
adaptations made by eukaryotic organisms is the differential regulation of specific sets of
transcripts. By varying the amounts of transcripts for various genes, cells are able to alter
quantities of assorted proteins, and by doing so, change their physiology in ways that
allow them to better cope with hypoxia. This hypoxia-induced transcriptional modulation
accomplished through the action of hypoxia-responsive transcription factors, proteins that
are directly invoived in regulating the quantities of transcripts that are produced from

specific sets of genes.



The transcription factor with the best-characterized role in hypoxic gene
regulation is Hypoxia Inducible Factor-1 (HIF-1) (1). HIF-1 is a heterodimeric
transcription factor composed of two subunits known as HIF-1a and HIF-1(3. HIF-1f is
a protein that is constitutively present in many cells, and dimerizes with several other
transcription factors other than HIF-1a in order to regulate transcription of genes
involved processes as diverse as cellular responses to environmental toxins, to neural
development (2). HIF-1p is absolutely essential for the function of HIF-1 as a hypoxia-
responsive transcription factor, but plays little role in the regulation of its activation.

HIF-1a, on the other hand, is a protein that is tightly regulated by cellular oxygen
levels, and this regulation is the key step in the regulation of HIF-1 activity. When
oxygen is present in a cell at normal levels (normoxia), HIF-1a is hydroxylated at a
proline residue by an enzyme known as HIF-1 Proline Hydroxylase (HPH). This
hydroxylation reaction is dependent on the presence of molecular oxygen, and serves as
the direct link between oxygen abundance and HIF-1a activity (3). When HIF-1o is
proline hydroxylated, it is recognized by Von Hippel Lindau tumor suppressor protein
(VHL), which facilitates the ubiquitination and rapid proteasomal degradation of the HIF-
la. This oxygen-dependent pathway prevents HIF-1a protein from ever being present at
normal oxygen concentrations long enough to dimerize with HIF-1{ and take part in
transcriptional regulation. During hypoxia, however, HIF-1a is not degraded, dimerizes
with HIF-1p, and the dimeric HIF-1 transcription factor activates the expression of its

target genes.
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When it is active in hypoxia, HIF-1 binds DNA sequence motifs with the core 5’-

TRCGTG-3’. These elements are present, often in clusters, near genes that are regulated
by HIF-1 under hypoxia. A number of genes have been identified as HIF-1 targets in
mammalian and other model systems. HIF-1 is responsible for the transcriptional up-
regulation of genes such as erythropoietin (EPO), and Vascular endothelial growth factor
(VEGF) which increase oxygen delivery to hypoxic areas by stimulating red blood cell
production, and the recruitment of blood vessels respectively in mammals(4). In the fruit
fly Drosophila melanogaster, HIF-1 has been shown to regulate HPH, providing a
feedback mechanism by which HIF-1 activity is attenuated during hypoxia (5). Nathan
Baird and I showed that in Drosophila, HIF-1 directly regulates the transcription of Heat
shock factor (HSF), a transcription factor that activates the transcription of heat shock
protein genes (6). The full complement of HIF-1 regulated genes in Drosophila has not
been exhaustively cataloged yet, however.

Another transcription factor that has been shown to regulate gene expression
during hypoxia is the Forkhead transcription factor FOXO. FOXO activity is inhibited
by Insulin signaling, causing FOXO to activate gene expression during starvation
conditions. Mechanistically, FOXO is phosphorylated by the kinase AKT in response to
Insulin or other growth factors. This phosphorylation causes the export of FOXO from
the nucleus, thereby inhibiting FOXO-mediated transcriptional activation (7).
Interestingly, elevated FOXO activity is linked to increased longevity in Drosophila and
Caenorhabditis elegans, suggesting that the genes regulated by this transcription factor

have significant protective functions for cells (7). Indeed, several genes involved in
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reactive oxygen species detoxification have been described as FOXO targets, in addition

to a number of genes involved in protecting cell from other stresses (8).

Recently, FOXO has been shown to activate gene expression in response to
hypoxia in human cells (9). This study found that FOXO3a, one of the four FOXO
transcription factors in humans, is transcriptionally activated by HIF-1 during hypoxia.
This transcriptional up regulation contributes to the activation of FOXO-dependent gene
expression during hypoxia. Interestingly, FOXO3a was found to activate transcription of
Cited2, gene that is known to down-regulate HIF-1 activity, demonstrating that HIF-1
and FOXO3a regulate each other in a negative feedback loop.

Nuclear factor kappa-B (NFxB) is another transcription factor that has been
shown to activate gene expression in response to hypoxia. NFkB has been most
thoroughly characterized as a central transcriptional regulator of the inflammatory
response in mammals (10). Under normal conditions, NFxB is bound by the repressor
protein IxB, which masks the nuclear localization sequence (NLS), prevent nuclear
accumulation of the transcription facior. NFkB can be activated by a number of stimuli,
including bacterial antigens, proinflammatory cytokines, oxidative stress, and ultraviolet
radiation. Upon activation, IxkB is phosphorylated, ubiquitinated, and degraded, exposing
the NLS of NFxB, which translocates in to the nucleus and activates transcription.
Numerous NFkB target genes have been identified in multiple organisms, including those
encoding inflammmatory cytokines, chemokines, and cell adhesion molecules. In
Drosophila, there are three NFkB proteins, Dorsal (D1), Relish (Rel), and Dorsal-related

immunity factor (Dif) (11). DI has been extensively studied for its role in development.
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Rel and Dif play key roles in the innate immune system of the fly, where they transcribe

genes encoding anti-microbial peptides in response to bacterial and fungual infection.

Although numerous studies have shown that NFxB is activated by hypoxia, the
mechanism by which this occurs is unclear (12) (13). There is evidence that hypoxia can
induce the production of Nitric Oxide (NO) as well as other reactive oxygen species
(ROS), and activation of NFxB by ROS has been well documented (14) (15). These
observations seem to support the hypothesis that NFkB activation by hypoxia takes place
because of a mechanism involving some sort of hypoxia-related change in the redox state
of the cellular environment. Although we are not sure of the mechanism responsible, our
lab has observed multiple targets of Rel, as weil as Rel itself being transcriptionally up
regulated by hypoxia in Drosophila (16).

Another stress-responsive transcription factor has been implicated in the hypoxia
response is p33. This transcription factor is mainly known as a transcriptional activator
of pro-apoptotic genes that is activated by DNA damage (17). A number of other stimuli
can activate pS3, including ultraviolet radiation, X-rays, low pH, and heat shock. In the
absence of activating stimuli, pS3 is ubiquitinated and targeted for degradation by the
ubiquitin ligase MDM2. Hypoxia has been shown to activate p53 through direct binding
and inhibition of MDM2 by HIF-1a (18). Other researchers have reported that ROS play
a role in the hypoxic activation of p53 (19). The role of p53 in Drosophila hypoxic gene
regulation has not been previously examined. Because Drosophila possesses a p53
homologue, and ROS are known to be produced during hypoxia in the fly, it seems likely

that p53 plays a role in hypoxic gene regulation in Drosophila.
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Another hypoxia-responsive transcription factor that is likely to play a role in the

hypoxia response of Drosophila is the Metal-responsive transcription factor-1 (MTF-1).
MTF-1 is an evolutionarily-conserved transcription factor that possesses DNA binding
zinc fingers which change conformation in response to fluctuations in cellular zinc
concentration (20). MTF-1 activates the transcription of Metallothionein genes in
response to increases in cytoplasmic metal ion levels. Metallothioneins are small,
cysteine-rich proteins that bind zinc under physiological conditions. When other metal
ions such as copper or cadmium enter the cytoplasm, Metallothioneins release their
bound zinc and bind these more toxic ions with higher affinities. This mechanism allows
MTF-1 to respond to a multitude of metals despite the fact that only zinc directly binds
the transcription factor (21). Although the vast majority of work on MTF-1 has been
directed toward understanding its role in cellular metal homeostasis, it has become clear
that MTF-1 directs transcriptional changes in response to hypoxia as well. In human
cells, the hypoxic transcriptional induction of Placenta growth factor (PIGF) was shown
to be dependent on MTF-1 (22). Metallothionein genes have also been shown to be
transcribed in response to hypoxia in an MTF-1-dependent manner (23). In Drosophila,
our lab has observed transcriptional activation of Metallothionein genes during hypoxia,
which is highly likely to require MTF-1 (16).

Drosophila has been well established as an extremely powerful model system for
uncovering fundamental new facets of genetics and molecular biology. Numerous
cellular pathways that have key roles in human disease are also present in Drosophila,
and in-depth molecular biological characterization of these pathways is much easier and

more rapid in the fly due to its short generation time and widely available genetic tools.
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Each of the five hypoxia-responsive ranscription factors that I described in the preceding

pages is present in Drosophila. In this dissertation, I describe my work on understanding
the transcriptional response to hypoxia using the Drosophila model system. I examined -
hypoxia-responsive gene expression in five different fly lines, deficient in HIF-1, FOXO,
NFkB, p53, and MTF-1. By combining this analysis with bioinformatics, I was able to
determine, to a large extent, the role of each transcription factor in the broader
transcriptional hypoxia response. My work represents the first dissection of the
transcriptional hypoxia response to this level of detail. This would not have been

possible without use of the Drosophila model system.

Background of genomic regional enrichment for sequencing

It could be said that the blueprint for an organism lies in the sequence of its
genome. Because the genomic sequence of any living thing contains so much useful
information about the biology of that organism, a great deal of effort has been devoted to
genome sequencing projects. The genome sequences produced by these projects make
molecular biological studies enormously easier than they would be in the absence of
reference genome sequences for the organisms being studied.

The bulk of existing genomic sequence data has been produced using variations of
the chain-terminator method of DNA sequencing developed by Frederick Sanger and
colleagues in the 1970’s (24). In this method, DNA polymerase synthesizes a new strand
of DNA from a specific primer that has been annealed 1o the DNA template that is to be
sequenced. This synthesis takes place in the presence of a small concentration of

dideoxynucleotides, which, when incorporated in to the newly synthesized strand,



prevent DNA polymerase from sdding 'additioxlal nucleotides and thus terminate the
synthesis of the new chain of nucleotides. This results in the synthesis of new DNA
strands from the sequencing primers that are a multitude of lengths. In modern Sanger
sequencing, the dideoxy terminator nucleotides also incorporate specific fluorophore
moieties for each of the four dideoxynucleotides in the reaction. When the DNA
synthesis is complete, the mixture of product strands is separated by size using
electrophoresis to a resolution that allows the researcher to discern size differences of one
nucleotide. By observing the size of each fragment and taking note of the fluorescent
color of the chain-terminator nucleotide that was incorporated, the researcher can deduce
the sequence of the newly synthesized DNA strand beginning at the 3” end of the
sequencing primer.

The reads produced by Sanger sequencing are typically less than one kilobase
(kbj in length. This read length is 3,000,000 times smaller than the length of the human
genome, for example, making the task of sequencing entire genomes using the Sanger
approach laborious and costly. The desire to sequence new genomes more quickly as
well as a need to determine sequence polymorphisms at the root of genetic diseases has
led to the development of several types next generation DNA sequencing (NGS)
technology. These NGS approaches all are based on the concept of sequencing massive
numbers of random DNA fragments in parallel. Each sequencing read from a NGS run is
much shorter than those produced in a Sanger sequencing run; the advantage that NGS
provides lies in the number of reads produced by these approaches. For example, the

individual sequencing reads produced by 1llumina Genome Analyzer II NGS instrument



are 50 nucleotides or less in length, ii“t'){:\'vvever,‘fhis instrument produces roughly
96,000,000 of these reads which results in 4.8 gigabases of raw sequence information.

Due to sequencing errors and the necessity of significant overlap between
individual reads for assembly into a long continuous sequence, NGS instruments can still
not sequence entire genomes of higher eukaryotes in single runs. In many cases,
researchers are only interested in sequencing portions of a genome, such as when
‘identifying disease related single nucleotide polymorphisms (SNPs) in clinical samples,
or when attempting to identify the SNP responsible for an interesting phenotype in a
mutant identified in a genetic screen. NGS instruments, however, do not sequence
targeted genomic regions; random DNA fragments serve as the sequencing template
resulting in reads that are scattered throughout the genome. Sanger sequencing allows
researchers to select the region they would like to sequence based on the location of the
sequencing primer, but sequencing large regions requires the design of numerous primers
that each must be run in a separate sequencing reaction making the targeted sequencing
of large regions with Sanger technology both slow and expensive. For these reasons,
several groups are pursuing methods for selecting large genomic regions for sequencing
by NGS.

Two independent groups published methods for targeted sequencing of large
genomic regions by NGS last year (25, 26). Both of these papers describe essentially the
same protoecol in which custom DNA microarrays are designed and constructed to contain
oligonucleotide sequences that are homologous to a large genomic region of interest.
Genomic DNA is randomly sheared and hybridized to the custom microarray, and the

sequences that are not homologous to those represented on the array are washed away.
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The genomic fragments that hybridized to the array are then eluted by denaturation,

amplified, and sequenced by NGS. This approach has proven to be an effective method
of isolating and sequencing specific large genomic regions.

I have developed an alternative method to the custom microarray based approach
for capturing large genomic regions for sequencing by NGS. My method uses fosmid or
bacterial artificial chromosome (BAC) DNA that is homologous to the genomic region of
interest in place of the custom microarrays that are used in the previously published
protocols. My method is significantly faster, and can be completed for a small fraction of
the cost of microarray-based methods. Furthermore, no complete reference genome
sequence for the target region is required by my technique. The low cost and simplicity
of my technique will make current NGS technology an effective means of sequencing
large genomic regions for more than only the most well funded rgsearch groups in the
world. “

P.D. Etter contributed to the research described in Chapter I1 as a second author.
N.A Baird was the first author of Chapter ITI. 1.T. Helenius and T. Krupinski were co-

first authors and Y. Gruenbaum was the third author of Chapter I'V.

Bridge to Chapter 11

In the previous chapter I described what is known about the hypoxia-responsive
transcriptional regulatory activities of HIF-1, FOXO, NFkB, p53, and MTF-1. In
Chapter II, I will report the identities of numerous genes that are regulated by each

transcription factor during hypoxia in Drosophila melanogaster.
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CHAPTER 11

GENETIC DISSECTION OF THE TRANSCRIPTIONAL HYPOXIA RESPONSE

IN DROSOPHILA MELANOGASTER

P.D. Etter contributed to this work by performing the genetic crosses and
microarray experiments for two of the six genetic strains used. I conducted the remainder
of the experiments as well as the data analysis and writing.

Oxygen is required by all multicellular organisms for survival. When animals are
deprived of oxygen, they undergo a complex series of behaviorial, developmental,
physiological and molecular changes in order to survive the challenge. Hypoxia is also
encountered by cells in tissues affected by heart attack, stroke, wounding, as well as
within poorly vascularized tumors. Hypoxic tumors are often resistant to treatment, and
indicate a poor prognosis for cancer patients (27). Due to the medical importance of
hypoxia, a great deal of research has been devoted to understanding the mechanisms cells
utilize to survive this stress.

One mechanism widely utilized by organisms to cope with oxygen deprivation
involves the modulation of gene expression in response to hypoxia. The transcription

factor HIF-1 has been well characterized as a regulator of hypoxia-responsive gene
g P
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expression (1). HIF-1 is a heterodimeric transcription factor composed of an o and a f3

subunit. HIF-1a is rapidly ubiquitinated and degraded in the presence of oxygen, but
during periods of hypoxia the protein dimerizes with HIF-1, which is constitutively
expressed, to form the active HIF1 transcription factor complex. HIF-1 binds genomic
regulatory elements known as hypoxia response elements (HREs), where it is
transactivated and facilitates the transcriptional activation of genes that help cells survive
hypoxia by either decreasing their demand for oxygen by shifting to glycolytic
metabolism, increasing the supply of oxygen by recruiting blood vessels to the hypoxic
area, or by stimulating the production of red blood cells (1).

In addition to HIF-1, other transcription factors are known to take part in
regulating hypoxic gene expression. Nuclear factor kappa-B (NFkB) transcription
factors play a large part in regulating gene expression in response to inflammatory stimuli
and are also known to be activated by hypoxia (12) (13). Another transcription factor
that has been shown to regulate gene expression in response to hypoxia is p53, which is a
key regulator of genes that are responsible for the induction of apoptosis (28). The
FOXO family of Forkhead transcription factors regulate gene expression in response to a
multitude of stresses, and have recently been shown to be involved in regulating the
transcriptional response to hypoxia in human cells(9). Although primarily characterized
as a regulator of genes involved in the ceilular response to heavy metal stress, the metal
response element (MRE) binding transcription factor (MTF-1) has also been shown to

respond to nitric oxide as well as hypoxia (29) (23). While NFkB, p53, FOXO, and
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MTF-1 are all known to be hypoxia-responsive transcription factors, the comprehensive

set of genes regulated by each during hypoxia have yet to be determined.

Much of what is currently known in the field of genetics was gleaned from the
study of the fruit fly Drosophila melanogaster. Drosophila has also proven to be an
effective model system for the study of hypoxia. The Drosophila proteins Similar and
Tango have been identified as functional homologues of mammalian HIF-1¢. and HIF-1
(30, 31). Functional homologues of the hypoxia-responsive transcription factors NFkB,
p53, FOXO, and MTF-1 are also present in Drosophila. Previously, our lab used
microarrays to identify Drosophila genes that are transcribed in response to hypoxia (16).
In the present study, we used available mutant Drosophila strains deficient in HIF-1
(sima’®), NFkB (rel”’), p53 (p53°*1), FOXO (foxo®!/foxo®), and MTF-1 (mtf-1""'%),
to identify hypoxia-responsive transcripts that are regulated by each respective

transcription factor.

Materials and Methods

Drosophila strains. In order to minimize differences in gene expression due to
variations in the genetic backgrounds of the strains that were studied, both the wild type
Oregon R control strain and each mutant were crossed to a strain bearing visible markers
on each chromosome (yw,;Sp/cCyO,;dDp/TM3-Sb). The genotype of the wild type control
strain was yw,Sp/CyO;+. The genotypes of the mutant strains studied were as follows:
yw;Sp/CyO;sima7 607 yw;Sp/CyO;foxoz 1/fox025, yw;Sp/CyO;p535A'1 - yw;Sp/CyO;relezo,

and yw; Sp/CyO/mitf-1"41R
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Hypoxia treatment. Twenty male and female adult flies between the ages of 1 and

5 days post-eclosion were collected from each genotype and placed in separate.vials
containing standard Drosophila medium for each hypoxia experiment. Six replicate
populations were collected for each genotype. After a 24-hour recovery period following
counting, three of the vials for the wild type strain and each mutant were placed in a
sealed chamber at room temperature that was then flushed with a mixture of 0.5% O, and
99.5% N: (hypoxia). The three other vials for each respective genotype were placed in an
identical chamber containing normal atmospheric oxygen concentrations (normoxia).
The flies were incubated in the hypoxia and normoxia chambers for six hours, following
which they were rapidly removed and frozen in liquid N,.

RNA extraction and DNA microarray experiments. Following either hypoxia or
normoxia treatment, frozen flies were homogenized in TRIzol reagent and RNA was
extracted according to the manufacturer’s protocol (Invitrogen). For each strain, 20 pug of
RNA from each normoxia and hypoxia treatment were labeled for microarray
hybridization using the SuperScript Direct cDNA Labeling System (Invitrogen),
incorporating either Cyanine 3 (normoxia) or Cyanine 5 (hypoxia) conjugated dUTP
(Perkin Elmer). In each strain, gene expression during hypoxia was assayed by
combining labeled normoxia and hypoxia cDNA, and hybridizing the samples to DNA
microarrays containing 16,416 oligonucleotides from the INDAC set representing the D.
melanogaster transcriptome (Illumina). Three microarrays were hybridized for each
mutant, representing three independent biological repeats. Microarrays were scanned and

analyzed using Gene Pix Pro 6.0 software (Molecular Devices).
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Microarray Data Analysis. In order to identify the complete set of hypoxia-

modulated transcripts, we identified transcripts in wild type flies that increased or
decreased greater than 1.6 fold during hypoxia (average of 3 microarray data sets). We
then examined the expression level of this set of transcripts in each mutant strain. In
order to identify genes that were differentially regulated during hypoxia in each mutant
strain, we used BAMarray '™ 2.0 software, which utilizes Bayesian ANOVA analysis to
identify significant differences in transcript levels between multiple microarray data sets
(32). Conserved binding sites for each transcription factor were identified using our own
software (http://genomix.uoregon.edu/~eric-johnson/cgi-bin/GAS.pl). The motifs used
for each transcription factor binding site search are as follows: Sima - TACGTG;
dFOXO - RTAAACAA; Rel - GGGAHNYMY; p53 - RRRCWWGYYY; MTF-1 -
TGCRCNC. Groups of 2 or more binding sites within 2 kb of an open reading frame that
are conserved in D. melanogaster as well as at least three other Drosophilid genomes
were considered likely to be functional binding sites for the transcription factor being

queried.

Results

Hypoxia-induced changes in gene expression—DNA microarrays were used to
compare transcriptional profiles of adult Drosophila melanogaster flies that had been
exposed to hypoxia to those of flies that were kept at atmospheric oxygen concentrations.
Upon treatment with hypoxia, 435 transcripts were either up- or down-regulated greater
than 1.6 fold (3.05% of the transcripts represented on the array). These results are in

agreement with the set of transcripts that we previously identified as being induced by
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hypoxia (16). In order to identify transcription factors involved in the regulation of the

identified hypoxia modulated transcripts, we examined hypoxia-responsive gene
expression in mutant strains deficient in Sima, dFOXO, NFxB, p53, and MTF-1.
Hypoxia-responsive gene regulation in mutani strains-- In order to minimize
differences among the mutants due to variation in their genetic backgrounds, we
performed a series of crosses to make each mutant genetically identical to the wild-type
strain, with the exception of the chromosome containing each respective mutation. We
then exposed each mutant strain to the same hypoxia treatment as the wild type flies and
identified transcripts that were either induced or repressed by hypoxia using microarrays.
Baesian ANOVA analysis was then used to identify transcripts that were differentially
regulated under hypoxia between wild type flies, and each mutant strain (Figure 1) (32).
Of the 435 transcripts that were induced or repressed 1.6 fold or greater during
hypoxia in wild type flies, 190 were identified as significantly different in any one of the
mutant strains by Bayesian ANOVA analysis. We analyzed the expression or each of
these 190 genes by hierarchical clustering (Figure 2). Interestingly, d#OXO mutants
exhibit the greatest difference in hypoxia-induced gene regulation when compared to
wild type flies by hierarchical clustering. Sima mutants exhibit the second largest
difference in hypoxic gene regulation from wild type flies, while p53, rel, and MTF-1

exhibit patterns in gene regulation that are more similar to wild type.
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Figure 1. Example data plot from BAMarray' ™ Bayseian ANOVA data analysis comparing the expression
of 435 hypoxia-regulated transcripts in sima- and WT flies. Genes are classified as significantly
differentially expressed between two data sets when their Zcut values are large, and their posterior
variances are close to |. BAMarray ™ automates the selection of such genes using a rule based on the
specific data set. For details of BAMarray ™ statistics, please see {Ishwaran et al., 2006, BMC
Bioinformatics, 7, 59}.
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Figure 2. Hierarchical clustering of hypoxia modulated transcripts with significantly perturbed expression
levels in at least one mutant strain. Rows represent the average expression levels of transcripts from 3
biological replicates for the strain indicated in each column. During hypoxia, dFOXO mutants exhibit the
greatest difference from wild type flies, followed by sima mutants.
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In order to refine the lists of target genes to include only direct transcriptional
targets of each transcription factor under hypoxia, and to eliminate genes indirectly
affected by the loss of that factor, we used a bioinformatic approach (Figure 3). Genes
were considered strong candidate targets of a given transcription factor under hypoxic
conditions in théy showed significantly altered expression levels in that mutant under
hypoxia and also contained two or more conserved binding sites for the affected
transcription factor within two kilobases of the open reading frame. Based on these
criteria, we identitied 47 hypoxia modulated target genes for dFOXO, 24 targets of Sima,
16 targets of Relish, 14 targets of p53, and 14 MTF-1 targets (Table 1). These numbers
are in accordance with the differences in hypoxic transcriptional modulation between
each mutant strain and wild type based on hierarchical clustering, with FOXO being
required for the hypoxic modulation of the greatest number of transcripts, followed by

Sima, Rel, p53, and MTF-1 (Figure 2).

Table 1. Hypoxia modulated transcripts with significantly altered hypoxia expression levels in mutant
strains

Fold Fold
hypoxic  hypoxic Conserved
, induction induction  binding
Transcript in WT  in mutant sites

dFOXO-dependent transcripts
CG18466 NAD-dependent methylenetetrahydrofolate

dehydrogenase 3.94 1.06 4
CG10383 3.66 1.25 5
CG7219 Proteinase inhibitor [4 3.36 0.00 2
CG5966 lipid metabolism 3.01 1.00 2
CG8709 lipid metabolism 2.93 1.42 6
CG7850 puckered 2.85 1.93 8
CG5953 2.77 0.00 8




[N

CG3090 Sox box protein 14 2.66 0.00 2
CG13868 239 0.79 7
CG3705 astray 2.39 1.05 2
CG14801 nucleic acid metabolism 222 0.00 8
C@G32369 carbohydrate metabolism 2.22 0.00 6
CG15423 222 1.24 2
CG11796 amino acid catabolism 2.20 0.69 3
CG7554 comm2 2.17 0.00 2
CG5295 2.13 1.41 3
CG12489 Defense repressor i 2.04 0.00 10
CG1600 Zinc-containing alcohol dehydrogenase

superfamily 2.01 1.15 6
CG31811 centaurin gamma 1A 1.96 1.29 5
CG5467 1.93 0.00 3
CG5246 proteolysis Peptidase S1 1.93 1.13 2
CG16926 1.91 0.91 2
CG12358 polyA-binding protein interacting protein 2 1.89 1.03 3
CG32972 cell adhesion 1.84 0.00 4
CG10580 fringe 1.82 0.00 6
CG7525 Tie-like receptor 1.78 0.00 2
CG15162 Misexpression suppressor of ras 3 1.73 0.96 3
CG12845 Tetraspanin 42Ef 1.73 1.07 2
CG8222 PDGF- and VEGF-receptor related Pvr 1.72 1.03 2
CG31319 RhoGAPS8C 1.71 0.00 3
CG3234 timeless 1.71 0.00 2
CG5248 locomotion defects 1.69 0.00 3
CG13388 A kinase anchor protein 200 1.67 1.13 2
CG1921 sprouty 1.66 1.04 3
CG5461 bunched 1.64 1.00 19
CG4993 PRL-1 1.59 1.03 5
CG8095 scab 1.59 1.06 2
CG8127 Ecdysone-induced protein 75B 1.57 1.05 24
CG14401 1.57 0.83 3
CG10637 Numb-associated kinase 1.53 0.00 3
CG7210 kelch 1.53 0.92 2
CG17278 Proteinase inhibitor I1 1.52 0.00 2
CG8098 Picot 0.63 0.93 4
CG13607 0.62 1.06 2
CG7720 cation transporti 0.54 1.01 7
CG12602 cation transport 042 0.74 2
Sima-depenndent transeripts

CG31449 Heat-shock-protein-70Ba 4.91 3.89 2
CG10160 Ecdysone-inducible gene 1.3 3.06 1.09 2
CG15009 Ecdysone-inducible gene 1.2 2.13 0.92 6
CG7224 1.60 0.30 3
CG11652 DPH2 protein 68D2 1.56 0.15 2
CG31769 1.29 -0.07 2

<D
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CG31543 HIF prolyl hydroxylase 1.16 -0.02 9
CG1333 ErolL 1.05 -0.04 2
CG5467 0.95 0.10 4
CG6246 nubbin 0.95 0.41 4
CG12358 polyA-binding protein interacting protein 2 0.92 0.27 5
CG32972 Beta-1g-H3/fasciclin Protein kinase-like

35A1 0.88 0.00 5
CG5748 Heat shock factor 0.86 0.08 3
CG30069 cell cycle 0.85 -0.05 3
CG10746 fledgling of Klp38B 0.84 -0.22 4
CG8913 oxygen and reactive oxygen species

metabolism 0.83 0.22 3
CG3234 timeless 0.77 -1.20 2
CG9078 infertile crescent 0.66 0.11 2
CG10827 Alkaline phosphatase -0.66 0.00 2
CG12385 Peptidase Si -0.70 -0.17 2
CG13997 -1.21 -0.06 2
CG12602 cation transport -1.24 -0.63 3
CG10129 nudel -1.97 0.00 3
Relish-dependent iranscripts

CG32130 apoptosis proteolysis Peptidase S1 4.72 7.00 5
CG18466 NAD-dependent methylenetetrahydrofolate

dehydrogenase 3.94 1.75 4
CG3896 defense response 2.11 1.41 2
CG11992 Relish 2.03 1.00 4
CG5467 1.93 1.08 3
CG32972 cell adhesion 1.84 1.00 3
CG17631 1.64 1.06 2
CG10248 Cytochrome P450-6a8 1.53 2.00 6
CG170i 0.64 0.94 3
CG8098 Picot 0.63 0.98 2
CG10827 0.63 1.00 2
CG12387 Trypsin 0.58 0.88 2
CG17876 Amylase distal 0.55 1.00 4
CG8083 cation transport 048 0.70 2
CG12602 cation transport 042 0.67 2
MTF-1-dependent transcripts

CG4463 Heat shock protein 23 5.13 10.80 3
CG5550 defense response 5.10 8.30 2
CG14847 1.84 0.95 3
CG4919 Glutamate-cysteine ligase modifier 1.82 1.00 2
CG1399 Leucine-rich repeat 1.77 1.88 8
CG3234 timeless 1.71 1.13 5
CG32041 Heat shock gene 67Bb 1.69 4.63 5
CG9568 1.67 2.63 2
CG4312 Metallothionein B 1.59 0.00 5
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CG5059 i.56 2.35 4
CG10725 chitin metabolism 1.53 0.00 2
CG10827 Alkaline phosphatase 0.63 0.94 4
CG1941 0.60 0.99 2
CG17876 Amylase distal Amy-d 0.55 0.00 3
p33-dependent transcripts

CG8127 Ecdysone-induced protein 75B 1.53 227 12
CG30069 cell proliferation 1.80 0.94 8
CG7720 cation transport 0.54 0.91 5
CG10827 mesoderm development 0.63 1.03 4
CG32972 cell adhesion 1.84 0.00 3
CG10580 fringe 1.82 0.00 3
CG13503 actin filament organization 1.73 0.00 3
CG31319 RhoGAPSSC 1.71 0.00 3
CG12602 cation transport 042 0.63 3
CG5246 proteolysis Peptidase S1 1.93 0.00 2
CG18402 Insulin-like receptor InR 1.91 1.30 2
CG6437 GIcT-1 1.68 1.11 2
CG1941 0.60 0.00 2
CG10129 nudel Toll signaling pathway 0.26 0.00 2
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Figure 3. Examples of computationally identified conserved binding sites for putative hypoxia-responsive
transcription factor targets. Transcripts identified as differentially expressed during hypoxia in sima
mutants contained both known Sima targets such as Hear shock factor (A), and transcripts that have
previously been uncharacterized as targets of Sima, such as /mp-L2 (B). Both transcripts contain Sima
binding sites within introns that are conserved in multiple Drosophila species.

Discussion

The transcriptional regulation of genes during hypoxia has been examined in
many model systems. However, the exact roles of many of the transcription factors
known to be involved in the hypoxic response and how they regulate gene expression
during hypoxia have not been comprehensively determined until now. We identified 435

transcripts that are either induced or repressed greater than 1.6 fold by hypoxia in wild
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type D. melanogaster. Of these genes, 190 (43.7%) are significantly differentially

regulated during hypoxia in flies that are deficient in at least one of the transcription
factors we examined. In order to separate genuine targets of the hypoxia-responsive
transcription factors from transcripts that change in abundance due to indirect effects, we
computationally identified conserved transcription factor binding sites near putative
target genes identified in each mutant strain. Following this analysis, we identified 88
transcripts as being regulated by at least one of the transcription factors we examined.

Interestingly, the vast majority of hypoxia-modulated transcripts we were able to
assign to a particular transcription factor were those that were up-regulated by hypoxia.
Relish was the only transcription factor out of the five we studied that seems to play a
substantial role in transcriptional repression during hypoxia; 43.75% (7/16) of the genes
regulated by Rel during hypoxia are down-regulated by the stress in wild type flies.
Interestingly, in the absence of Rel, several hypoxia modulated transcripts are more
highly transcribed, supporting the potential role of Rel as a hypoxia-responsive
transcriptional repressor. Several MTF-1-dependent transcripts are more highly induced
by hypoxia in the transcription factor’s absence, suggesting that MTF-1 functions as a
repressor as well. Each of the other transcription factors appear to function more as
transcriptional activators during hypoxia; of the dFOXO regulated genes, 91.49% were
up-regulated, 79.17% of Sima dependent genes were up-regulated, and 64.3% of p53
dependent genes were up-regulated.

To our surprise, dAFOXO appears to regulate the expression of the greatest number
of hypoxia-modulated transcripts of all the transcription factors we examined, including

Sima, the homologue of HiF-1a. which is widely considered to be the master regulator of
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hypoxia-induced gene expression. While this may be partially due to the relative strength

of the alleles we used, it is still an unexpected result. This study constitutes the first
characterization of dFOXO as a major regulator of hypoxia-induced gene expression. It
will be interesting to determine the extent to which FOXO transcription factors function
during hypoxia in other organisms. In future experiments, we plan to examine dFOXO
mutants that have been raised at non-lethal levels of hypoxia and determine whether they
exhibit observable developmental or reproductive phenotypes. These experiments will
further validate our identification of dFOXO as a major regulator of gene expression
during hypoxia.

Sima, the Drosophila homologue of HIF-1a, has previously been characterized as
a regulator of hypoxic gene expression (31). Our experiments have shown that Sima
does indeed regulate a large number of genes during hypoxia. The set of Sima-regulated
transcripts that we identified includes genes such as Heat shock factor (Hsf) and HIF
prolyl hydroxylase (HPH) , which have been previously characterized as direct targets of
Sima (Table 1)(5,6). We also identified several transcripts that have never been
previously described as Sima targets. One of these encodes Imaginal morphogenesis
protein-Late 2 (Imp-L2), a protein that has recently been characterized as a negative
regulator of the insulin signaling pathway in Drosophila (33). This is an intriguing result
because it may prove to be a link between the activities Sima and dFOXO during
hypoxia. Because Imp-L2 inhibits the activity of Insulin-like peptide, which participates
in a pathway that in turn inhibits the activity of dFOXO, the Sima-dependent up-

regulation of Imp-L2 may result in the up-regulation of dFOXO activity during hypoxia
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(Figure 4). We are currently conducting experiments to explore this regulatory link, as

well as a possible role of Imp-L2 as a hypoxia-induced inhibitor of growth.

Sima Imp-L2 Insulin-like peptide

dFOXO

Figure 4. Schematic representation of a potential regulatory mechanisim by which Sima likely contributes
to the activation of dFOXO during hypoxia through transcriptional up-regulation of limp-L2.

There are several other interesting results from our analysis. Relish, a
transcription factor that has been previously identified as a regulator of the transcriptional
response to Gram-negative bacterial infection, also regulates the expression of several
genes in response to hypoxia. This may serve to sensitize the innate immune system of
flies during hypoxia, a condition that likely coincides with areas containing large
amounts of microbes when encountered by flies in their natural environment. We have
frequently observed stochastic transcriptional activation of antimicrobial peptide genes in
wild type flies exposed to hypoxia (unpublished data). This may be due to hyper-
sensitization of the fly’s innate immune system by hypoxic activation of Relish.

MTF-1 and p53 have both been implicated in hypoxia-induced gene regulation in
mammalian systems (34, 35). Our data indicates that these transcription factors are
active under hypoxia in Drosophila as well. It has been previously demonstrated that

MTF-1 activates the transcription of Metallothionein genes in response to hypoxia (23),
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and we have shown that this also occurs in Drosophila in the case of Metallothionein B.

We have also identified several other hypoxia-induced targets of MTF-1. The group of
p53-dependent hypoxia modulated transcripts we identified contains several interesting
genes. We identified Fringe, a regulator of the Notch signaling pathway, as a target of
p53 during hypoxia. Activation of the Notch pathway during hypoxia has been observed
in other organisms (36). It will be interesting to determine whether the Notch pathway is
activated by hypoxia in Drosophila as well.

In order to survive hypoxic stress, organisms undergo a complex series of both
behavioral and physiological adaptations, including the transcriptional activation and
repression of sets of genes. In addition, cells within dense and rapidly growing tumors
frequently encounter hypoxia, and must alter their transcriptomes in order to survive. For
these reasons, understanding the mechanisms by which transcription is altered during
hypoxia not only broadens our understanding of how organisms endure physiological
stress, but also provides information that may be useful in designing strategies to prevent
cells within hypoxic tumors from surviving and proliferating. Our group and others have
previously identified transcripts that are induced and repressed by hypoxia in Drosophila
and other organisms. In the present study, we illuminated the roles of five different
hypoxia-responsive transcription factors in the broader transcriptional hypoxia response.
This represents the most in depth dissection of the transcriptional hypoxia response to
date. We have shown that dFOXO regulates a surprisingly large number of transcripts
during hypoxia, and have identified several interesting targets of Sima, Rel, MTF-1, and
p53 that likely play a multitude of important functional roles during hypoxia, and warrant

further in-depth investigation.
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Bridge to Chapter III

In the previous chapter, I described experiments that identified genes that are
regulated by HIF-1, FOXO, NFkB, p53, and MTF-1 during hypoxia. In Chapter III, I
report data from a published paper, of which I was the second author, that examined one
HIF-1 target gene in detail. We show how this regulation constitutes cross-talk between

two stress response pathways, and that it is important for viability under hypoxia.
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CHAPTER III

HEAT SHOCK PATHWAY IS ACTIVATED BY THE DIRECT REGULATION

OF HEAT SHOCK FACTOR BY HIF-1 DURING HYPOXIA

Reproduced with permission from Baird, N. A., Turnbull, D. W., Johnson, E. A. J. Biol.
Chem. 2006, 281, 38675-38681. Copyright 2006, Journal of Biological Chemistry.

I performed the chromatin IP experiments described in this paper, which showed
that HIF-1 directly binds the regulatory region of the HSF' gene. I also conducted DNA
microarray experiments prior to the research described that allowed us to identify HSF as
a likely HIF-Itarget.

In order to endure oxygen deprivation, most eukaryotes utilize a conserved set of
cellular adaptations (37). Many of these changes are brought about by the activation of
the transcription factor HIF-1, a heterodimeric complex composed of HIF-1a. and HIF-1p
subunits. When this complex is formed it binds to specific DNA enhancer sequences and
regulates the activity of target genes. Both HIF-1a and HIF-1f are constitutively
expressed in normal oxygen conditions (normoxia), but HIF-1a protein is quickly

degraded before dimerization can occur with HIF-1§ (3). Normoxic HIF-1a degradation
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is mediated by a series of hydroxylations and ubiquitinations, which tag HIF-1a for

disposal through the proteasome (38) (39) (40) ()41

The HIF-1 complex transcriptionally regulates a wide array of genes involved in
anaerobic metabolism, growth, proliferation, angiogenesis, and cell death (42) (43). This
multifaceted control of cellular and organismal physiological pathways is exploited by
solid tumors through the natural hypoxic environment caused by rapid growth or genetic
alterations which stabilize HIF-1a (44). Overexpression or activation of HIF-1a is often
seen in a wide array of cancers and is correlated with patient survival (45), and studies
have shown that targeting the HIF-1 pathway is a promising means of cancer therapy
(46). Thus, HIF-1 is a central regulator of normal and pathological changes in response
to low oxygen.

While many genes that are up-regulated during hypoxia are known to be regulated
by HIF-1, there are also diverse sets of genes up-regulated that have not been linked to
the actions of HIF-1. Among these are the highly conserved heat shock proteins (Hsps)
that are highly up-regulated during hypoxia but have not been linked to HIF-1 regulation
(47). Hsps are known to act as cellular chaperones for proteins that are misfolded by
cellular stresses (48). Heat shock factor (Hsf) was one of the first studied transcription
factors and its activation by stresses that promote the unfolding of proteins has been well
characterized. When cells are unstressed Hsf is in a monomeric state, but cellular stress
induces trimerization of the protein(49) (50). The trimeric form of Hsf activates
transcription of downstream genes, such as Hsps  (51) (52). However, this study
identifies a novel mode of regulation of heat shock pathway activity during hypoxia

through a HIF-1-dependent increase in Hsf transcript levels. This up-regulation of Hsf'is
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necessary for the full increase of Hsp transcripts normally observed during hypoxia and

also during reoxygenation. These findings establish a novel regulatory link between two

stress pathways previously thought to be independent in responding to hypoxia.

Results

Hsftranscript levels increase during hypoxia in a HIF-1 a-dependent manner

Drosophila melanogaster Kc,g, cells were treated with GFP control double-
stranded RNA (dsRNA) or dsRNA directed to eliminate transcripts of the Drosophila
HIF-1a homologue, similar (31) (53), through RNAIi. After exposure of the treated cells
to normoxic or hypoxic conditions, total RNA was isolated for semi-quantitative reverse
transcription-PCR in order to characterize the transcript levels of HIF-1a, Hsf, and
Actin5c as a control (Fig. 1A). Interestingly, we found that transcript levels of Hsf
increased during hypoxia, and that this up-regulation was HIF-1a-dependent. Cells
lacking HIF-1a due to RNAi did not display a hypoxic increase in Hsf, instead
maintaining Hsf levels more similar to control normoxic cells. Real-time PCR was then
used to more accurately characterize these results (Fig. 1B) and further corroborated that
Hsf transcripts increase under hypoxic conditions in a HIF-1o-dependent manner. As an
additional control we repeated the RNAi with an alternate dSRNA sequence targeting
another area of HIF-1a, which also showed a HIF-1a-dependent hypoxic increase of Hsf
(Fig. 1C). This control experiment confirms our results were not due to off-target effects

of the original RNAI.
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The increase in Hsf transcript levels during hypoxia is directly regulated by HIF-1a

The DNA recognition element to which HIF-1 binds during hypoxia contains a
core 5’-RCGTG sequence (54) We had identified multiple instances of a related motif,
5’-TACGTGQC, in the intron of the known HIF-1 target gene (55) HIF-1 proly!
hydroxylase (PHD), and searched for this motif in the Hsf gene region. We identified two
of these putative hypoxia response elements (HREs) in close proximity to one another in
the second intron of Hsf. The two sites were 923 and 992 base pairs (bps) downstream
from the transcriptional start site of Hsfrespectively. When this genomic region was
aligned (56) with seven other Drosophila species these potential HREs were perfectly
conserved (Fig. 2A). The sequence conservation of the two HRE motifs strongly
suggests that there is evolutionary pressure to maintain these specific sequences.

We next tested if these conserved HRE motifs had a regulatory function during
hypoxia. A portion of the second intron of Hsf containing the potential HREs was cloned
upstream of a minimal promoter driving GFP in the Green H Pelican reporter vector (57).
This reporter construct was then transfected into the Kcj67 cell line and put under
normoxic or hypoxic conditions. The hypoxic cells showed a dramatic increase in GFP
fluorescence compared to the normoxic cells (Fig. 2B). The hypoxic increase in GFP

expression was eliminated by HIF-1a RNAI treatment. The original
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Figure 1. Hsf transcript levels are increased in a HIF-1a-dependent manner. A) RT-PCR analysis of the
abundance of transcripts encoding HIF-1a, Hsf and ActinSc (control) during normoxia or hypoxia in Keye7
cells. Hsfis up-regulated after hypoxia and RNAi inactivation of HIF-1a eliminates this up-regulation. B)
Real-time PCR experiments confirm that RNAI inactivation of HIF-1a reduces the up-regulation of Hsf
after hypoxia. Standard error of the mean is shown. Transcript changes in each condition are significantly
different (p < 0.05). C) RT-PCR analysis of the abundance of transcripts during normoxia or hypoxia. An
alternate dsRNA sequence targeting HIF-1a for RNAi showed similar results as in (A) reducing the
possibility that results from the original RNAi were due to non-specific effects.
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reporter vector lacking the Hsf intron showed no hypoxic activation of GFP (data not

shown), confirming that it was the cloned intronic region of Hsfthat was leading to the
HIF-1-dependent induction of the reporter during hypoxia.

The HRE-containing region was also tested for direct binding by HIF-1 by
chromatin immunoprecipitation. We transfected Kci47 cells with a epitope-tagged HIF-
la expression vector (58). DNA bound to HIF-1 protein during hypoxia was
immunoprecipitated and the Hsf intron genomic region as well as control genomic
regions were PCR amplified to test for enrichment compared to DNA
immunoprecipitated from a mock transfection. We found distinct enrichment of a 260-bp
fragment encompassing the two HREs of the Hsf intron (Fig. 2C). As a positive control
we showed an enrichment of a genomic region containing an HRE within the intron of
the known HIF-1 target HpA. A negative control fragment located in an Actin5c intron
showed no enrichment between the HIF-1a pull-down and the untransfected pull-down.
These data indicate that Hsfis a direct target of HIF-1a through the binding of an intronic

region containing two HRESs that act as an enhancer of transcription during hypoxia.

Full induction of Hsps during hypoxia is dependent on HIF-1o regulation of Hsf

The functional impact of the up-regulation of Hsf'by HIF-1a on Hsp induction
during hypoxia was then assayed. Kc¢7cells were exposed to normoxia and hypoxia

after treatment with control and HIF-1o RNAI and reverse transcription-PCR assayed
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transcript levels of various Hsps. All Hsps examined were dramatically up-regulated

under hypoxia and this increase was partly HIF-1a-dependent (Fig. 3A). Hsp transcripts
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Figure 2. The Hsf gene region has conserved HREs and is a direct target of HIF-1.
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A) An alignment of the

nucleotide sequence of the second intron the Hsf/ gene in eight Drosophrla species shows two HREs are
fully conserved. B) The genomic sequence containing the two HREs in the Hs/ intron were cloned up-

stream of the minimal promoter of the Green H Pelican reporter vector.
Kc 47 cells split into three conditions: normoxia, hypoxia ot hypoxia with HIF-1a RNAI.

This construct was transfected into
The reporter was

not activated by normoxia but hypoxia induced expression of the GFP reporter. The hypoxia activation of
the reporter was eliminated by the addition of HIF-1c. RNAi. C) Fluorescence was measured using an [SS
PC1 spectrofluorometer and normalized by cell number.
fluorescence during hypoxia and a significant decrease from the hypoxic induction when HIF-1a RNAi
was added to hypoxic cells. D) Chromatin immunoprecipitation and PCR showing enrichment of the
genomic region containing the two FIREs within the Hsf gene in epitope-tagged HIF-1a transfected versus
untransfected K47 cells. The Hph gene and ActinSc genes were used as positive and negative controls
respectively.

Quantification confirmed a significant increase in
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were not completely eliminated in hypoxic cells treated with HIF-1a dsRNA, presumably

because the hypoxic stress activated the basal (normoxic) levels of Hsf protein already
present in the cells. No HREs were found near any of the Hsp genes, therefore it is
unlikely that HIF-1 was directly up-regulating these genes during hypoxia.

We tested if the up-regulation of Hsps during hypoxia was dependent on Hsf.
Cells were treated with control or Hsf RNAi and placed in normoxic and hypoxic
conditions. When Hsf was removed through RNAi, Hsp transcripts were eliminated
completely, compared to the strong induction seen in cells treated with control dsSRNA
(Fig. 3B). Real-time PCR was used to more accurately quantify the results from both of
the RNAI experiments. HIF-1a RNAi reduced the up-regulation of Hsps during hypoxia,
yet Hsf RNAi completely removed Hsp transcripts (Fig. 3C). From these results, we can
discern that Hsf regulates Hsps, while HIF-1 regulates Hsf.

The lack of strong Hsp up-regulation in hypoxic HIF-1 knockdown cells suggests
that the HIF-1-mediated increase in Hsf transcript levels is an important step in regulating
the sensitivity and activity of the heat shock response pathway. The functional impact of
an increase in Hsf transcript levels in hypoxia was tested by assaying the response to
hypoxia of a fly heterozygous for the null Hsf' mutation (59), and therefore containing
only a single wild-type copy of Hsf. After exposure to hypoxia, these flies had reduced
levels of Hsf transcripts compared to wild-type Oregon R flies as measured by real-time
PCR (Fig. 4). The heterozygous flies with a reduction in Hsf transcripts also showed a
strong reduction in Hsp26, Hsp27 and Hsp68 transcript levels compared to the control

flies, although two Hsp70 genes had normal levels of induction.
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These findings suggest that Hsf abundance impacts the up-regulation of some Hsps in a

dose-dependent manner during hypoxia. Lower Hsf transcript abundance than the levels

normally achieved during hypoxia are insufficient for the full up-regulation of Hsps.

Full inducrion of Hsps und viability during reoxygenation is dependent on increased Hsf
levels

Duriﬁg the return to nermal oxygen conditions, Hsp levels remain high and are
critical io T.iSSUCr;‘.ZUI‘"-.r’i"\/’c‘!.‘i d.t,lﬁng this reoxygenation (60) (61). The etfect of the HIF-1-

dependent increase in Hsf level on Hsp expression persists during reoxygenation. Kciey
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tissue culture cells with HIF- i knocked down by RNAI had little increase in Hsp

expression after hypoxia treatment and a reoxygenation period (Fig. 5A). Thus, the up-
regulation of Hsf during hypoxia is critical to the high levels of Hsp transcripts during
reoxygenation, as well as hypoxia.

Furthermore, we exaniined the functional importance iz vivo of increased Hsf transcript
abundance by assaying larval survival under hypoxia and reoxygenation stress. First
instar larvae were reared in a regime of alternating hypoxia and reoxygenation. The Hsf*
heterozygotes had greatly reduced survival compared to larvae reared in normoxia (Fig.
5B). Control wild-type ],arvaé showed no significant difference in survival between
normoxia and the hypoxia and reoxygenation environments. These findings demonstrate
the dosage importance of Hsf transcript levels for coping with hypoxia and reoxygenation

at the organismal level.
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larvae reached the pupal stage when faced with repetitive hypoxia and reoxygenation compared to
normoxic larvae. The reduction in survival was significant (p < 0.05). Standard error of the mean is

shown.
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Taken together these experiments show the sequential order and importance of the

hypoxia response. During hypoxia, HIF-1 directly up-regulates Hsf, which in turn up-
regulates the whole family of Hsps. Without the HIF-1 regulated increase in Hsf, Hsps
transcript levels never reach full induction during hypoxia or reoxygenation, and

organismal viability is reduced.

Discussion

Up-regulation of Hsps during hypoxia is part of the canonical low-oxygen stress
response seen in Drosophila (16), C. elegans (47), and mammalian tissues (62). This
study provides evidence that the up-regulation of Hsf during hypoxia surprisingly
requires the activity of HIF-1, the effector of the low oxygen response. The
transcriptional control of Hsf by HIF-1 has a functional impact on the activity of the heat
shock response during hypoxia and the return to normal oxygen levels. Cells lacking
HIF-1 or with reduced dosage of Hsf only increase Hsp transcript production slightly
during low oxygen exposure and reoxygenation. The decreased production of Hsps
reduces viability in flies experiencing hypoxia and reoxygenation, demonstrating that the
full induction of the heat shock response is essential to counter the diverse physiological
stresses associated with low oxygen.

Thus, we propose a model where HIF-1 directly up-regulates Hsf during hypoxia,
and the increased Hsf abundance in turn allows Hsf to further up-regulate Hsps during
low oxygen exposure and also after the return to normal oxygen levels. The regulation of

Hsf by HIF-1 provides a clear example of how cross-regulation between physiological
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stress response pathways can allow one pathway to sensitize the second and elicit a

response under conditions where normally it would not be activated.

Complex regulation of phvsiological response pathways

Cross-regulation between physiological pathways appears to be a feature of the
low oxygen response. 1t has been shown that the insulin pathway can dramatically affect
the HIF-1 pathway (63). Through the actions of the phosphatidylinositol 3-kinase/Akt
pathway, HIF-1la translation is increased in a manner that outpaces the naturally
normoxic degradation of HIF-1a (64). This leads to HIF-1 activation even when oxygen
is present and up-regulating its downstream targets. Recently, it has been shown that
transforming growth factor-f31 activates the HIF-1 pathway by reducing the levels of
prolyl hydroxylases that tag HIF-1e for degradation. Interestingly, it is also known that
Hsp90 piays are role in stabilizing HI¥-1a (65) (66). This mechanism is independent of
the canonical oxygen-dependent regulation of HIF-1a and was the first evidence of any
link between the heat shock and hypoxia stress pathways.

The cross-regulation between HIF-1 and Hsf found here is a new type of control,
where the transcriptional effector of the low oxygen response directly regulates the
transcript level of the effector of the heat shock response in order to sensitize the
pathway. Interestingly, it has been already shown that HIF-1 and Hsf pathways have
regulatory interactions, but in response to heat. Studies using C. elegans and rats showed
that HIF-1 activity was essential for heat acclimation (67) (68). Our findings may

explain the mechanism behind this phenomenon, in that the increase in metabolic activity
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during high temperature may causc oxygen scarcily, thus stabilizing HIF-1 and increasing

Hsf transcript levels.

Transcriptional control of the heat shock response

The activity of the heat shock pathway has been shown to be controlled by the
trimerization and post-translational modification of Hsf protein subunits (51). Our results
indicate that transcriptional control of Hsf'is a means of further regulation of heat shock
pathway activity. Thié transcriptional regulatory step is controlled by HIF-1, supporting
a mode! in which the HIF-1 pathway causes increased Hsf transcription during hypoxia as
a means to nerease the cellular aBundance of Hsf and increase the sensitivity of the heat
shock pathway. In addition. the control of heat shock response sensitivity by HIF-1, the
regulator of the Jow oxygen response. suggests that stress response pathways can
assimilate complex new functions by regulating the transcriptional activators of other

stress pathways.

Disease implicalions

Ti has been shown that the increase in Hsp levels are critical for cell survival
duriﬁg hypoxia and the subsequent reoxygénation (61) (69). Our results indicate that it is
through the HIF-1 paihway that the cell achieves this Hsp increase and is a means to
protect against tne stress of hvpoxia. HIF-1 accumulation and activity have been linked
to tumeor progression and various Hsps have also been shown to be crucial to cancer
survival (70), thus, the hypoxic and heat shock response pathways play important roles in

the pathophysiclogy of cancer. Our finding that the activity of HIF-1 controls the output
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of the heat shock pathway offers possible therapeutic approaches for mitigating hypoxic

tissue damage and tumor growth by targeting this novel regulatory link.

Methods
Cell culture and hypoxia treatments

Drosophila melanogaster Kc 67 tissue culture cells were obtained from the
Drosophila Genomics Resource Center. Cells were maintained in Schneider’s
Drosophila Medium (Gibco), supplemented with 5% heat-inactivated Fetal Bovine
Serum (Gibco). For hypoxia experiments, cells were incubated for 6 hours in chambers
flushed with 0.5% O, gas. The reoxygenation step consisted of a 15 minute return to

normal oxygen levels.

RNA interference

RNAI was performed as previously reported (71). The following primer pairs
were used to generate template DNA: control Green Fluorescent Protein (GFP) (5'-
GCCACAAGTTCAGCGTGTCC and 5'-GCTTCTCGTTGGGGTCTTTC), HIF-1a.
(sima) (5'-CTGCGGGACTATCATAACAACC and 5'-
AGGCTCAAAATCAATCTTTTGG), alternate HIF-1a (5'-
GCATCACATCAAAGAGTCCCGAG and 5'-TCCGCAACCGTAACACCACTAC) and
Hsf (5'-TGCCAAACAGTCCGCCTTATTAC and 5'-TGCTTTCCAAGTGCCCGTG).
The T7 promoter sequence (5'-TAATACGACTCACTATAGGGAGA) was added 5'to

all above primers when ordered (IDT).
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Reverse Transcription-PCR

Total RNA was isolated using standard Trizol protocols. Instructions from
Superscript 111 One-Step RT-PCR System with Platinum Taq (Invitrogen) were followed
using 1 pug of total RNA and 21 cycles of amplification were used for each test. The
following primer pairs were used: HIF-1a (5'-CGAACTCGGTACTAAAGAACCTGC
and 5'-GGGTCCTACTTTCACGCAAGG), Hsf (5'-ATCTGCTGCGTGGCGATG and
5'-CGTCCGTGTCCAAAATGTCG), Hsp26 (5'-ATGGCGTGCTCACCGTCAGTATTC
and 5'-GGATGATGTTGGATGATGATGGCTC), Hsp27 (5'-
AGGAGGAAGAAGACGACGAGATTCG and 5'-
CATTGGGTGTGTTGTGGTGTGTCC), Hsp68 (5'-
TTCACCACCTATGCCGACAACCAG and 5'-
TCACATTCAGGATACCGTTTGCGTC), Hsp70Ab (5'-
TCCATTCAGGTGTATGAGGGCG and 5'-CGTTCAGGATTCCATTGGCGTC),
Hsp70Ba (5'-ACGATGCCAAGATGGACAAGGG and 5'-
CGTCTGGGTTGATGGATAGGTTGAG) and ActinSc (5'-

GGATGGTCTTGATTCTGCTGG and 5'-AGGTGGTTCCGCTCTTTTC).

Real-time PCR
Total RNA was isolated using standard Trizol protocols. ¢cDNA was synthesized
following the SuperScript III Reverse Transcriptase protocol (Invitrogen). Real-time

PCR was performed using the Sybr Green PCR Master Mix (Applied Biosystems) and an
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ABI PRISM 7900HT detection system (Applied Biosystems). The supplied analysis

software was used for data interpretation. The following primér pairs were used: Hsf (5'-
ACACCGCAGCCTCACATTATGACC and 5=
ATTTCCCTGGAGCAG,C__AAGTCCTC), Hsp27(5'- . .
AGGA_GGAAGAA_GACGACGAGATTCG and 5'-
CATTGGGTGTGTTGTGGTGTGTCC), Hsp68 (5'-
TTCACCACCTATGCCGACAACCAG and 5'-
TCACATTCAGGATACCGTTTGCGTC), Hsp70Ab (5'-
TCCATTCAGGTGTATGAGGGCG and 5'-CGTTCAGGATTCCATTGGCGTC),
Hsp70Ba (5'-ACGATGCCAAGATGGACAAGGG and 5'-
CGTCTGGGTTGATGGATAGGTTGAG) and Actin5c (5'-
TGCTGGAGGAGGAGGAGGAGAAG’F L and 5'-

GCAGGTGGTTCGCTCTTTTCATC).

Hypoxia reporter construction

A small region of the Hsf intron containing the possible hypoxia regulatory
elements was cloned into the Green H Pelican reporter vector. Kcig7 cells were
transfected using the Effectene kit (Qiagen) with this reporter and put in normoxia,
hypoxia or hypoxia with HIF-1a ILT\fAi. Images were taken using a Nikon Eclipse

TE2000-U microscope and MetaVue image capture software.
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Chromatin immunoprecipitation

Kci47 cells were transfected using the Effectene kit (Qiagen) with a pAc5.1/Sima
plasmid, which contains the full-length HIF-1a (sima) cDNA sequence with a c-terminal
V35 epitope tag under the control of the Actin5c promoter. An equal quantity of mock
transfected cells was used as a control and all purification steps were carried out in
parallel with the control and experimental cells. 24 hours after transfection, control and
experimental cells were incubated in hypoxia at room temperature for 24 hours. DNA
isolation and purification procedures followed standard V5 protocol.

PCR was used to detect Hsf, Hph, and Actin5c genomic regions in each of the
samples of isolated DNA. 35 cycles were used to amplify 2 ul of template from each
sample using the following primers: Hsf (5'-CTCCCACCACATACCGCTAATC and 5'-
AAAAGCCAACTGAATGACCAAGG), Hph (5'-CCTTCTCACACTCCCTTCGCTG
and 5'-CACTCTCTGCCAAGCCAAACC), Actin5c (5'-

TGTGTGTGAGAGAGCGAAAGCC and 5'-CTGGAATAAACCGACTGAAAGTGG).

Larval survival

First instar larvae of wild-type or flies with only one copy of the Hsf gene were
counted and placed 10 per vial of food. These vials were split and placed into groups for
normoxic or hypoxia and reoxygenation stresses. This experimental group was
maintained at 0.5% oxygen for 23 hours, then placed in ambient oxygen for one hour,
before returning to hypoxia. This cycle was repeated daily and after two weeks the vials

were scored for survival.
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Bridge to Chapter IV

By identifying HSF as a target of HIF-1, we described a mechanism by which
hypoxia activates a transcriptional response more commonly associated with heat stress.
In Chapter IV, more cross talk between stress pathways is reported. Here, we showed
that hypercapnia causes the repression of NF-kB-dependent antimicrobial gene

expression.
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CHAPTER1V

ELEVATED CO, SUPPRESSES SPECIFIC DROSOPHILA INNATE IMMUNE

RESPONSES DOWNSTREAM OF NF-kB PROTEOLYTIC ACTIVATION

Reproduced from L.T. Helenius*, T. Krupinski*, D.W. Tumbull, Y. Gruenbaum, N.
Silverman, E.A. Johnson, P.H.S. Sporn, J.I. Sznajder, G.J. Beitel. Submitted to Journal of
Experimental Medicine, 2008

* Authors contributed equally to this work

I performed the experiments and analyzed the data for the gene expression
microarray results described in this paper. I also helped with interpretation of the data
and the design of subsequent experiments based on it.

Although an average human produces 450 liters of CO, per day (72) and elevated
levels of CO, (hypercapnia) in the pulmonary and/or circulatory system are associated
with worse outcomes in chronic obstructive pulmonary disease (COPD) (73) (74), the
cellular pathways that sense and respond to CO, are poorly understood (reviewed in (75)
(76)) and a comprehensive description of a CO, response pathway is lacking in any
system. We sought to develop a genetically and molecularly tractable system for defining
non-neuronal CO, response pathways and chose Drosophila because of extensive

conservation of the hypoxia (31), nitric oxide (NO) (77) and nearly all other major signal
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transduction pathways between Drosophila and mammals. Further, Drosophila possess a

well-characterized, multi-component innate immune system controlled by conserved
signaling pathways that include NF-kB-family transcription factors (78). Genetic and
high throughput RNAIi studies using whole flies and S2 cell culture have contributed to
understanding the human innate immune system (reviewed in (79)), including
identification of Toll, the founding member of the Toll-like-receptor (TLR) family, and
most recently of the Akirin proteins that are required for NF-kB-dependent gene
expression (80).

In this report we show that Drosophila have specific physiological responses to
hypercapnia which include a suppression of particular NF-kB-regulated antimicrobial
peptides that is remarkably parallel to the suppression of specific NF-kB-regulated innate
immune/inflammatory cytokines in human macrophages (see accompanying report by
Wang et al. [ref]). These results establish Drosophila as a general model for defining
non-neuronal CO, signaling pathways and as a specific model for investigating

suppression of NF-kB effectors by hypercapnia.

Results and Discussion
Hypercapnia causes specific effects on Drosophila physiology independent of known
neuronal CO, sensing pathways.

To determine whether hypercapnia affects Drosophila physiology, we exposed
flies to 13% and 19.5% CO; (~pCO; 94 and 140 mmHg), while maintaining O, at 21%
(see Materials and methods). These CO; levels are well below the ~30% concentration at

which CO; becomes anesthetic. Hypercapnia causes dose-dependent defects in
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embryonic development. 13% CO; results in 20% of embryos having moderate defects

such as malformations of the airway system (compare Fig. 1A and B) and also
significantly slows hatching of eggs laid by normocapnic mothers (Fig. 1D,E). 19.5%
CO, severely disrupts embryonic development with ~30% of exposed embryos showing
large-scale patterning and morphogenesis defects (Fig. 1C), and more than 70% of eggs
failing to hatch (Fig. 1E). In contrast, adult Drosophila survive exposure to 13% and
19.5% CO, for many weeks (data not shown), consistent with the essentially normal
postnatal development of mice exposed to 12% CO, (81). The effects of hypercapnia on
vertebrate embryonic development have not been reported, but these results suggest that
embryonic and adult metazoans may have different sensitivities to hypercapnia.
However, exposure of adult flies to hypercapnia is not without adverse consequences, as
hypercapnia causes a dose-dependent reduction in the number of eggs females lay (Fig.
1F). Importantly, flies homozygous for a null mutation in the neuronal CO, receptor
Gr63a (82) (83) are as sensitive to hypercapnia as wild-type flies in the egg hatching and
laying assays (Fig. 1D-F). Thus, many physiological effects of hypercapnia are mediated

by an as yet uncharacterized CO, response pathway(s).
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Figure 1. Hypercapnia affects Drosophila development and physiology independently of neuronal
CO; sensing. (A-C) Drosophila embryonic development is disrupted by hypercapnia. The embryonic
tracheal (airway) system, visualized by a lumenal stain, is an excellent readout of general morphogenesis
because tracheal branch guidance requires interaction with multiple tissues. Culturing wild-type embryos in
13% CO, causes moderate defects in 20% of embryos (B, n=111), while 19.5% CO, causes severe defects
in 28% of embryos (C, n=71) and increases the prevalence of moderate defects to 41%. Moderate defects
(B) include breaks in the main airways (arrowheads) and missing or ectopic interconnections of dorsal
branches (arrows), while severely abnormal tracheal development reveals gross embryonic patterning
and/or morphogenesis defects (C). (D,E) Hypercapnia (24h, D) decreases hatching of eggs laid in
normocapnia by wild-type (WT) or mutant flies homozygous for a null allele in the neuronal CO; receptor,
Gr63a. In 13% CO; over 90% of WT embryos hatch after 48h (E), but in 19.5% CO, only ~30% hatch. (F)
Hypercapnia reduces the number of eggs laid in 48h by WT and Gr63a females mated in normocapnia. (G)
As in mammalian cells hypercapnia (1h) causes endocytosis of the Na,K-ATPase in S2 cells. * = p < 0.05,
** = p < 0.005 between CO, condition and air; error bars are standard deviation.

We next asked whether Drosophila share with mammals any specific response to
hypercapnia. We previously reported that in human alveolar epithelial cells, hypercapnia
causes endocytosié of the Na,K-ATPase (84). Analysis of surface abundance of Na,K-
ATPase in Drosophila S2 cells reveals that hypercapnia also causes dose-dependent
endocytosis of the sodium pump in S2 cells (Fig. 1G). As Gr63a is expressed only in
specific CO,-sensing olfactory neurons (82), the responsiveness of the hematopoietic S2
cell line to hypercapnia further supports the existence of cell autonomous CO, responses

that do not depend on the neuronal Gr63a sensing pathway. That both Drosophila and
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human cells endocytose their Na,K-ATPase in response to hypercapnia suggests that

some CO; responses are conserved between mammals and flies.

Hypercapnia causes specific effects on gene expression

To investigate the molecular basis of the physiological effects of hypercapnia and to
identify COs-responsive promoters to use as markers for dissecting CO, signaling
pathways, we next performed microarray analysis on adult flies. Similar to the limited
changes in gene expression seen in neonatal mice raised in CO, (81), exposure of adult
flies to 24h of 13% CO, causes fewer than 500 genes to be up- or down-regulated more
than 1.5-fold, and fewer than 10 by more than 10-fold (data not shown). Therefore, in
Drosophila CO, causes specific rather than global changes in gene expression. Consistent
with the dramatic decrease in fecundity of female flies during hypercapnia, the chorion
and vitelline membrane genes required for egg production are among the genes most
highly down-regulated by elevated CO, (Table S1). Notably, CO, does not induce genes
characteristic of hypoxic, heat shock or oxidative stress responses (Table S1), indicating
that the responses to elevated CO, are mediated by distinct pathways. Most intriguingly,
a subset of the antimicrobial peptide (AMP) genes that are effectors of the Drosophila
innate immune system are down-regulated by elevated CO; levels (Fig. 2A). Given the
prevalence of pulmonary infections in hypercapnic COPD patients (85), we focused on
defining the effects of hypercapnia on the highly conserved NF-kB-regulated innate
immune system of Drosophila and determining whether hypercapnia could render a host

more susceptible to infection by a pathogen.
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Figure 2. Hypercapnia down-regulates specific antimicrobial peptides in Drosophila
(A-B) Hypercapnia (24h) suppresses specific antimicrobial peptides (AMPs) iz vivo in unchallenged adults
as shown by microarray analysis (A) and confirmed by quantitative PCR (B). (C-D) Hypercapnia
suppresses specific AMPs in virro (10h CO, for C,D; PGN challenge at 5h in D). (E) Suppression of the
AMP Diptericin by hypercapnia in S2* cells is dose-dependent. Protein levels of AMPs were not assessed
because antibodies against Drosophila AMPs are not available. * = p < 0.05, ** = p < 0.005 between CO,
condition and air; error bars are standard deviation. PGN = E. coli peptidoglycan; Drs = Drosocin; Att =
Attacin; Dpt = Diptericin; Cec = Cecropin; Def = Defensin; Drm = Drosomycin; Mtk = Metchnikowin.
Hypercapnia suppresses select antimicrobial peptide genes in vivo and in vitro

We confirmed and extended our microarray results using quantitative real-time
reverse transcriptase PCR (qPCR) and found that hypercapnia indeed suppresses
expression of many AMPs in adult flies (Fig. 2B). To identify a simplified in vitro system
for investigating hypercapnic immune suppression, we tested the effects of hypercapnia
on the expression and induction of AMPs in Drosophila S2* cells, a macrophage-like cell
line whose viability is unaffected by 13% CO, (Table S2). Consistent with the adult fly

data, exposing S2* cells to 13% CO; in the absence or presence of immune challenge

significantly suppresses the expression of a subset of AMPs (Figs. 2C,D,S1). Notably,
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Diptericin (Dpt) and Attacin, canonical effectors of the TNF-like IMD pathway (78), are

consistently suppressed 3- to 5-fold. In contrast, Metchnikowin is not suppressed by
hypercapnia. The effects of hypercapnia on AMPs are dose-dependent, and even a
modest 5% CO; causes a 50% suppression of Dpt induction in response to PGN (Fig.
2E). As the bulk of AMPs in adult flies are produced by the fat body, the fly’s functional
equivalent of a liver, the similar effects of hypercapnia on AMP expression in whole flies
and in S2* cells suggests that the effects of hypercapnia on the innate immune system
affect multiple cell types. Thus, these results establish S2* cells as a powerful in vitro

tool for defining the molecular details of CO, response pathways.

Hypercapnia increases susceptibility of Drosophila to specific bacterial infections
Anﬁmicrobial peptides are a crucial element in the fly’s defense against
pathogens as mutations that decrease AMP production decrease resistance to infection
(86). We therefore asked if hypercapnic suppression of AMPs reduces the ability of flies
to survive infection with bacteria, including the natural Drosophila pathogen E. faecalis
(87), and a human pathogen commonly isolated from COPD patients, S. aureus (88).
Elevated CO; does not decrease survival from inoculation with sterile PBS (Fig. 3A) or
with E. coli, which is not a Drosophila pathogen (Fig. 3B). However, at 13% CO,, flies
show significantly increased mortality when infected with E. faecalis (Fig. 3C).

Strikingly, CO, levels as low as 7% increase mortality to S. aureus (Fig. 3D).
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Figure 3. Hypercapnia increases mortality of bacterial infection in Drosophila. (A-D) Hypercapnia
does not increase mortality of flies inoculated with PBS (A) or with E. coli (B), which is not a Drosophila
pathogen, but does significantly increase mortality after inoculation with the Drosophila natural pathogen
E. faecalis (C), or the human opportunistic pathogen S. aureus (D) at CO, levels as low as 7%. Unless
otherwise noted, flies were exposed to indicated CO; level for 24h before inoculation and returned to
hypercapnia until end of assay. We show representative results for the lowest CO, levels at which
significant effects on mortality were consistently observed. All experiments were done in triplicate and the
trial with the middle p-value is shown. (E) Pre-treatment of flies with 9% CO; prior to S. aureus infection
in air is sufficient to increase mortality even when flies are cultured in air during and after inoculation.
(F,G) Effects of hypercapnia on bacterial growth. Note that S. aureus growth is dramatically reduced in 7%
CO; even though hypercapnia increases mortality of flies infected with S. aureus. Error bars smaller than
the data-point symbols are not shown. (A-E) Kaplan-Meier survival curves, p-value determined by log-rank
analysis.
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Although the above results demonstrate that hypercapnia can decrease survival

during ipfection, they do not distinguish whether decreased survival results from
suppression of host defense, from enhanced bacterial pathogenicity, or both. We
definitively demonstrate that increased mortality results at least in part from direct effects
of CO; on the fly immune system by exposing flies to 9% CO, for 24h and returning
them to normocapnia after inoculation with S. aureus. This hypercapnic pre-treatment of
the host significantly increases mortality after pathogen infection although the pathogen
was never exposed to hypercapnia (Fig. 3E).

We also investigated whether hypercapnia alters bacterial growth rates. Growth of
E. faecalis in media is not significantly affected by elevated CO, (Fig. 3F). However,
despite the markedly increased mortality of S. aureus-infected flies, growth of S. aureus

is actually reduced several-fold by even 7% CO, (Fig. 3G). As decreased bacterial

growth would have been expected to improve fly survival, the observed increase in
mortality further supports the conclusion that hypercapnia suppresses Drosophila innate
immune responses.

Importantly, the decreased growth rates of some bacteria in elevated CO, may
provide an explanation for the existence of hypercapnic immune suppression. Because
hyperactivation of immune responses in Drosophila or humans can cause pathology
beyond that of an infection alone, immune responses may be deliberately attenuated
during hypercapnia to prevent overreaction when pathogen growth is reduced. The
observed increase in mortality during hypercapnia could result from an imperfect match
between the degree of immune suppression and changes in bacterial growth. Another, and

not exclusive, possibility is that CO, serves as a readout of metabolic activity with
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elevated CO, indicating excessive metabolic load. Thus, hypercapnia may suppress select

metabolically demanding functions including immune responses (89) and egg-laying to
allocate energy to more immediate needs such as powering the flight muscles, which are

among the most metabolically active tissues known.

Hypercapnia suppresses, not delays, innate immune responses

To further investigate the nature of hypercapnic immune suppression, we determined how
hypercapnia affects the kinetics of innate immune responses. Hypercapnia does not alter
the timing of AMP induction in PGN-challenged S2* cells, but the magnitude of the
responses at any time is reduced (Fig. 4A). Thus, hypercapnia suppresses rather than
delays innate immune responses. In S2* cells, this suppression exhibits rapid onset and
recovery, as shifting cells from air to 13% CO, simultaneous with PGN challenge causes
a two-fold reduction in Dpt induction, and increasing the pretreatment time beyond 5h
does not further increase the suppression (Fig. 4B). Conversely, CO,-treated cells
challenged upon shift to normocapnia have normal induction of Dpt (Fig. 4C). The
effects of hypercapnia on AMP induction in S2* cells closely parallel the effects on
cytokines in human macrophages as detailed in the accompanying report by Wang et al
[ref], supporting the existence of a conserved molecular mechanism of hypercapnic

immune suppression.
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Figure 4. Hypercapnia suppresses antimicrobial peptide induction with rapid onset and recovery. (A)
Hypercapnia suppresses, not delays, antimicrobial peptide (AMP) induction in vitro as assayed by qPCR of
Diptericin (Dpt) in PGN-challenged S2* cells. (B) qPCR of Dpt in PGN-challenged S2* cells shows that
the onset of immune suppressive effects of hypercapnia is rapid as shifting cells to hypercapnia at the time
of PGN challenge results in ~50% suppression of Dpt with maximal suppression reached by 5h. (C, Left)
Recovery from immune suppression is also rapid as challenging S2* cells with PGN in air immediately
after removal from CO; results in full induction of Dpt. (C, right) As in unchallenged flies and S2* cells,
Drosomycin is not strongly regulated by hypercapnia. * = p < 0.05, ** = p < 0.005; error bars are standard
deviation.
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Figure 5. Hypercapnia suppresses innate immune responses via a novel pathway.

(A) Suppression of Diptericin (Dpt) in PGN-challenged S2* cells is not attenuated or enhanced by the NO
synthase inhibitor L-NAME (ImM) or the NO donor SNAP (ImM). (B) Hypercapnia suppresses Dpt
induction five-fold when the culture medium is adjusted to pH7.0 with NaOH, but Dpt induction is only
suppressed ~two-fold by MOPS at pH6.5 and by NaCl and HEPES at pH7.0. (C) Hypercapnia does not
alter Relish (Rel) cleavage in response to PGN challenge. GFP immunoblot of whole-cell lysates of S2
cells expressing GFP-Rel. (D) Models for hypercapnic suppression of innate immune effectors. Model 1: a
hypercapnia response pathway modulates the nuclear import or activity of either Rel or a component of the
Rel transcriptional complex, thus reducing Dpt expression. Model 2: analogous to the regulation of hypoxia
responsive genes by the HIF transcription factor {Semenza, 2007, Sci STKE, 2007, cm8}, a CO; response
pathway activates a hypothetical CO; responsive factor (CO,RF) that binds specific CO, response elements
(COLRE), inhibiting the Rel complex or directly suppressing Dpt expression. The conceptual difference
between the two models is that, in model 1, genetic removal of the component of the Rel complex targeted
by the CO, response pathway would significantly alter Dpt transcription even in the absence of CO,. In
contrast, removal of the CO, responsive factor in model 2 would render the promoter unresponsive to CO,
regulation without affecting basal or induced transcription of Dpt in ambient air. * = p < 0.05, ** =p <
0.005 between CO, condition and equivalently treated air condition (A) or untreated air condition (B); error
bars are standard deviation.
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Hypercapnic immunosuppression is not mediated by nitric oxide or acidosis

As discussed above, the effects of hypercapnia on Drosophila physiology and the
immune responses of S2 cells are not mediated via neuronal CO, sensing, and
hypercapnia acts via pathways distinct from hypoxia, heat shock and oxidative stress.
Because no non-neuronal CO, sensing pathways have been defined, we tested possible
roles of candidate signaling pathways in hypercapnic immune suppression. NO has
important roles in innate immune function in Drosophila and mammals (77) (90), and
hypercapnia has been proposed to modulate NO-dependent pathways and inflammatory
oxidants (91) (92). However, NO does not mediate hypercapnic immune suppression
because hypercapnic suppression of Dpt in S2* cells is unaffected by either an NO
synthase inhibitor or an NO donor (Fig. 5A).

Another candidate mediator of hypercapnic effects is acidosis, because CO, reacts
with water to form carbonic acid (H CO3’). However, hypercapnic immune suppression
is unlikely to result from sustained intracellular acidosis as we have previously shown
that in primary mammalian alveblar epithelial cells hypercapnia causes only a minutes-
long drop in intracellular pH (93). Here we show that extracellular acidosis does not
account for hypercapnic immune suppression in S2* cells because acidifying S2* culture
media with 19mM MOPS in normocapnia causes only a ~two-fold suppression of Dpt
expression that is less than half that caused by 13% CO, (Fig. 5B). Notably, 25mM NaCl
or HEPES at neutral pH causes suppression equal to that of acidosis, making it difficult to
discern acidotic from ionic or non-specific effects. We definitively demonstrate effects of

CO; independent of extracellular acidosis by maintaining the S2* cell media at neutral
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pH during exposure to 13% CO; and finding that hypercapnia suppresses Dpt induction

to the same extent seen in hypercapnic acidosis (Fig. 5B, black bars). Similarly, Wang et
al. [ref] show that hypercapnia suppresses innate immune responses of human alveolar
macrophages even when extracellular acidosis is neutralized. Thus, in both flies and
mammals, hypercapnia has a unique and consistent pattern of immune suppression

distinct from the effects of extracellular acidosis.

Hypercapnia acts downstream of, or in parallel to, NF-kB activation

How does hypercapnia modulate innate immune responses? In S2 cells, induction
of AMPs by E. coli PGN is entirely dependent on the TNF-like IMD pathway Rel/NF-kB
factor Relish (Rel) (94) (95). Rel contains an N-terminal Rel homology domain (RHD),
which is endoproteolytically cleaved from a C-terminal inhibitory IkB-like region in
response to PGN stimulation (96). In S2 cells exposed to 13% hypercapnia, there is no
reduction in the PGN-induced proteolytic cleavage of Rel (Fig. 5C). Therefore,
hypercapnia inhibits expression of Rel targets downstream of proteolytic activation either
by acting on one of the components of the Rel transcription complex (Fig. 5D, model 1),
or on unidentified transcriptional complexes acting in parallel to Rel (Fig. 5D, model 2).
Although further work is required to elucidate the exact mechanism, together with the
work of Wang er al in mammalian macrophages showing that hypercapnia suppresses
NF-kB targets without blocking proteolytic activation of RelA, our combined results

suggest that this mechanism is conserved.
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Concluding Remarks

Hypercapnic suppression of innate immune and inflammatory responses has
important implications for human health. Previous reports have suggested that
hypercapnia can have beneficial effects when “permissive hypercapnia” regimens are
used during mechanical ventilation (97), and hypercapnic suppression of NF-kB-
mediated inflammatory responses may account for the favorable outcomes observed
when CO; is used as an inflatant in laparoscopic surgery (98). However, suppression of
innate immune responses by hypercapnia in Drosophila as well as in a recent bacterial
pneumonia model in rats (99) is highly suggestive of elevated CO; causally contributing
to worse outcomes of hypercapnic COPD patients by promoting bacterial infections and
exacerbations. The current lack of understanding of the molecular pathways that mediate
CO, responses severely limits our ability to assess and intervene in pathological
situations involving hypercapnia. The extensive conservation of innate immune and other
biologically important cellular pathways between Drosophila and vertebrates, and the
findings presented in this report, establish adult Drosophila and Drosophila S2 cells as
genetically and molecularly tractable systems in which to identify, and define the

functions of, components of non-neuronal CO, response pathways.

Materials and Methods

CO; exposure. CO, treatments on flies and cells were performed in a BioSpherix
C-Chamber (BioSpherix Ltd, Redfield, NY) fitted with a ProCO; regulator using 20%
CO,/ 21% O,/ 59% N, gas input. CO, concentrations for in vivo assays were confirmed

using a FYRITE gas analyzer with CO; Indicator (Bacharach Inc., New Kensington, PA).
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For cell culture experiments, pCO, and pH of media were measured using a STAT

PROFILE pHOx Plus blood gas analyzer (Nova Biomedical, Waltham, MA). Culture
medium was pre-equilibrated at desired CO, concentration overnight into which cells
were then resuspended. Unless otherwise noted, cells were exposed to CO, for 5h prior to
PGN challenge.

Cell culture, Western blotting and reagents. Drosophila S2 and S2* cells were
grown in Schneider’s insect medium (GIBCO, Carlsbad, CA, cat. #11720) with 10% FBS
(Valley Biomedical, Winchester, VA, cat. #BS3032), supplemented with 0.2% Penicillin-
Streptomycin (GIBCO, cat. #15140) and GlutaMAX (GIBCO, cat. #35050) at room
temperature. S2 GFP-Relish cells were a gift from PH O’Farrell (UCSF). Mouse
monoclonal anti-GFP antibody was used at 1:200 (Santa Cruz Biotechnology, Santa
Cruz, CA, cat. #s¢-9996). Anti-actin antibody from Sigma (cat. #A2066) was used at
1:2000. Priming of immune response in cell culture was achieved by treatment with 1mM
final concentration 20-hydroxyecdysone (Sigma, St. Louis, MO, cat. #15142) for 15h
prior to exposure to CO; or other experimental condition (fresh ecdysone was added upon
resuspension of cells in CO,-pre-equlibrated medium). Purified E. coli peptidoglycan (E.
coli 0111:B4, InvivoGen, San Diego, CA, cat. #tlrl-pgnec) was used at 100ng/mL final
concentration for 5h (Fig.2D) or 2.5h (Figs. 2E, 4B,C, 5A,B). ImM L-NAME (Nw-Nitro-
L-arginine methyl ester hydrochloride, Sigma cat. #N5751) was added 10h before CO,
treatment, ImM SNAP (S-nitroso-N-acetyl-DL-penicillamine, Sigma cat. #N3398) was
added 3h before CO, treatment. For pH adjustment of Schneider’s medium, the indicated
reagents (Fig. 5B) were added directly to the medium to the following final

concentrations: 19mM MOPS (3-(N-morpholino)propanesulfonic acid, Sigma cat. #M-
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8899), 25mM NaCl, 12.5mM HEPES (free acid, Cellgro cat. #25-060-Cl, Manassas,

VA), 25mM NaOH (pre-equilibrated in CO, overnight before experiment). pH of
solutions remained constant for the duration of treatment of cells.

Cell surface protein biotinylation assay. Surface biotinylation was performed as
previously described (93). In brief, after treatment for 1h in indicated CO, conditions
(Fig. 1G), S2 cells were labeled for 15min using 1 mg/ml EZ-link NHS-SS-biotin (Pierce
Chemical Co. cat. #21331, Rockford, IL). Cells were then washed, lysed and 40mg of
protein as measured by Bradford assay per sample were incubated overnight at 4°C with
end-over-end shaking in the presence of streptavidin beads (Pierce Chemical Co.). The
beads were thoroughly washed, resuspended in Laemmli sample buffer solution and
loaded onto SDS-PAGE gel with 30mg total cell lysate. a5 anti-Na,K-ATPase antibody
was obtained from the Developmental Studies Hybridoma Bank (U. of Iowa, IA) and
used at 1:100 dilution.

Bacterial infection protocol. Fly stocks were raised on standard cornmeal-agar
medium at 25°C. Batches of 25-30 CO;-anesthetized (for <10 min) Oregon-R flies were
challenged, in triplicate using a blinded protocol, by septic injury in the dorsal thorax
with a sharpened tungsten needle previously dipped in a PBS solution containing the
bacteria of interest. The vials were then exposed to CO, as described above at room
temperature and the surviving flies counted at indicated intervals. S. aureus and E.
Jaecalis (87) were a gift from DS Schneider (Stanford). All bacteria were grown on LB.
Kaplan-Meier survival plots were generated from combining the triplicates for a total of

~75 flies per survival curve.
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Drosophila developmental and fecundity assays. Developmental defects were

assessed in embryos expressing GFP in the tracheal system (br/-Gal4 UAS-GFP/+) that
were collected in air for 2h, transferred to experimental chambers containing air or
elevated CO, for 19h and then evaluated for phenotypes. Defects were scored as
moderate if embryos had 5 or fewer dorsal trunk breaks, and severe if there were more
than 5 breaks. No embryos cultured in 13% CO, or ambient air displayed severe defects,
and the frequency of moderate defects was 20% and 4%, respectively. For the egg
hatching assay, eggs laid by flies in ambient air were collected on grape juice plates
covered with yeast for 1-2 hours. The eggs from 3 separate experiments of at least 60
eggs each were then counted and transferred to various CO, conditions. 24 and 48h later,
the hatched and unhatched eggs were counted. Gr63a' mutants were a gift from L
Vosshall (Rockefeller University). Fecundity was determined as per the protocol of Wang
et al. (Wang, H.D. et al., PNAS 101:12610-12615). In brief, 20 age-matched females and
males were mated for 2 days in air at 25°C. The females were then transferred to the
experimental conditions and eggs collected at approximately 8h intervals on standard
yeasted grape juice plates. Each experiment was done in triplicate.

Quantitative PCR. 10mg of Trizol (Invitrogen, Carlsbad, CA, cat. #15596)
extracted mRNA was treated with DNA-free (Ambion, Austin, TX, cat. #1906) according
to manufacturer’s directions. Img of DNA-free-treated mRNA was used in reverse-
transcription reaction using Bio-Rad’s iScript cDNA Synthesis Kit (Hercules, CA, cat.
#170-8891). The c¢DNAs were diluted in water to ~Ing/ml. PCR reactions were
performed using iQ SYBR Green Supermix from Bio-Rad (cat. #170-8882) according to

manufacturer’s directions. Real-time PCR was performed in 96-well plates on an iCycler
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1Q (Bio-Rad). PCR conditions were: preincubation at 95°C for 3 min, 40 cycles: 30 sec at

95°C, 30 sec minute at 58°C, and 30 sec at 72°C. Quantitative analysis was performed
using the iCycler 1Q Optical System Software v3.0a. PCR reactions were performed in
triplicate. The levels of expression of the gene of interest were normalized against
ribosomal protein 49 (RP49) transcript levels in each sample. Primers used were as
follows: RP49: forward 5-GACGCTTCAAGGGACAGTATCTG-3', reverse 5'-
AAACGCGGTTCTGCATGAG-3' (Gottar, M. et al., Nature 416:640-644),

Drosomycin (Drm): forward 5'-CGTGAGAACCTTTTCCAATATGATG-3/,

Reverse S TCCCAGGACCACCAGCAT-3";

Diptericir (Dpt): forward 5'-GCTGCGCAATCGCTTCTACT-3/,

reverse 5'-"TGGTGGAGTGGGCTTCATG-3' (Gobert, V. et al., Science (New York, N.Y
302:2126-2130);

Attacin (Att): forward 5°’-CTGACCAAGGGCATTGGCAATC-3’,

reverse 5°-CTCCGGGCGTGTGTGTTTTGGTC-37;

Cecropin (Cec): forward 5’-CCATGAACTTCTACAACATCTTC-3’,

reverse 5’-GCGATTCCCAGTCCCTGGATTG-3’;

Metchnikowin (Mtk): forward 5’-GTGTGATGGCCACGGCTACATC-3’,

reverse 3>-CGACATCAGCAGTGTGAATTTC-3’;

Drosocin (Drs): forward 5’-CGCCTAAAGATGTGTGCATAC-3’,

reverse 5’-CTCATTGTGTCACAATTGATTG-3’;

Defensin (Def): forward 5’-CATGTCCTGGTGCATGAGGATG-3’,

reverse: 5’ -CGTTGCAGTAGCCGCCTTTGAAC-3".
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Whole fly microarrays. RNA was extracted from a minimum of 30 flies per

condition using Trizol according to manufacturer’s instructions. Microarray analysis was

performed as previously described (Liu, G. et al., Physiological genomics 25:134-141).

Bridge to Chapter V

In Chapters 1I-1V, I discussed studies in which genetic approaches were utilized to
study physiological stress responses, making use of mutant Drosophila strains. Chapter
VI describes a technique I have developed that makes the characterization of mutants

such as these much faster and easier than is possible with current methodology.
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CHAPTER V

GENOMIC REGIONAL CAPTURE FOR NEXT GENERATION SEQUENCING

In recent years, enormous leaps have been made in DNA sequencing technology,
enabling researchers to collect immense amounts of sequence data in much less time and
at a lesser cost than has previously been possible (100) (101). Despite the low cost and
high throughput of these next generation sequencing (NGS) approaches, when seeking to
locate the genomic identities of uncharacterized mutations it is still not feasible to
sequence entire higher eukaryotic genomes. This fact necessitates a means by which
smaller genomic regions of interest can be isolated for in depth analysis.

Traditionally, DNA polymerase chain reaction (PCR) has been the technique
researchers have turned to for targeted enrichment of a particular genomic region. The
upper size limit of products that PCR can reliably generate (5-50 kilobases (kb)) is
considerably smaller than the genomic intervals typically identified by classical genetic
techniques as containing mutations of interest however, and is orders of magnitude
smaller than the amount of sequence data that can be generated in a single NGS run (up

to 420 megabases (mb) at 6x coverage). The inadequacy of PCR for isolating large
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genomic regions for NGS has led to the development of a number of new techniques

designed to enrich for genomic regions that are hundreds or thousands of kb in size.

Recently, two separate research groups described techniques by which large
regions of a target genome can be captured for NGS by hybridization of target DNA to
custom DNA microarrays(26) (25). These approaches have been used to successfully
capture regions as large as 5 mb. Despite their effectivenes, array based genomic
regional capture approaches have some drawbacks. For one, complete sequence data
must be available for the genome being captured in order to design the custom
oligonucleotide probes contained on the array. These oligo sequences must also be
carefully optimized to have highly similar melting temperatures, which can be a laborious
process (26). Finally, custom high-density arrays are expensive, making the design of a
new array for each new genomic region of interest impractical for smaller laboratories
attempting to characterize mutants from genetic screens.

Other hybridization-based strategies have been used to enrich for specific
sequences within larger complex DNA samples. Hybridization of DNA prepared from
mixed bacterial populations to biotinylated oligonucleotide probes followed by capture
with streptavidin-conjugated beads has been used to enrich for and identify species-
specific sequences in both clinical and environmental microbiological samples (102)
(103). Another approach based on hybridization of biotinylated bacterial artificial
chromosome (BAC) DNA to homologous genomic DNA target regions of interest has
been shown to be an effective strategy for resequencing large segments of human DNA

by traditional Sanger DNA sequencing techniques (104). None of these
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biotin/streptavidin-based approaches have been utilized to target genomic regions for

sequencing by NGS, however.

In this chapter, I describe a method that I developed for isolating large genomic
regions of interest for NGS. My technique involves the hybridization of sheared target
genomic DNA to biotinylated homologous fosmid DNA. Following hybridization,
biotinylated probe / target genomic DNA hybrids are captured with streptavidin-
conjugated paramagnetic beads, and the target genomic DNA is eluted by heat
denaturation. The eluted DNA is then amplified and sequenced using Solexa massively
parallel sequencing. I have used this protocol to isolate a 336 kb genomic region that was
determined to contain a mutation of interest from a Caenorhabditis elegans strain
identified in a genetic screen. This captured DNA was sequenced using a fraction of a
lane in an Illumina Genome Analyzer II (GA-II) Solexa instrument, resulting in 863,420
reads of 31 bases each that aligned to the C. elegans genome, 31% of which were from
the targeted region. This represents 8,317,486 bases of sequence information from the

336 kb region of interest (~24x average coverage).

Materials and Methods

Genomic target DNA preparation. 5pg of C. elegans genomic DNA was sheared
to an average size of 500 bp by sonication in a Bioruptor (Diagenode). The ends of the
sheared DNA fragments were then blunted using a QuickBlunt kit (Invitrogen), following
which, the fragments were purified with a PCR purification kit (Qiagen). A-overhangs
were then added to the genomic fragments by incubation of the purified, blunted DNA

with 150 units of Klenow DNA polymerase exo- (New England Biolabs) and dATP at
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37°C for 30 minutes. The fragments were then purified with a mini-elute PCR

purification kit (Qiagen). 7uL of 200 WM modified Solexa sequencing adapters
(Top strand:
5’AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTxxxxT 3’
Bottom strand:
5’ phosphate xxxxAGATCGGAAGAGCTCGTATGCCGTCTTCTGCTTGC 3’(x -
barcode bases),
were then ligated the sheared genomic fragments at 16°C for 2 hours using 2000 units of
T4 DNA ligase (New England Biolabs). The ligation reaction was size separated by
agarose gel electrophoresis, and fragments between 150-500 bp in size were purified
from the gel using a Gel Extraction kit (Qiagen). The purified ligation products were
then PCR amplified using Phusion high fidelity DNA polymerase (New England Biolabs)
and the Solexa amplification primers
P5: AATGATACGGCGACCACCGA3J’ and
P7: CAAGCAGAAGACGGCATACGAZ’. The following cycling conditions were
used for PCR: 98°C for 2 minutes, 15 cycles of 98°C for 10 seconds, 65°C for 30 sec,
72°C for 15 seconds. Following amplification, samples were size separated by agarose
gel electrophoresis, and fragments between 150 and 500 bp were purified with a Gel
extraction kit (Qiagen).

Biotinylated probe preparation. 11 fosmids which, taken together, are
homologous to a 336 kb region of the C. elegans genome, were pooled in equal amounts.

100 ng of this mixture were combined with 20 pL. of 2.5x random octamer solution
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(Invitrogen) and heated to 100°C for 5 minutes. The mixture was rapidly cooled in an

ice/water bath, following which 5 uL of biotin INTP mixture (1mM biotin-14-dCTP,
ImM dCTP, 2mMdATP, 2mM dGTP, 2 mM dGTP, in 10 mM Tris-HCI (pH 7.5), ImM
NaEDTA) (Invitrogen) was added, along with 1 pL. of Klenow fragment DNA
polymerase (Invitrogen) and ultra pure water to bring the reaction volume to 50 uL.. The
reaction was then incubated at 37°C for 1 hour, following which, the products were size-
separated on an agarose gel, and the predominant 100 bp product was purified with a Gel
extraction kit (Qiagen).

Streptavidin bead preparation. 50 pL of M270 streptavidin Dynabeads
(Invitrogen) were washed 3 times with 100 uLL of 6x SSC and resuspended in 100 puL of
bead block buffer (2% I-Block (Tropix), 0.5% SDS, 1x PBS) (105). Beads were
incubated at room temperature for 30 minutes with occasional mixing, and were then
magnetically captured, and washed 3x with 6x SSC.

Hybridization, immobilization, elution and sequencing. 5 pg of adapted, purified
genomic DNA was combined with 150 ng of purified biotinylated probe in 300 uL of
hybridization buffer (54% formamide, 1x SSC, 1% SDS, 5.4x Denhardt’s solution
(Sigma), 1mg/ml Salmon sperm DNA (Invitrogen). The mixture was heated to 100°C for
2 minutes, then transferred to a 42°C incubator, where it was incubated with mixing
overnight. Following overnight incubation, biotinylated probe/genomic DNA fragment
hybrids were immobilized by binding to prepared blocked and washed streptavidin beads
by combining the hybridization mixture (300 uL) with the bead/SSC mixture (100 uL),

and incubating at room temperature for 15 minutes with occasional mixing. Beads were
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then magnetically captured, and washed 3x with wash solution 1 (1x SSC, 0.15% SDS),

3x with wash solution 2 (.2x SSC), and 3x with wash solution 3 (0.05x SSC). After the
final wash step, the beads were resuspended in 200 uL. of ultra pure water, and heated to
100°C for 2 minutes, and quickly magnetically captured. The supernatant was carefully
collected and concentrated to a volume of 20 uL in a speedvac concentrator (Savant).
10uL of the concentrated supernatant was then used as template for a PCR reaction
utilizing Solexa P5 and P7 primers and Phusion high fidelity DNA polymerase (New
England Biolabs) (2 minutes 98°C, 24 cycles of 98°C for 10 seconds, 65°C for 30 sec,
72°C for 15 seconds). The PCR product was purified with a PCR cleanup kit (Qiagen),

quantified, and submitted for Solexa sequencing on an Illumina Genome Analyzer II.

Results

Sequencing targeted genomic regions by NGS has previously been an expensive
proposition requiring the design and manufacture of custom DNA microarrays. The
method described here is considerably cheaper, easier, and faster than existing techniques
because readily available fosmid clones are used as the capture probe in place of the
microarrayed custom oligonucleotides (Figure 1). In this pilot experiment, DNA from 11
fosmid clones representing 336,224 bases of the C. elegans were combined and used as
the capture probe (Table 1). The addition of biotin to the probe DNA allowed the
subsequent capture of hybridized target fragments using streptavidin-conjugated
paramagnetic beads. Biotin addition was carried out by the replication of the probe DNA

from random primers in the presence of biotinylated nucleotides. The extremely high



affinity of the biotin-streptavidin bond allowed stringent washing of the beads to

minimize the isolation of non-target DNA.
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Figure 1. Schematic representation of regional capture protocol. Genomic DNA containing a region of
interest is (1) sheared, and Solexa adapters are added by ligation and amplification (2.A). A pool of
Fosmids which is homologous to the region of interest is (2.B) converted to biotinylated probe by Klenow
polymerase-mediated synthesis incorporating biotinylated nucleotides. Sheared genomic DNA and
biotinylated probe are hybridized (3), and the probe/target DNA hybrids are by the addition of streptavidin
paramagnetic beads (4), which are magnetically captured and washed (5). Genomic target fragments are

then eluted by heat denaturation (6), and amplified by PCR with adapter-specific primers (7). The library
of target region DNA fragments is then submitted for Solexa sequencing.
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Table 1. Fosmid clones used for preparation of biotinylated probes. The genomic coordinates of the
fosmids are listed. Taken together, these fosmids cover a genomic region of 336,224 bases.

Fosmid clone  Chromosome Clone start  Clone stop

WRMO0613cF02 v 14251674 14290493
WRM0610dB09 v 14270881 14304812
WRM0629dD01 v 14301880 14332947
WRM0619aC10 v 14322557 14352744
WRMO0636c¢GO07 v 14367151 14399508
WRMO0617aH02 v 14385040 14425855
WRMO0630cB06 v 14420643 14460182
WRMO0634aD11 v 14453407 14491275
WRM0627aC04 v 14504084 14537563
WRM061aB03 v 14522269 14560418
WRMO0615aE07 v 14558577 14587898

Five pg of genomic target DNA was used as starting material. This DNA was
sheared and asymmetric Solexa sequencing adapters were attached by ligation.
Following ligation, the reaction was gel extracted to select the appropriate fragment size
for Solexa sequencing, as well as to remove adapter dimers. The fragments were then
amplified by PCR using an extremely high fidelity polymerase. The sheared, adapted
genomic target DNA was then hybridized overnight to the previously biotinylated fosmid
DNA. After hybridization, target DNA/biotinylated fosmid DNA hybrids were purified
using streptavidin beads, which were stringently washed to remove un-hybridized
background DNA. Finally, the captured genomic DNA was eluted from the beads by
heat denaturation, and PCR amplified. After a final purification, the DNA sample was
ready to be Solexa sequenced. This entire protocol, excluding sequencing, can be
completed in two days.

Prior to submitting samples for NGS, I cloned several fragments in the library and
sequenced the inserts using Sanger sequencing (Figure 2A). This allowed me to verify

that the Solexa amplification and sequencing primers would bind in the proper locations
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for NGS, and verified that many of the clones contained DNA that aligns to the C.

elegans genome in the target region. In order to provide additional verification of
enrichment of the target genomic region in the purified samples, I designed two sets of
PCR primers to amplify sequences within the captured DNA area (Figure 2B). Equal
quantities of pre-hybridization input DNA and purified DNA were used as template for
PCR. This reaction showed significant enrichment of the targeted region in the purified

sample.
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Figure 2. Verification of captured library prior to NGS. Before submitting the captured library of
fragments for Solexa sequencing, fragments were cloned and sequenced. A) An example clone sequence
shows the correct Solexa P5 (orange) and P7 (green) amplification primer sequences, Solexa sequencing
primer sequence (blue), barcode (red), and an insert sequence that aligns to the target vegion of the C.
elegans genome (highlighted in red) by BLAST. B) Equal amounts of input and region-captured DNA
fragiments were used as template for PCR using two primer sets that amplify products within the target
region. Much more product is generated using the captured template indicating enrichment of the target

region,

Because barcoded Solexa adapters were used in the preparation of the DNA

sample, samples prepared with other barcodes by other researchers could be combined

I1x

\
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with my sample in the same lane of the GA-II so that the cost of the sequencing run could
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be shared. The GA-II data analysis software aligns the output of the sequencing run to

available reference genomes. This alignment yielded 863,420 reads of 31 bases each that
aligned to unique locations in the C. elegans genome. Of these reads, 268,305 (31%)
were from within the targeted region. These reads provide 8,317,455 bases of data,
which provides an average 24x coverage of the targeted region (Figure 3). The
variability in coverage at different locations within the region may be related to GC
content variations within the region, or could be related to the number of cycles used in
the amplification reactions in the protocol. Future optimization of the protocol will
probably be able to provide more consistent depth of coverage throughout the captured

region.
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Figure 3. Graphical representation of sequences from regionally captured samples aligned to a portion of
the C. elegans genome. The area of chromosome V that was targeted for capture is indicated in red
bordered by blue lines. Black bars beneath the zoomed in area of chromosome V indicate sequence reads.
31% of the total sequence reads that aligned uniquely to the genome were within the target region. Other
reads were scattered randomly throughout the genome.

Discussion

One major drawback of NGS approaches is that they do not provide an easy
means of sequencing specific genomic areas since the sequencing reaction does not
proceed from a fixed gene-specific primer as it does in Sanger sequencing. Because of
this limitation, a method for capturing specific genomic regions for NGS by DNA
microarray hybridization was previously developed. Here, 1 have described an
alternative to the array-based capture method, which is cheaper, faster, and easier to

perform.
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I have demonstrated the effectiveness of this protocol by capturing and

sequencing a 336 kb region of the C. elegans genome from a mutant strain isolated in a
genetic screen. Despite the fact that a large number of sequences obtained were from
outside the region of interest, the enrichment was sufficient to sequence the mutation-
containing region with an average 24x coverage. The data from the sequencing run was
obtained quite recently, so we have only begun to analyze the data. In fairly short order,
we will be able to visualize SNPs between the obtained aligned sequences and the C.
elegans reference genome, which should make identification of the SNP responsible for
the mutant phenotype quite easy.

This regional capture technique has applications beyond the characterization of
mutants from genetic screens in model organisms. Using a fraction of a lane in a GA-II
NGS instrument, my protocol was able to provide 24x coverage of the targeted region.
This depth of coverage would have increased substantially if the entire lane had been
dedicated to sequencing the captured region. With increased depth of coverage, the
captured region could be assembled without the aid of a reference genome, and this
protocol would be a viable method of capturing and sequencing genomic regions of non-
model organisms with incompletely sequenced genomes. A variation on this protocol is
currently being evaluated as a means of mapping transposon insertion sites in maize.
Indeed, researchers should be able to make use of this protocol, or a modification of it,
for any situation in which they would like to enrich for a specific genomic location for

NGS.
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Bridge to Chapter VI

In Chapter V I described a technique I have developed for sequencing specific
DNA regions using NGS. This protocol is considerably faster and less expensive than
existing techniques. In Chapter VI I will summarize the findings from Chapters 11, 111,

1V, and V, and highlight the broader significance of these results
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CHAPTER VI

CONCLUSION

Stress-responsive gene regulation

A key adaptation organisms make in order to survive physiological stresses is the
differential regulation of gene expression. This regulation is directly carried out by
stress-responsive transcription factors. One physiological stress that all eukaryotic
organisms must cope with is hypoxia. In Chapter II I have identified genes that are
regulated by hypoxia, and have determined the roles of five different hypoxia-responsive
transcription factors in the regulation of this set of hypoxia-modulated transcripts. This
was achieved by examining hypoxic gene expression in D. melanogaster mutants lacking
the hypoxia-responsive transcription factors HIF-1, FOXO, Rel, p53,and MTF-1, and by
refining the lists of affected transcripts using bioinformatic analysis. I have identified
several previously characterized target genes of the five hypoxia-responsive transcription
factors, as well as genes that have never been previously described as targets. I have also
identified a mechanism by which HIF-1 can contribute to the activation of FOXO during

hypoxia through the HIF-1-dependent transcriptional up regulation of Imp-L2. Finally, I
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have determined that FOXO plays a much larger role in hypoxic gene regulation than has

previously been thought.

One set of genes that are highly transcriptionally up regulated in response to
hypoxia are those encoding heat shock proteins. In Chapter Iif, we showed that HIF-1
plays a significant role in the transcriptional up regulation of Heat shock protein (HSP)
genes during hypoxia. This occurs because HIF-1 directly up regulates the transcription
of the Heat shock factor (HSF) gene during hypoxia, and this up regulation is necessary
for the full transcriptional induction of HSP’s. We showed that this HIF-1-dependent up-
regulation of HSF during hypoxia is functionally significant because flies with reduced
HSF levels during hypoxia are less viable than wild-type flies.

Exposure to elevated CO, levels (hypercapnia) is another stress that eukaryotes
adapt to by modulating gene expression. In Chapter IV, we identified genes that are
differentially regulated during hypercapnia in Drosophila. We found that the
transcription of immune response genes that are known targets of the transcription factor
Relish (Rel) is significantly repressed by hypercapnia. Interestingly, we showed that this
transcriptional repression occurs by a pathway that is either downstream or in parallel to
the canonical Rel activation pathway. Our results have medical relevance because
hypercapnia is frequently experienced by patients suffering from chronic pulmonary
obstructive disease and the suppression of immune response genes may promote bacterial
infections in patients experiencing this physiological stress. This study also establishes

Drosophila as a powerful model system for the study of hypercapnia.
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Regional capture for next generation sequencing

The Sanger method of DNA sequencing is a well-established technology that is
widely available to researchers at numerous institutions across the world. However, the
amount of sequence data produced per Sanger sequencing run is limited to less than 1000
bases, making sequencing large DNA fragments with this technology costly and slow.
To address this limitation, next generation sequencing (NGS) techniques have been
developed in recent years that produce much more sequence data per run. The downside
of these new approaches is that the sequence reads produced by NGS instruments are not
targeted to a specific region of the template DNA making the sequencing of specific
regions of complex genomic DNA samples impossible with these techniques. Custom
DNA microarray-based regional capture schemes have been developed to facilitate the
enrichment of specific DNA regions for NGS, but these approaches are slow and costly.
In Chapter V I have described a regional capture protocol that provides enrichment of
target DNA sequences that is comparable to the array-based schemes. My approach is
considerably faster and less expensive, however because biotinylated fosmid DNA is
used in place of custom DNA microarrays as the probe for the hybridization-based
capture. I have demonstrated the effectiveness of my protocol by capturing a genomic
DNA region from a C. elegans strain that contains a mutation causing SNP. Sequencing
this region by NGS provided an average of 24x coverage for every base in the targeted
region, which was more than sufficient for identifying the SNP. My regional capture
protocol is broadly applicable to any situation in which a researcher desires to enrich for

a specific region of a complex DNA sample for sequencing by NGS.
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APPENDIX

ONLINE SUPPLEMENTAL MATERIAL FOR CHAPTER IV
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Figure S1. Absolute levels of antimicrobial peptide RNAs in S2* cells, normalized to RP49. CO, = 13%,
10h duration before RNA extraction; PGN = 5h before RNA extraction. This is the same experiment as in
Figure 2C and D. AMP abbreviations are as in Figure 2.



88

Table S1. Hypercapnia strongly down-regulates egg formation genes, but does not up-regulate genes
induced by hypoxic, heat shock, or oxidative stress responses.

Fold Fold

induction induction

13%

CO, 13% CO,
A. Egg formation genes C. Heat shock-induced genes'
CG6517 Chorion protein 18 -42.3 CG16749 1
CG6524 Chorion protein 19 -38.5 CG18493 1.1
CG6533 Chorion protein 16 -28.1 CG9470 Metallothionein A 1
CG11213 Chorion protein 38 -26.5 CG3106 -1
CG1778 Chorion protein 36 -20 CG6730 Cyp4d21 -1.2
CG6519 Chorion protein 15 -10.4 CG1946 1
CG2175 Defective chorion 1 -9.8 CG9080 -1.1
CG9271 Vitelline membrane 34Ca -7.2 CG6602 -1.1
CG9048 Vitelline membrane 26Aa -5.9 CG3360 Cyp313al -1.1

CG13833 (up 2.9-fold in heat
CG15349 Chorion protein a -5.8 shock) 1.1
CG15351 Chorion protein ¢ -4.8
CG9046 Vitelline membrane 26Ab -4
D. Oxidative stress-induced

B. Hypoxia-induced genes® genes’
CG11765 Peroxiredoxin -1.2 CG4533 1Q)efl -1.2
CG11949 Coracle -1.3 CGS5164 GstEl 1
CG12896 1.1 CG10794 Diptericin B -1.4
CG10160 ImpL3 1 CG31628 ade3 -1
CG6494 Hairy h -1.3 CGI18466 Nmdmc 1.1
CG13499 -1.1 CG7632 -1.1
CG32130 -1.2 CG10146 Attacin A -2.3
CG10078 Phosphoribosylamidotransferase 2 -1.6 CG8772 nemy 1
CG1600 1.1 CGl14121 -1
CG8846 Thor 1.2 (CG1383 Defensin -2.1

Average fold induction in 13% CO, (24h, CO, versus air) of genes specific for egg formation (A) and
selected genes reported to be highly induced by previously characterized stresses (B-D). Fold
induction is the average of 3 separate microarray experiments of 5-day old flies. Stress genes are
shown in decreasing order of induction magnitude for particular stresses with maximal and minimal
values shown in parentheses. See references below for fold up-regulation by hypoxia® (range:
CG8846 Thor 4.7-fold to CG11765 Peroxiredoxin 8.4-fold), heat shock! (range: CG13833 2.9-fold to
CG16749 41-fold) and oxidative stress’ (range: CG1383 Defensin 1.6-fold to CG4533 1(2)efl 7-fold).

YHypoxia-induced genes reported by G. Liu et al., Physiol. Genomics 25: 131-141, 2006
YHeat shock-induced genes reported by J.G. Sorensen et al., Cell Stress & Chaperones, (2005) 10 (4) 312-

328

tOxidative stress-induced genes reported by G.N. Landis ef al., PNAS 2004;101(20):7663-8



Table S2. Hypercapnia does not affect cell viability. Trypan blue dye exclusion assay
performed with S2* cells shows that hypercapnia and the other experimental conditions used
do not significantly alter cell viability. If indicated, cells were primed for immune response
with 20-hydroxyecdysone (ecd) at Oh, placed in 13% CO, at 15h, and/or stimulated with E.
coli PGN at 20h. Rapid cell death by strong oxidative stress shown for comparison.
Tstandard deviation of triplicate experiments in parentheses.

Experimental condition

Air
Air
Air + ecd

Air + ecd
13% CO4 + ecd

air + ecd + PGN
13% CO, + ecd + PGN

Air + 100mM t-butyl hydroperoxide
Air + IM t-butyl hydroperoxide

Time at
measurement (h) % cells containing dye'

0 6.9 (0.13)
23 5.6 (0.74)
15 5.6 (0.82)
23 4.4 (1.07)
23 5.7 (1.30)
23 5.2 (1.54)
23 6.0 (0.98)
1.5 31

1.5 100
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