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ASTRACT

FRANCISELLA TULARENSIS: HOST-PATHOGEN RESPONSES TO

INFECTION AND DRUG TARGET IDENTIFICATION

The pathobiology of the host and pathogen responses to Francisella
tularensis infection and disease progression were poorly understood when |
started my graduate career. To address this, we have employed an integrative
biological approach consisting of monitoring of the host transcriptional response
to infection and dissemination, and determining the transcriptionally active and
essential genes required for F. tularensis infection and disease progression.
Drug therapies for F. tularensis that control the dissemination of the bacterium
from the lungs to the spleen, liver, and kidneys are associated with positive
clinical outcome. Therefore the studies focused on the host response were
designed to address the hypothesis that host responses to F. tularensis strains of
varying virulence will differ and the differences will shed light on why the host is
unable to contain infection with highly virulent strains of Francisella in the lungs.
We utilized the F. tularensis mouse model of pulmonary infection, the highly
virulent Type A F. tularensis strain Schu4, and the less virulent Type B live

vaccine strain (LVS) to study the host response to infection and identification of



essential bacterial genes. This model and these strains provide a means for
comparative analysis of virulence in a defined and rapidly adaptable model of
disease progression. Bacterial burden and organ pathology was used to monitor
disease progression, and the host transcriptional response to F. tularensis
infection was used as a guide for the bacterial studies. We found that
dissemination and pathology in the spleen was significantly greater in mice
infected with F. tularensis Schu4 compared to F. tularensis LVS and there was
altered apoptosis, antigen presentation, and production of inflammatory
mediators that explain the differences in pathogenicity of F. tularensis Schu4 and
LVS. We then designed experiments to address the hypothesis that genes
actively transcribed during infection could be used to define the genes essential
for the bacteria to cause disease. We identified active metabolic pathways
utilized by F. tularensis during the infection, and the essential genes necessary
for the bacteria to cause infection including those encoding components in
isoprenoid biosynthesis, fatty acid biosynthesis, and aromatic amino acid
biosynthesis. Together, these studies allowed for the identification of host
diagnostic markers and F. tularensis therapeutic targets required for the
establishment of infection in the lungs and dissemination to secondary sites of
infection. Importantly, this information promises to guide the development of
diagnostics, chemotherapeutics and therapeutic vaccines that are relevant to

clinical stages of disease.
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CHAPTER 1

General Overview of Francisella tularensis

1.1: Background

1.1.1 History

Francisella was discovered in 1911 in Tulare County, California isolated
from rodents suffering from a “plague” like disease [1, 2]. Edward Francis
characterized Bacterium tularense [1] and theorized that tularemia was the cause
of many previously unknown diseases in other outbreaks in rodents dating back
to the early 19" century [2]. Outbreaks in the United States, Norway, and Japan
were all thought to be caused by Francisella [2]. The first human case positively

identified as Francisella was reported from Ohio in 1914 [3].

1.1.2 Taxonomy

Initially classified as Bacterium tularense, it was eventually renamed in
honor of Edward Francis for his contributions to the study of the bacterium [2].
Originally thought to belong to the Pasturella genus, it was not until the 1960’s

that DNA hybridization provided experimental evidence that demonstrated that



Francisella was not closely related to Pasturella [4]. Through 16s rRNA
sequencing it was shown that Francisella belonged to the gamma-proteobacteria
subclass with no close relationship to other bacteria in the subclass and
warranted its own genus designation [5]. Francisellacae remains the only
recognized genus in its class, which is further substantiated by a unique fatty
acid composition and high lipid content [6, 7].

Subspecies were determined primarily by different clinical presentations,
varying severity of disease, and geographical distribution of Francisella cases [6].
Francisella isolates found in only North America demonstrated greater virulence
in rabbits and a more severe form of tularemia in humans and thus designated as
a separate sub-species, F. tularensis sub-species tularensis [8, 9]. Isolates
found in North America, Europe, and Asia that showed less virulence in animals
and a less severe form of disease in humans, were given the classification of
sub-species holarctica [8, 9]. Further distinction of sub-species found primarily in
ticks from Central Asia and the former Soviet Union were given the designation
as sub-species mediasiatica based on the origin of isolates and their unique
biochemical properties [7]. An isolate from Utah in the 1950’s was found to be
closely related to Francisella but it was not until the 1980’s that it was determined
there was only 75% genomic relatedness between the isolate and the other three
sub-species [8, 11, 12]. This led to the designation of the isolate as sub-species
novicida, which was less fastidious in its growth requirements and less virulent
than the other three sub-species [12]. Currently, there are four sub-species of

Francisella tularensis; tularensis, holarctica, mediasiatica, and novicida [8].



Human and animal infections are primarily due to subspecies tularensis
and subspecies holarctica, which are commonly referred to as type A and type B,
respectively [8, 16]. Isolates from both type A and B demonstrate subtle
differences in both virulence and geographical location that warrant further
taxonomical designation [9, 17]. Type A and B isolates from North America have
been further differentiated into two clades, 1 and 2 [17, 18]. Type A has
additionally been separated into sub-clades A1a and A1b, based on MLVA,

PFGE, and SNP analysis [18-21].

1.1.3 Epidemiology

Worldwide distribution of Francisella has been difficult to accurately define
due to the amount of resources necessary to survey wildlife and vector reservoirs
in endemic and outbreak regions. A breakthrough in Francisella epidemiology
came in 1959 by Olsufiev et al. when it was determined that there were two sub-
species of distinct virulence that tended to result from different geographical
locations [6]. The subspecies were dubbed tularensis and holarctica. It was
observed that subspecies ftularensis had significantly higher virulence in
mammals and infections typically resulted from contact with rabbits whereas
infections with subspecies holarctica resulted from contact with lakes, ponds,
streams, and aquatic mammals such as beavers [6]. Francisella has endemic
foci in Europe and North America where infections of animals and human are
more common, and ticks isolated from these regions harbor the bacteria more

often [2]. In Europe, foci in Finland and Sweden have been identified [9]. Foci in



Russia, Turkmenistan, and Kazakhstan have long been documented and studied
extensively by the former Soviet Union [10]. Studies were conducted due to the
prevalence of tularemia in the region. However, since 1990 cases have
dramatically decreased to just a few hundred a year [2].

Figure 1
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Figure 1: Adapted from Kugeler et al.
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Francisella tularensis from humans and animals
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The majority of cases in the United States are reported in Arkansas,
Missouri, South Dakota, and Oklahoma [11, 12]. The distribution of subspecies

and clades in the United States was originally described by Kugeler et al., and as



more isolates are sequenced, new distinctions provide a clearer picture of the
epidemiology of F. tularensis that correlates more closely with geographical

distribution of strains in the United States [13].

1.1.4 Ecology

Identification of F. tularensis reservoirs and vectors was first undertaken
by the Soviets in the mid 1900’s [14]. Using epidemiological data, the Soviets
identified two main environmental foci associated with human tularemia, swamp—
floodland and grassland—meadow environments [14]. Soviet research from
1930-1960 led to the identification of numerous naturally infected arthropods,
mammals, and insects as reservoirs that coincided with human infections [14].
Many efforts to control the population of natural reservoirs in endemic areas
included poisoning of rodents, fumigation of burrows, and controlled hunting of
wild rabbits [14]. In conjunction with data from research conducted in the United
States, the “deer fly” was identified as an important vector in the USSR, thus
tularemia is also commonly referred to as deer fly fever [14].

In the United States two thirds of human tularemia cases were believed to
be associated with contact with cottontail rabbits [11]. Tularemia was thought to
be a problem mostly in the eastern United States, but spread west due to the
transport of cottontails to the west for sport [15]. As the ecology of Francisella
was studied further, it was determined that tick bites were also an important
source of human tularemia. It was estimated that between 1938 and 1948, 56%

of the human tularemia cases in Arkansas were due to tick bites, while 31% of



infections were the result of contact with contaminated rabbits [11]. Due to the
higher rate of infection in trappers and hunters, aquatic mammals were also
determined to be an ecological reservoir of Francisella in the United States [16].
Contaminated water sources were deemed the precursor to zoonotic infections of
muskrats and beavers that led to infection of humans [16]. This infection cycle
has been associated with F. tularensis subspecies holarctica in both the United
States and Russia [14, 16].

In Europe and Scandinavia similar ecology of F. tularensis has been
described, however, with a stronger emphasis on mosquito born infections due to
contaminated water sources as the reservoir for human infection [17].
Epidemiology data show that human outbreaks strongly correlate with nearby
contaminated water sources and mosquito populations [17]. Similar conclusions
were drawn by researchers in Europe suggesting that contaminated water

sources were the site of infection of mosquitoes during their larval stages [17].

1.1.5 Evolution

Original methods of determining Francisella sub-species and taxonomical
relationship were through phenotypic analysis of colony morphology and
grouping of isolates by clinical manifestations [18]. MLVA, PFGE, Real time PCR,
and whole genome sequencing have since been employed to create a more
defined understanding of Francisella sub-species and their relatedness [5, 13,
18-26]. The study of the evolution of Francisella has provided unique insight into

the transformation of a relatively harmless environmental bacterium into a host-



dependent highly virulent pathogen [18]. This was aided by the fact that many
highly related strains and sub-species with significant differences in virulence
have been well characterized. Francisella is a desirable model for the study of
bacterial evolution due to the many subtle differences in isolate virulence that
represent the various stages of genome decay and host-restriction that occur
over time [30, 32].

The evolution of Francisella tularensis sub-species has been the subject
of much study for diagnostic purposes and has shed light on the many subtypes
and evolutionary steps that Francisella tularensis has undergone. Type A and B
strains (Discussed in 1.2 Taxonomy) have distinct genomic arrangements that
differentiate them molecularly in addition to the virulence differences observed in
humans [21, 29, 33, 34]. Both type A and B Francisella tularensis have a high
level of pseudogenes interrupting numerous biochemical pathways, indicating
genomic decay as a result of host-restriction [19, 35]. Examination of SNPs
between sequenced strains revealed that type B strains differ very little while
type A strains show a high level of diversity [21, 29, 30, 36]. Unique SNP
patterns have also been determined among type A strains, resulting in the
designations of Al and All. Due to further analysis based on virulence
differences and more recently on genomic sequence, Ala and Alb have now
been defined and accepted as separate clades [13, 27, 36] (Further discussed in

1.2 Taxonomy).



1.1.6 Francisella as a Bioweapon

Francisella has been considered a potential biological weapon since the
years leading up to World War Il [37, 38]. Japan began studying numerous
biological weapons, including tularemia, in 1937 and tested them on prisoners of
war [38]. In 1942, the United States and Britain agreed to use biological
weapons only in retaliation, but both countries continued stockpiling large
arsenals of biological weapons [38]. The United States’ main bioweapons facility
was based out of Fort Detrick in Maryland, where botulism and anthrax was the
primary focus, but brucellosis, tularemia, and glanders were also studied [38].

It has been suggested that shortly before the battle of Stalingrad a large
outbreak of pneumonic tularemia along the German-Soviet front was the result of
a Soviet intentional release of F. tularensis [38]. The author that suggested this
attributes the large number of Soviet cases to a sudden change in wind direction.
However, others have proposed that the outbreak was a result of an endemic
source that arose from deteriorating sanitation caused by the war time conditions
[38]. The Soviet Union studied biological weapons extensively, even creating
vaccine and antibiotic resistant strains of many different pathogens including
tularemia [38].

As tularemia cases dropped drastically in the United States by the 1980’s
the CDC removed it from the list of notable diseases. However, in 2001 a
renewed interest in studying tularemia was revived after the intentional
distribution of anthrax spores immediately after the September 11" terrorist

attacks in 2001 [37]. The CDC continues to classify F. tularensis as a category A



select agent due to its high infectivity, less than 10 cells to cause fatal infection,
and its ease of dispersal as an aerosol [37]. It has been estimated that dispersal
over a population of 5 million people could render 250,000 people extremely ill

and cause approximately 19,000 fatalities [37].



1.2: Physiology

1.2.1 Metabolism

As an intracellular pathogen, F. tularensis has evolved to depend highly
on nutrients available in the biological niche that it occupies. Intracellular
pathogens encounter a number of different carbon and nitrogen sources as well
as minute and fluctuating concentrations of iron, magnesium, and manganese
[39]. There have been very few studies that aim to classify the complicated
regulation and utilization of different metabolic pathways in F. tularensis both in
vitro and in vivo. Initial studies to define growth requirements were done
empirically and identified amino acid supplements necessary for growth via
pathway interruption by pseudogenes, most important of which was a cysteine
supplement required for growth [31]. Rapid growth in vitro requires many carbon,
vitamin, and amino acid supplements [31]. However, growth can be achieved on
a simple amino acid solution derived from protease treated animal tissue (LCK
unpublished results). In murine macrophages, microarray analysis of F.
tularensis Schu4 required the expression of genes associated with amino acid
metabolism, de novo nucleotide synthesis, metabolism of vitamins and cofactors,
translation and protein biosynthesis, and carbohydrate metabolism including
glycolysis and the pentose phosphate pathway [40]. The study highlighted the
need for multiple amino acids for active intracellular growth by expression of
genes involved in specific amino acid biosynthetic pathways as well as the

expression of five of eight encoded oligopeptide transporters [40],
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Figure 2

Figure 2: Adapted from
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consistent with the many interrupted pathways throughout the Francisella

genome as shown in figure 3 [18]. These observations are consistent with the

earliest studies to determine growth requirements of F. tularensis in vitro [31].

1.2.2 Cell Envelope
Bacterial cell envelopes are a complex layered structure of molecules
designed to protect the cell and allow it to interact with the biological niche in

which it resides [41, 42]. In the case of bacterial pathogens it is particularly

11



important that the cell is able to interact with its host and evade the many
defenses designed to combat and kill the pathogen [41, 42]. Francisella is a
facultative intracellular gram-negative bacterium and possesses some novel
characteristics that set it apart from other gram-negatives [43, 44]. Gram-
negative bacteria are traditionally surrounded by a lipopolysaccharide (LPS) rich
outer membrane, a thin cell wall composed of peptidoglycan, and a lipid bi-layer
inner membrane [45]. In contrast, gram-positive bacteria which have no outer
membrane and a thick cross linked layer of peptidoglycan as the cell wall with a
lipid bi-layer inner membrane [42]. Both gram-positive and gram-negative
bacteria can have a polysaccharide capsule that surrounds the outermost
surface of the cell that aids in host evasion and protection from the environment
[42]. Francisella possesses all of the structural components aforementioned
including a polysaccharide capsule. However, the LPS of Francisella is unique
and poorly immunogenic unlike most gram-negative LPS [44].

Bacterial LPS consists of a lipid A subunit that anchors the molecule in the
outer membrane, a polysaccharide core, and an oligo or poly saccharide O-
antigen [41, 45]. Francisella LPS has been characterized in the sub-species
novicida, mediasiatica, holarctica, and tularensis, with both lab strains and
clinical isolates [43, 44, 46]. The structure of the Francisella lipid A and
polysaccharide core are identical for all of the sub-species but the structure of the
O-antigen differs between pathogenic and environmental strains [43, 44, 46, 47].
The O-antigen genes are identical between sub-species holarctica and tularensis

[47], whereas the sub-species novicida has fewer genes in the same gene

12



cluster encoding O-antigen modification enzymes [48]. This difference has been
hypothesized to be an important difference in virulent versus environmental
strains but needs further study [44]. The O-antigen of Francisella has been
shown to protect the bacteria from antimicrobial peptides, serum opsonization,
and complement killing [44, 49, 50]. These observations were made by knocking
out genes in the wbt operon, specifically wbtA, which led to the absence of O-
antigen on the cell surface [51].

As previously mentioned, Francisella is poorly immunogenic which has
been attributed to a dephosphorylated glucosamine on the glycosyl dimer in the
lipid A anchor [42-44]. This same phenomenon has been shown in Salmonella,
which contains a monophosphorylated lipid A (MPL) with poorly immunogenic
properties [52]. The lipid A of Francisella is also unique in that it is tetra-acylated
with carbon chains of 16-18 carbons in length [43, 53, 54]. In contrast, common
gram-negative bacterial lipid A molecules are hexa-acylated with carbon chains
of 12-14 carbons in length [42].

The capsule of Francisella remains the most poorly understood
component of the surface structure [44]. A study published in 1988 showed that
LVS treated with acridine orange resulted in rough colony morphology variants
that were deemed capsule deficient [55]. The cells lacked the ability to grow
intracellularly within macrophages and were susceptible to the binding of I1gG
immunoglobulins to leading compliment protein C3 deposition and complement
susceptibility [55]. Another study showed that lyophilized LVS resulted in the

spontaneous occurrence of rough colonies when the cells were grown on
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synthetic media [56]. The rough variants showed similar infection defects as the
previous studies with capsule deficient colonies, but it was observed that sub-
culturing on synthetic media resulted in reversion to smooth colony morphology
[56]. In addition, after several passages the cells became increasingly
encapsulated and showed higher virulence in mice demonstrating the importance
of the capsule to the infectious cycle of Francisella [56]. There has been debate
however, about whether or not there are aberrations in the O-antigens of the
rough colony variants that would also explain differences in virulence [57, 58].
Recently, a knockout mutant of a putative capsule biosynthetic gene capB was
described [57, 58]. The study did not comment on colony morphology of the
mutants but did confirm that the O-antigen was intact and protected against
serum Kkilling [57, 58]. The mutant showed lower bacterial burden in mice and
100% protection against challenge with lethal doses of wild type LVS and Schu4
[57, 58]. This study demonstrated the importance of the characterization and
understanding of the Francisella capsule and the genes associated with its
construction and maintenance.

For the construction and maintenance of the surface components of the
bacterial cell, the ability to secrete proteins and molecules to the cell surface is
important [59]. In addition, bacteria secrete enzymes for the conversion of
molecules into nutrients taken from the milieu of the biological niche in which the
bacteria grow [59]. The Francisella genome encodes genes that have homology
to both Type IV pili (Tfp) and a Type |l Secretion System (T2S), although data

suggests that protein secretion is carried out through a mechanism that more
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closely resembles Tfp based secretion [19, 59, 60]. The majority of the studies
designed to characterize Francisella secretion used the environmental strain
novicida [61-64]. Due to the fact that orthologs for Tfp in pathogenic strains
contain mutations, they have been designated as pseudogenes [19]. Although
the gene interruptions do not explicitly rule out functionality in strains of higher
virulence, researchers have focused on novicida due to this and further study to

characterize functionality in these strains is needed.

1.2.3 Iron Uptake

Many bacterial pathogens require iron for full virulence and iron acquisition
is particularly important for intracellular pathogens due to the scarcity of free iron
within host cells [65]. Consequently, host mechanisms for combating infection
include the sequestration of free iron throughout the body upon recognition of
infection [65] with the exception of the phagosome where iron is released via iron
sequestering proteins in a pH dependent manner as the phagosome becomes
increasingly acidified [65, 66]. This mechanism allows cells to acquire iron in a
controlled fashion. Thus, many bacterial pathogens have developed highly
efficient strategies for acquiring iron within acidified phagosomes through the use
of siderophores and dedicated transport systems for iron uptake [65, 66].

Iron acquisition in Francisella has been studied extensively in multiple
sub-species and therefore is well characterized. In the 1960’s, a secreted protein
from Francisella with characteristics of a siderophore was discovered to be

essential for full virulence and promoted growth in highly dilute cultures [67].
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Years later, Fortier et al. showed that Francisella LVS was unable to replicate
outside of host cells without the presence of iron and only replicated within an
acidified phagosome where iron was freely available [68]. In 2006, Sullivan et al.
characterized the siderophore produced by Francisella and identified the FsIA
protein as responsible for its production [69]. Bioinformatic analysis was used to
identify the fsIABCD operon and the feoB (ferrous iron transporter) locus
suggesting little iron uptake machinery encoded in the Francisella genome [69-
71]. The lack of iron uptake machinery coupled with the absence of the
ubiquitous genes tonB, exbB, and exbD, normally present in gram-negative
bacteria for binding and uptake of siderophores, suggest that Francisella
mechanisms for siderophore uptake may be unique [69]. In addition, they
showed the fs/A locus was iron regulated and its deletion resulted in the inability
of Francisella to grow in iron-depleted conditions [69]. Later, two genes
downstream of the fsIABCD operon were found to be co-transcribed with the
operon and designated fslE and fsIF [70, 71]. Recently shown was a knockout of
fslE defective in the uptake of iron bound siderophore molecules, representing a
novel iron uptake mechanism found only in Francisella to date [70, 71]. The
entire fSIABCDEF operon is under the control of the ferric uptake regulator (fur)
protein that binds a Fur box region in the promoter region of fslA [70, 71]. In
reduced iron conditions the Fur protein is deferrated and loses its DNA binding
capability resulting in the activation of the siderophore production and binding
operon fsSIABCDEF [70, 71]. ldentification of other Fur dependent genes has led

to a more complete understanding of the genes in the Francisella genome
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responsible for iron metabolism [70]. This approach led to the characterization of
the 58-kDa ferric uptake protein FupA [72]. FupA was shown to work in tandem
with FsIE during siderophore uptake [70, 71]. Interestingly, the fupA locus in LVS
is disrupted and was hypothesized as a prime candidate for the basis of LVS
attenuation [70, 71]. This hypothesis was further supported by the expression of
a functional fupA in LVS that increased its virulence in mice [71]. Additional
studies have shown that the disrupted fupA gene in LVS is active though likely at
a less efficient rate than the homologue in virulent strains of Francisella [71].
Much of the work characterizing Francisella siderophore production and uptake
was performed using the LVS strain. However, many studies have also been
conducted in the highly virulent lab strain Schu4 and homologues for all genes

identified in LVS have been annotated in the Schu4 genome as well.

1.2.4 Genomics

Since 1995 there has been a substantial effort to sequence and categorize
the full genomes of microbes in order to develop a clearer understanding of
evolutionary relationships, minimal coding capacity, and to decipher the
molecular basis of biology behind the interaction of bacteria with their biological
niches [73]. In the case of bacterial pathogens, full genome sequencing has
been useful in the development of diagnostic tools for detection in developing
novel protein derived vaccine candidates that can be cloned only if the sequence
is known [74]. This has been particularly true in the Francisella field where

molecular diagnostics based on genome differences were developed to discern
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Francisella strains down to the sub-clade level [25, 27, 36]. These diagnostics
continue to develop and are important for informing therapeutic intervention
strategies and characterizing strains responsible for outbreaks.

The first Francisella genome to be sequenced was the highly virulent lab
strain Schu4 by Larsson et al in 2005 [19]. To date there are over 15 complete
genomes of Francisella published with many more in the works [75]. All
Francisella genomes sequenced to date are less then 2 Mb [76]. Studies
comparing full genomes to understand the evolution of Francisella have indicated
a high level of genomic rearrangements and decay that resulted in an increase in
virulence [19-21, 24, 29, 30, 35, 36, 77-81]. A study comparing a 1.1 Mb region
shared by all sequenced Francisella genomes revealed 97.7% average
nucleotide identity between environmental and pathogenic strains [32]. Among
pathogenic subspecies, the average nucleotide identity was 99.2% [32].
Importantly, there is a significant difference in the severity of disease between
the subspecies [34, 37, 82] leading researchers to hypothesize that comparison
of Francisella genomes of high and low virulence could lead to insight into the
molecular basis of pathogenesis [19-21, 29, 30, 35, 78-81]. Many studies have
approached this question by comparing genomes of Francisella, however to
relatively little outcome.

There are a several important features of the Francisella genome that led
to major discoveries in the field. First, a 30 kb region of sequence found to be
duplicated in pathogenic strains of Francisella, while the environmental parent

strain contains only one copy [19, 29]. The regions shared characteristics of
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pathogenicity islands found in other pathogenic bacteria, mainly a significantly
different GC content from that of the rest of the genome and structural/coding
similarities to virulence loci found in the Vibrio and Pseudomonas genus [83-86].
Therefore genes within the region became a focus of many groups trying to
understand the basis of pathogenesis in Francisella. A four-gene operon was
found to encode protein products essential for intracellular growth and through
the knockout of these genes, pathogenesis of the bacteria was reduced
significantly leading to their designation as intracellular growth locus genes (/g/A-
D) [83, 84]. Another important feature found while comparing the known
Francisella genomes was the distribution and location of insertional sequence
(IS) elements found throughout the Francisella genome [29, 30]. IS elements
have been shown to be the primary site of genomic rearrangement events
throughout the evolution of the bacteria [29, 30]. The IS elements have been
instrumental in the taxonomical designation of the different subspecies of
Francsiella as genomic rearrangements tend to be conserved among the
subspecies [21, 29, 30, 35, 36] and were recently found to differ among isolates
of subspecies tularensis clade A1 leading to the reclassification of the clade into
two different clades, A1a and A1b [30]. The clades only differ by 3 IS elements
yet show a significant difference in virulence [27, 30]. In mice, A1b strains cause
significantly faster time to death [27] while in humans A1b caused death in 24%
of patients compared to 4% for A1a [13, 88]. Recently transcriptional activity was
shown to originate from IS elements and continuing into the downstream open

reading frames during exposure of Francisella to intracellular conditions [87].
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Future studies that continue to examine the significance of IS element position
and transcriptional activity offer a promising avenue for deciphering virulence

differences between subspecies.

1.2.5 Proteomics

Two primary approaches have been employed to characterize the
proteomes of bacteria. The first is the development of comprehensive 2-
Dimensional (2D) PAGE databases taken from whole cell lysates [88]. This
approach suffers from a significant disconnect between proteins identified and
proteins encoded in the genome [88], but this approach continues to benefit from
advances in protein isolation/separation strategies and more importantly by the
improvements in MS technology and analysis [88]. Separation strategies have
improved by focusing on certain subsets of proteins in cell compartments that
may contain groups of proteins that require more unique chemical isolation
strategies [88]. The best example of this application is the preferential isolation
of cell wall/membrane associated and secreted proteins whose characterization
can inform hypotheses about host and pathogen interactions [88]. The second
main strategy used in bacterial proteomic studies is the use of comparative
studies to examine differences in protein production between strains of high and
low virulence [88]. Similar to genomic strategies comparing coding capacity
differences, this strategy can be used to identify pathogenesis determinants that
vary between strains of differing virulence at the protein level [88]. The most

sophisticated example of this approach is the examination of differentially
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produced proteins in conditions that mimic in vivo conditions and in particular,
proteins isolated from macrophages or tissues during infection [88]. Importantly,
the combination of the two approaches are essential for studying genes with no
characterized function or are annotated as pseudogenes yet are still produced
and may play a role during infection.

Figure 3 shows a whole genome ontology analysis of 8 proteobacteria [18].
The figure highlights the high proportion of cell envelope dedicated genes in
Francisella compared to the other pathogens, indicating the importance of this
functional subset of genes to the infectious cycle of the bacterium. There is also
Type Il and VI secretion machinery in the Francisella genome and the presence
of signal sequences at the N-termini of a large number of proteins further
indicates the importance of the cell envelope to the bacterium’s interaction with
its host [18]. In addition, a study by Hubalek et al. that aimed to create a
comprehensive F. tularensis Schu4 2D-PAGE proteomic database showed
approximately 34% of the proteins identified were annotated as membrane
proteins, whereas statistically, the expected result for bacteria would normally be
20% of the genome encoding membrane proteins [88, 89].

Proteomic studies in Francisella have primarily utilized comparative
approaches in hopes of identifying virulence determinants that are different
between strains of high and low virulence [90-93]. In addition, proteomic subsets
such as outer membrane proteins, secreted proteins, glycoproteins, and immuno-
reactive proteins have been characterized in various Francisella strains [88-93].

One of the most comprehensive studies compared the proteomes of 13 strains of
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12 B Francisella tularensis

B Pseudomonas aeruginosa
B Coxiella burnetii
10 M Vibrio cholerae
H shewanella oneidensis

DO Escherichia coli

[ Rickettsia prowazekii

O Helicobacter pylori
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Figure 3: Figure adapted from Keim et al. [18] Gene ontology percentages for 8 pathogenic
bacteria. The bar graph highlights the large amount of genes encoded by Francisella that fall into
the functional category of cell envelope.

Francisella of varying virulence from 3 different sub-species [92]. The study
utilized 2D PAGE and MALDI to compare the proteomes of each strain grown in
synthetic media and identified proteins unique/absent, proteins at higher/lower
abundance, and proteins with charge/mass/PI shifts distinct to each strain [92].
Of particular interest were proteins either unique to, or produced at a higher
abundance in highly virulent strains compared to the other strains [92]. Many of
the proteins identified in strains of high virulence were annotated as putative

outer membrane proteins, indicating a potential role in virulence and host
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interaction [92]. A highly informative study with significant implications to my
work performed in 2006 by Twine et al. identified proteins produced in vivo during
infection using the mouse model [94]. Francisella FSC033 proteins were isolated
from mouse spleens and identified by mass spectrometry [94]. The study
identified 78 proteins that were differentially produced in vivo compared to in vitro
grown Francisella [94]. Additionally, the study highlighted the unique proteomic
profile necessary for adaptation to growth in host tissues, and was important for
identifying novel vaccine candidates and clinically relevant drug targets. There
remains a large amount of information still unknown about the Francisella
proteome and what subtle differences exist between strains of differing virulence

due to their highly similar genomic coding capacity.

1.2.6 Pathogenicity

The mechanisms of pathogenesis utilized by Francisella have been
extensively studied in order to decipher the extreme virulence of the pathogen.
These studies have led to significant advancements in the regulation and
expression of numerous virulence genes and pathways. Traditional molecular
methods to study gene function in Francisella was problematic due to the inability
of the bacterium to replicate and retain non-native plasmids [60]. Thus,
discovery of a native plasmid in the environmental strain novicida [95] led to
significant progress in the study of virulence mechanisms used by highly
pathogenic strains of Francisella. Initial work was primarily executed in novicida

and focused on genes also present in pathogenic strains [60]. Genetic
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engineering of the native Francisella plasmid has since made it possible to utilize
the highly pathogenic strains of Francisella for further studies [96].

The initial breakthrough came when transposon mutants of F. novicida
defective for growth in macrophages were isolated by Baron et al. [97]. The
mutation was mapped to a gene that shared a 20% resemblance to SspA, a
stringent response transcriptional regulator from E. coli [97]. The SspA protein
was shown to interact with RNA polymerase to regulate expression of stationary-
phase genes during nutrient starvation [98]. The gene was named MglA
(macrophage growth locus A) and is expressed as a bi-cistronic transcript with
MgIB, also shown to be required for intracellular growth [97, 99]. The ability of
Francisella to escape the phagosome into the cytosol is critical to its virulence, a
study performed by Mariathasan et al. showed that MglA mutants were unable to
escape the phagasome and are thus exposed to the low pH of the mature
phagosome and killed [99]. A bacterial 2-hybrid experiment demonstrated that
MglA interacts with RNA polymerase along with another SspA homologue
identified during the study [99]. SspA was subsequently shown to form a
complex with MglA and is required for positive regulation of virulence genes. A
study by Brotcke et al. showed expression of MglA positively regulates over 100
genes [100], including those located on the Francisella pathogenicity island.
Most of these genes however, have no assigned role or function indicating the
need for further study to clearly understand mechanisms of Francisella

pathogenesis.
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The 30 kilobase Francisella pathogenicity island (FPI) contains two
operons and a total of 16 genes, most of which are required for intracellular
growth [84]. 8 of these genes share homology to the recently described Type VI
secretion system from Pseudomonas aeruginosa and Vibrio cholerae [85, 86].
Further study is needed to confirm these genes are indeed part of a secretion
system since preliminary evidence is solely based on bioinformatics. The most
studied gene within the FPI is intracellular growth locus C (/g/C), which was first
identified as the most up-regulated protein found during infection of macrophages
[101]. IglC was shown to be required for intracellular growth in macrophage,
amoeba, and for virulence in mice [102-105]. Studies to identify the function of
the IgIC protein have demonstrated its importance for phagosomal escape and
the prevention of phagosome-lysosome fusion [104]. It has additionally been
hypothesized that IglC also plays a role in cytosolic growth, macrophage
apoptosis, and disruption of TLR signaling. However, it is unclear if these are
secondary roles of the protein or polar effects of the gene knockout [106-108].

As previously mentioned, the Francisella genome encodes a relatively
large amount of genes annotated as cell surface components and therefore
suggested that the cell surface of Francisella is highly important for its virulence
[59]. The novel structure of Francisella LPS, presence of a capsule, and genes
encoding Type IV pili have all been evaluated for a potential role in pathogenesis
[59]. The Type IV pili genes encoded in the Francisella genome share homology
with those of Neisseria meningititis and Pseudomonas aeruginosa and are also

arranged in a similar fashion [109]. Bacterial pili machinery are commonly

25



associated with adhesion to host cells, biofilm formation, and motility, whereas
Type IV pili have been shown to be involved in protein secretion [110]. The
Francisella capsule is the most poorly understood of the pathogen's surface
components. Disruption in the capsule biogenesis gene locus capB, has been
central for deciphering the role of capsule production for Francisella infection [57].
(Discussed in 1.8 Cell Envelope)

The study of Francisella virulence has benefited from numerous
transposon mutagenesis studies that led to the discovery of several genes
necessary for causing disease [111-123]. The initial studies were performed in
sub-species novicida but subsequent studies have utilized the technique on
holarctica and tularensis sub-species. Of note was a transposon mutagenesis
study that used the highly virulent Schu4 strain where murine hepatic cells were
infected with the mutants and 18 individual clones with transposon insertions
were found defective for intracellular growth [115]. One mutant, a purine
auxotroph, was successfully utilized as a vaccine in mice that protected against
infection with homologous challenge of wild type Schu4. While transposon
mutagenesis studies have been extremely informative, it is important to note that
the technique relies on insertional bias of transposons and therefore is not

considered a comprehensive assay for determining genes essential to infection.
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1.3: Host Response to Infection

Mammals have developed many mechanisms for combating bacterial and
viral pathogens [127]. In addition to mechanical barriers such as the skin and
mucosal membrane, there are conserved molecular mechanisms of non-specific
microbial resistance that recognize general molecular signatures of pathogens
and recruit immune cells capable of direct killing to the site of infection [127].
The initial innate response to microbes leads to an adaptive immune response
through the generation of specific antibodies and the ability to recognize the
pathogen if encountered again [127]. Bacteria have also evolved mechanisms to
evade and subvert both the innate and adaptive responses designed to defend
against infection [128]. Response to Francisella infection has been thoroughly
studied to characterize both the innate and adaptive response to infection. This
research is particularly important for a bacterium of such extreme virulence for
the generation of a vaccine that would protect humans in case of outbreak or
intentional release. In general the immune response to Francisella is thought to
be weak and incapable of protecting the host from infection with highly virulent
strains through the pulmonary route [129-131]. Attempts to develop both live
attenuated vaccines as well as vaccines from Francisella derived molecular
components have been hampered by the bacteria's poorly immunogenic
properties and poor cross reactivity between sub-species of differing virulence

[132].
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1.3.1 Innate Inmune Response to Francisella tularensis

This section describes the research conducted to characterize the innate
immune response to pulmonary infection with Francisella, as this is the most
relevant model that mimics clinical presentation of severe human disease in
animal models [133]. As the primary defense mechanism in the lungs is
macrophages, it is also important to include analyses utilizing ex vivo studies that
examine the macrophage response to Francisella infection. Macrophages can
clear the lung of up to 10° CFU of bacteria within 2 hours through phagocytosis
of the bacteria [134]. Like many pulmonary pathogens, Francisella has taken
advantage of this defense mechanism by directly infecting macrophages in the
lungs [135, 136]. The fact that Francisella targets macrophages has led to some
debate on whether or not macrophages play a role in immunity against
Francisella infection, however, TLR2 deficient mice are significantly more
susceptible to infection suggesting some innate and immunostimulatory response
to the bacterium after initial infection of alveolar macrophages [137, 138].
Dendritic cells (DCs) have also been shown to be important sites of Francisella
infection and replication [139]. DCs are normally highly effective at ingesting
bacteria and presenting antigen to naive T-Cells, thus activating an effective T-
Cell mediated immune response [127]. DCs isolated from mice infected with
LVS showed abnormal activation and secretion of the anti-inflammatory cytokine
TgfB1 and evidence of bacterial replication within the cytoplasm [139]. This
study demonstrated the ability of Francisella to dampen the host immune

response and replicate within cells that are important for recognition and
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response to infection [139]. Studies have also shown a significant delay in
response to infection when monitoring transcriptional response in mouse lungs
over the course of infection with type A Francisella [140, 141].

The uptake of Francisella into macrophages likely relies on the deposition
of serum proteins on the surface of the bacterium due to the enhanced uptake of
bacteria after treatment with complement containing serum [142]. It has also
been shown that Francisella is ingested via a looped-coil mechanism that has
only been observed in the Francisella infection model, suggesting the interaction
of the host and pathogen is dependent on bacterial mechanisms that result in
unique uptake of the bacteria [143]. Alternative proteins responsible for the
unique uptake of Francisella have yet to be characterized, however the recent
discovery of Type VI secretion machinery encoded in the Francisella genome
offers promise for determining candidates for host cell manipulation [60, 85, 86].
Francisella has been shown to escape the phagosome into the cytosol within 60
minutes of ingestion where it is likely that the cells recognize the bacterium
through interaction of unknown bacterial products and TLR2/TLR6 heterodimers
[135, 137, 138]. This mechanism was shown in vitro in Francisella infected
dendritic cells [107], as well as TLR2 knockout mice infected with Francisella, but
there is evidence that Francisella interferes with downstream TLR signaling after
TLR2 recognition [108, 129]. A study performed in macrophages treated with
Francisella cell wall extracts and subsequently treated with highly toxic E. coli

LPS showed no secretion of inflammatory cytokines by the treated cells,
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indicating the ability of Francisella to interfere with innate mechanisms of
bacterial recognition [129].

By far the most extensively studied innate immune response to Francisella
is activation of the host inflammasome. The inflammasome is a multi-protein
complex that is activated by nucleotide oligermerization domain (NOD-like
receptors (NLRs)) that recognize intracellular pathogen components [144]. Upon
binding of bacterial components, a cascade of protein oligermerization results in
the activation of caspase-1, which leads to the secretion of pro-inflammatory
cytokines and cellular apoptosis [144]. The eukaryotic inflammasome has been
characterized through the study of many intracellular pathogens including
Salmonella [145], Shigella [146], Legionella [147], and Listeria [148]. Recently a
group found that macrophages lacking the absent in melanoma 2 protein (Aim-2)
do not undergo inflammasome activation after infection with Francisella;
suggesting the Aim-2 protein is required for intracellular recognition of Francisella
[149, 150]. There is also evidence that the ultimate consequence of
inflammasome activation, caspase-1 mediated cytokine release and cellular
apoptosis, is interrupted in vivo due to a delay in apoptosis until late infection with
highly virulent strains until immediately before death [140, 141].

The innate immune response to Francisella was studied in many different
models with various strains of the bacteria. While results vary between the
studies, the overall understanding is that highly virulent strains of Francisella
avoid the innate immune response in the lungs, leading to dissemination of the

bacteria to secondary sites of infection. Thus, there has been substantial effort
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to engineer effective vaccines for Francisella to provide people immune memory
in the case of an intentional release or laboratory or military personnel that are

more likely to come in to contact with the bacteria.

1.3.2 Adaptive Immune Response and Vaccines

In order to mount a protective adaptive response to infection the host must
be able to survive the initial exposure to the pathogen long enough to produce
antibodies and cells that develop memory of the pathogen. In general, a strong
protective immunity does develop in both humans and animal models after
survival of initial challenge with virulent strains of Francisella, however survival
after infection with virulent strains is extremely inconsistent [37, 151]. Due to
high antibody titers found in humans up to 11 years after survival of the initial
infection, baseline antibody titers for laboratory researchers are commonly taken
prior to work with the pathogens so that laboratory exposure can be diagnosed
accurately [151]. In order to study the adaptive immune response to Francisella
researchers have utilized less virulent and mutant strains so that host infection
models used can consistently survive the initial infection and mount a protective
response [152].

A live vaccine strain developed through the attenuation of a type B
holarctica isolate via repeated passage through mice, and therefore retains its
virulence in mice but not in humans, has been a valuable research tool for
studying pathogenesis in BSL-2 laboratories [153-156]. The vaccine has been

available for laboratory researchers and military personnel, although the genetic
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basis of attenuation is poorly understood and different lots of the vaccine have
showed mixed efficacy for both humans and animals which has prevented its
licensing and use for the general public [157].

As previously mentioned, attenuated and mutated strains were most
commonly studied in order to characterize the adaptive response to Francisella.
LVS, novicida, and mutants of these strains were the most useful for these
purposes [131-135]. In addition, there have been auxotrophic mutants and
virulence factor mutants of highly virulent strains that showed efficacy against
homologous challenge with wild type strains of highly virulent sub-species [47, 95,
96, 136-138, 158]. LVS and novicida strains that protect against homologous
challenge tend to show inconsistent results when vaccinated animals are
challenged with highly virulent strains. Therefore there is increased need for the
development of a type A derived vaccine [130]. Transposon mutants of the
Schu4 strain of F. tularensis passaged through immortalized hepatic cells
identified 18 mutants deficient for intracellular survival, of which, 7 showed
transposon insertion in genes of the purine biosynthesis pathway [115]. This led
to the development of a purine auxotroph of Schu4 that showed 100% protective
efficacy in mice against a lethal dose of wild type Schu4 [115, 124-126]. While
this research has shows promise for the development of a live vaccine strain of
Francisella that is derived from a type A strain, there has been little follow up on
these original studies. Likewise, several studies have identified genes that are
required for virulence that when mutated, are effective live vaccines in the mouse

model [132, 159]. Yet, there has been a tendency to utilize information derived
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from these studies to learn more about the bacteria’s virulence rather than the
development of a new vaccine strain for clinical trials.

Studies have identified cells and molecular requirements for a proper
protective response to lethal challenge with Francisella. As previously mentioned,
the majority of data about the adaptive immune response to Francisella relies
mostly on attenuated strains due to the lethality of type A strains in animal and
human models of infection. Effective vaccination in humans with LVS results in a
very specific and long lasting IgM, IgA, and IgG antibody memory for up to 11
years [151]. The contribution of antibodies was also confirmed by protecting
naive mice from type B infection through passive transfer of anti-type B
antibodies [160]. Protection has been shown to rely on CD4 and CD8+ T-Cells
[161, 162]. Depletion of either cell population resulted in the inability to control
secondary lethal infection with LVS while wild type mice survived the same
challenge [161, 162]. In contrast, natural infection and vaccination with type A
subunit preparations primarily generates CD4+ and CD8+ memory T-cells rather
than a strong antibody response [151, 163]. Interestingly, it was shown that low
dose of type A infection in mice results in thymic atrophy and depletion of T-Cells,
indicating that Francisella may avoid the cell mediated response by active T-Cell
depletion [162]. The adaptive response is difficult to study as animal models die
rapidly after infection with type A Francisella, and are unable to develop an

adaptive response [133].
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1.3.3 Global Transcriptional Response

Pertinent to my project were several studies aimed to characterize the
global host transcriptional response to Francisella and decipher the molecular
mechanisms responsible for the host interaction with the pathogen. The focus of
these studies was to understand the inability of the host to combat highly
infectious strains as well as how the host survives infection with less virulent
strains. The first studies were performed by Andersson et al. where one
experiment examined the response to Francisella using the mouse model, while
another used a human model of natural infection [140, 164, 165]. The first
experiment monitored the murine transcriptional response to the type A clinical
isolate FSCO033 in whole lung homogenates over the course of infection with the
main results demonstrating an overall delay in transcriptional response [140].
Interferon induced genes were active, however not until 4 days post infection
[140]. In addition, the mean time to death was 5 days post infection, indicating
the inability for the mice to mount a proper response to control the infection [140].

Using a mouse macrophage model the same group examined the
transcriptional response to LVS [164]. An initial interferon-gamma and TNF-
alpha mediated response was observed, however this response was
subsequently down regulated after 4 hours of infection [164]. The initial
recognition of the attenuated strain by mouse macrophages may explain the
virulence difference observed in humans. Other studies have identified the
interferon-gamma mediated immune response as necessary for survival of initial

infection with Francisella with various strains of the bacteria [166-170]. In
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addition, a study has shown that in human macrophages LVS infection induces
significant cytokine production, while in mouse macrophages similar cytokine
production was not observed [164, 171].

The third study conducted by Andersson et al. analyzed the transcriptional
response of peripheral blood monocytes (PBMCs) from patients infected during
an outbreak in an endemic area of Sweden [165]. Type B holarctica strains are
endemic to the area and responsible for the outbreak. The patients all survived
and recovered with the transcriptional response dominated by interferon-gamma
mediated inflammatory response 2-3 days after infection [165]. Throughout
patient monitoring however, there was generally a very modest overall response
to infection [165]. A similar experiment conducted by Fuller et al. examined the
transcriptional response of PBMCs of patients after vaccination with LVS [172].
The major finding of the study was a significant increase in DC activation with
antigen processing and presentation 18-48 hours post infection with a
subsequent down-regulation of these pathways [172]. Another study utilizing
human PBMCs infected with LVS in vitro showed a strong interferon-gamma
mediated response with a large increase in pro-apoptotic genes [173]. The
difference between in vitro and in vivo models of infection has been noted before
and may represent a significant issue when deriving information from cell culture
models of Francisella infection studies.

The final studies conducted by Butcher and Cremer et al. used an in vitro
model of infection of human PBMCs with both Schu4 and F. novicida comparing

the host response to the two strains of Francisella [174, 175]. The first of two
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studies noted a higher degree of inflammation induced by Schu4 initially while F.
novicida induced these gene pathways later and in a more sustained fashion,
indicating a down-regulation of the initial pro-inflammatory response by the more
virulent strain [175]. The second study showed the autophagy pathway up-
regulated by F. tularensis Schu4, possibly indicating a mechanism for the strain
of higher virulence to escape continued activation of intracellular microbial
recognition receptors that sense free living bacteria in the host cell cytoplasm
[174]. Overall, the global transcriptional response indicates the importance of
interferon-gamma signaling for mounting a protective response to Francisella,
and a general down-regulation and evasion of the inflammatory response by

highly virulent strains of the bacteria, particularly in the in vivo models of infection.
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1.4: Tularemia

The worldwide incidence of tularemia is poorly understood and likely
underestimated due to under reporting and misdiagnosis [37]. Cases were the
highest in the years following World War Il and have steadily declined since [37].
In a seven-year period between 1985 and 1992, there was an average of 171
cases a year in the United States with a fatality rate of 1.4%. Cases in the United
States are sporadic while in Europe and Asia airborne outbreaks infecting

hundreds of individuals have been reported [37].

1.4.1 Clinical Manifestations

The clinical manifestations of tularemia depend on the route of infection.
Ulceroglandular, glandular, oculoglandular, oropharyngeal, and pneumonic forms
of tularemia have all been reported and studied in detail [37]. The most common
forms of tularemia results from contact with infectious material and the bite of an
infected tick [38]. The most common clinical manifestation is ulceroglandular
tularemia and usually results when the bacteria disseminate from the site of
infection (tick bite or contact with an open sore) to the regional lymph node [37].
The sore becomes suppurative and necrotic with significant edema surrounding
the sore. The regional lymph node becomes inflamed, closely resembling the
“‘bubos” observed in bubonic plague infection caused by Yersinia pestis [37].

In the case of contact with aerosolized Francisella, manifestations of
tularemia would affect the eyes, upper digestive tract, and respiratory system.

Cases of ocular and oropharyngeal tularemia have been observed and also lead
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to glandular tularemia in the regional lymph nodes [37]. By far the most deadly
form of tularemia is when the disease is contracted though the pulmonary route
[37]. The disease closely resembles symptoms of the common cold or the flu
and is not readily detectable through a chest x-ray [37]. The bacteria initially
infect macrophages in the lungs and rapidly disseminates to the regional lymph
nodes, blood, spleen, kidneys, and liver [37]. Monkeys infected via aerosol with
Schu4 showed significant inflammation throughout the respiratory system within
day 3 post-inoculation [176]. Upon dissemination, chemotherapeutic intervention
strategies are extremely aggressive to treat the disease and prevent relapse [177,
178]. The largest reported outbreak of pulmonary tularemia was in a farming
community in Sweden in 1966 and 1967 and affected over 600 people [179].
The strain responsible for the outbreak was from the less deadly holarctica sub-
species and the majority of patients suffered high fever, chest pains, and flu like
symptoms [179]. Although many patients complained of pneumonia like
symptoms, the primary radiological finding was enlarged hilar lymph nodes but
no fluid accumulation in the lungs [179]. Since the description of Francisella as
an emerging pathogen in 2001 many molecular tools for diagnosis have been
developed to rapidly confirm tularemia positive patients and type the strain to

inform therapeutic treatment and patient prognosis.
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1.4.2 Treatment of Tularemia

When treating a disease that is caused by a pathogen of such extreme
virulence, it is important that the infection is completely resolved before cessation
of antibiotic treatment so there is no chance of relapse. Relapse was an issue
during early studies of antimicrobials to combat Francisella. There have been
many studies characterizing antimicrobial compounds against Francisella.
Currently, the aminoglycoside family of antibiotics is used and effective against
most cases of tularemia [37]. Streptomycin and gentamicin are the preferred
antibiotics for the treatment of tularemia due to their bactericidal activity that
clears the host of infection, thus significantly reducing relapse [37]. Tetracycline,
doxycycline, and chloramphenicol have shown a higher rate of relapse when
treating tularemia and therefore not considered first line therapeutics for
treatment [37]. Use of these antibiotics is recommended for longer periods and
commonly augmented with streptomycin or gentamicin to prevent relapse [37].
In addition to aminoglycosides, the floroquinolone ciprofloxacin was shown to
have bactericidal activity against Francisella both in vitro, and in animals and is
considered to be a frontline therapeutic, although it is still recommended that the
treatment be augmented with an aminoglycoside especially in the case of

infection with a type A strain of Francisella [37].
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1.4.3 How Does Francisella Kill?

One of the essential questions in the pathobiology of pulmonary
intracellular pathogens is how respiratory infection leads to death. As previously
mentioned, the mammalian respiratory system can clear up to 10° CFU of
bacteria within 2 hours [134]. The ability of intracellular pathogens to evade
clearance and disseminate to other areas of the body is essential to the
pathogens’ virulence, however it remains unclear as to how the pathogens
actually kill their hosts. Organ congestion, toxin production, and uncontrolled
cytokine response induced during systemic infection have all been implicated as
mechanisms that bacterial pathogens induce death [180]. Evidence leading to
these conclusions is commonly anecdotal. The term multi-organ failure is used
to describe death caused by a viral pathogen and is often a general description
for death caused by bacterial pathogens because of the inability to identify a
single cause of death [180]. This event is characterized by break down of the
endothelial structures throughout the body, organs, and blood vessels, leading to
multiple organs ceasing function simultaneously [180]. What is important to gain
from this is the understanding of critical phases of disease that can be targeted
for therapeutic intervention. As previously mentioned, dissemination from the
lungs is associated with poor outcome of disease with pulmonary pathogens.
The lung can clear a large amount of material, so drugs designed to combat
dissemination have positive outcomes on survival. Patients seek treatment at all
stages of disease, therefore it is important to also examine disseminated disease

as a landmark for therapeutic intervention. The bacterial metabolic profile likely
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differs in tissues outside the lungs and thus will produce unique proteins for
survival in those tissues. The identification of these metabolic capacities at
different points of disease represent novel drug targets to combat the pathogen
at the disseminated disease state. Finally, the identification of the host response
near death also provides a unique stage of disease where therapeutic
intervention can be used to combat the overwhelming release of compounds that
results in multiple organ failure. Targeting the host during infection to boost
defenses is not a new concept and can be adapted during the late stages of

tularemia to avoid a catastrophic response that leads to death.
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CHAPTER 2:

Therapeutic Development using Host and Pathogen Responses

2.1: Background

It was thought that the discovery of antibiotics would eradicate infectious
disease, but it very shortly became understood that this would not be the case.
As early as 1940, Abraham and Chain identified a bacterial enzyme able to
hydrolyze beta-lactam rings and postulated that the enzyme could result in
problems with penicillin as an antibacterial therapeutic [1]. A steady rise in
antibiotic resistance has not reciprocated a steady rise in the development of
new antibiotics to combat resistance. A shocking example of the constant need
for novel antibiotics is linezolid, the only oxazolinidone on the market at the time,
released in 2000 as a drug of “last resort” to treat infection with multi drug
resistant gram-positive pathogens. Resistant strains were identified early the
following year, demonstrating the rapid ability for bacterial pathogens to develop
resistance to antibiotics [2]. The idea that the discovery of a compound that
would globally eliminate infectious bacterial diseases is intrinsically flawed due to
the laws of natural selection [3, 4]. Therefore novel therapeutics will need to be

continuous development as diseases continue to persist and emerge.
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2.1.1 Drug Discovery Strategies and Evolution

The primary strategy for developing drug targets and inhibitors has been
described as a pipeline, with the idea of placing a target into one end and
receiving an inhibitor at the other end through a series of high throughput,
regimented steps to provide the most potent inhibitor for the least amount of cost
and effort. In theory, the pipeline should provide a streamline, cost effective
strategy for development of antibacterial drugs, however the reality is that it is
time consuming and expensive to go from drug target to clinical therapeutic.

The 4 main targets of current antibacterials are the inhibition of cell wall
and macromolecular synthesis, inhibition of DNA replication, inhibition of
transcription, and inhibition of translation. These biochemical pathways are
intuitively essential for bacteria to survive and cause infection. Many of the
inhibitors targeting these pathways were derived from natural products and
therefore remain a primary focus of antibiotic development leading to multiple
and extreme drug resistance that the medical community has no answer to. The
need for novel new drug targets is clear. Targeting virulence proteins, alternative
biochemical pathways, and new targets within already exploited pathways need
to be a priority to combat the growing threat of extremely resistant bacteria.
Future studies are needed to identify new targets for inhibitors that act on other
essential pathways in bacteria. Targeting virulence proteins for chemical
inhibition can present problems when trying to develop broad-spectrum inhibitors.

However general virulence protein systems such as Type Ill secretion, quorum
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sensing, and two component signal transduction systems present targets that
can treat many clinically relevant bacteria [5-9].

Several groups have studied alternative biochemical pathway inhibition
with varying success. As this has been a goal for many years in the drug
discovery field, biochemical pathways unique to bacteria and absent in mammals
have been well described [10]. Cell division [11], lumazine/riboflavin biosynthesis
[12], the isoprenoid biosynthesis pathway [13, 14], and phosphotransferase
systems [10, 15] are all examples of biochemical pathways that have been
identified as candidates for novel inhibitors. Enzymes in these pathways must fit
criteria for further consideration such as drugability, essentiality, and whether or
not the enzyme is at a metabolic “choke point,” [16-19]. Drugability refers to the
enzymes binding properties at the active site and allosteric regions that bind co-
factors or regulatory molecules that can be mimicked [18, 19]. To
comprehensively study an enzyme’s drugability, a crystal structure of the protein
is most desirable. Computational folding of novel proteins remains an extremely
difficult process and does not yet represent a feasible mechanism for obtaining
structural information from an enzyme that has not been crystallized. In the
event that there is closely or distantly related orthologs or paralogs from other
bacteria that have been crystallized, computer software is available to build
homology models and create a virtual crystal structure for analysis of an
enzyme’s drugability. A metabolic “choke point” is a point in a metabolic pathway
that a unique substrate is acted upon or synthesized so that redundant enzymes

from other pathways cannot complete the particular step in the pathway [10, 16,
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19]. This criterion usually translates into an enzyme’s essentiality for growth. In
addition, enzymes that have products that feed into many different pathways
(“load points”) tend to be good candidates due to their essentiality to multiple
biochemical pathways. Identifying “load point” enzymes relies on known
biochemical pathways and enzyme interaction. Unfortunately, most bacterial
genomes encode 30-40% of genes that have no known function. To prioritize
the classification and functional characterization of unknown genes, studies to
identify any given gene’s essentiality to growth and the infection process are

needed.

2.1.2 In vitro Potency Versus In vivo Efficacy

One of the main issues facing the drug development field is translation
from in vitro drug potency into drug efficacy in in vivo models. There are many
potential reasons for this disconnect. Bioavailability of active compounds at the
site of infection is often a problem due to serum binding of the drug, metabolic
breakdown, and accumulation of the drug in physiologically irrelevant areas of
the body. In addition, little is known about the metabolic requirements of
bacterial pathogens during infection and in vivo efficacy relies on the drug target
being produced during infection. This problem is most effectively dealt with
through the use of alternative chemical formulations that more efficiently shuttle
the compounds to the site of infection in their active form.  The process of

therapeutic development and formulation of compounds for better bioavailability
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will be far more effective when augmented with studies that identify which genes

are expressed and the most essential genes to the infection process.
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2.2: Novel Target Development

2.2.1 Gene Essentiality in Drug Discovery

One of the promising expectations of whole genome sequencing was the
determination of a minimal gene set necessary for a bacterial cell to survive.
While there is still much debate and discussion about the minimal gene set for a
bacteria to merely survive, the study of bacterial pathogens is concerned with the
minimal gene set necessary to cause disease. Comparative genomics using
related strains of low and high virulence provides little insight into more complex
mechanisms of virulence such as genome organization that affects
transcriptional regulation. This has been the case in the Francisella field where
strains of significantly different virulence share as much as 97% of their genome
sequence [20]. The primary difference between these strains is the organization
and orientation of the genomic sequence [20]. Therefore, study of the minimal
gene set necessary to cause infection has relied on functional studies to
determine genes essential to the infection process on a whole genome scale.
Essentiality of bacterial genes has primarily been determined through insertion
mutation libraries where genes that do not accumulate insertions are essential for
bacterial survival. This technique has been extremely informative for identifying
essential genes for survival as well as defining virulence factors in Francisella,
however there are intrinsic biases that leave many essential genes unidentified.
In addition to sequence bias of insertional elements [21], many strategies employ
an outgrowth step that requires selection on synthetic media that can also bias

the studies. A selection free method uses PCR amplification to synthesize a
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cDNA library primed from the transposon sequence. The cDNA library is
fluorescently labeled and hybridized to a full genome microarray to determine
genes with transposon insertion [21]. This technique however cannot account for
insertions that cause polar effects in non-coding regions of the genome that
modify gene expression or protein functionality. Therefore, new methods for the
global identification of essential genes and candidates for inhibition by novel
chemotherapeutics must be developed.

Gene essentiality studies can also suffer from biases introduced when
determining genes essential for growth in vitro as opposed to genes essential for
growth in vivo. This dilemma was addressed in Francisella by using recovery
assays that use a library of mutants to infect a cell line or animal model and
recover bacteria that cause wild type disease [22, 23]. Genes that have
mutations in the recovery pool are considered non-essential for infection, while
genes with no insertional mutations are considered essential for the bacteria to
cause infection. This assay in particular suffers from biases introduced by polar
mutations that cause problems downstream with gene regulation and expression
of open reading frames on the same cistron. A method for creating a mutant

clone library without any of the aforementioned biases has yet to be described.

2.2.2 Bacterial Gene Expression in Drug Discovery
Ever since the advent of microarrays, researchers have been trying to
examine the transcriptional profile of pathogens grown in host infection models.

Little advancement in the field can be attributed to the problem of separating and
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isolating the bacterial RNA from the host RNA. In addition, amplification of the
bacterial RNA is necessary due to the low abundance of RNA recovered
introducing quantification error. Many different strategies for isolating the
bacterial RNA have been attempted, including sheared genomic DNA as
hybridization capture probes and chemical degradation of host RNA that
preferentially destroys macrophage cells and RNA, leaving the bacteria intact
[24-26]. The latter method has been effective for studying bacterial gene
expression in ex vivo macrophage models for many bacterial infection models
[27-30]. It is important to recognize that gene expression studies provide a
simple “snap-shot” of genes being expressed at the moment of RNA isolation.
Chemical degradation of host cells and RNA and subsequent centrifuge isolation
of bacterial cells is very likely to affect the gene expression profile of the bacteria
before the RNA is stabilized. Although ex vivo macrophage studies have been
informative there are more complicated cellular interactions during in vivo
infection that need to be defined. Numerous studies have characterized bacterial
gene expression during in vivo infection. The first study isolated Group A
Streptococcus RNA from bacteria swabbed from the pharyngeal tract of infected
monkeys [31]. Analysis of both host and pathogen RNA correlated host and
pathogen gene expression to identify pathways activated during the disease
interaction. Two studies have examined the in vivo expression profile of M.
avium subs. paratuberculosis isolated from the intestinal tracts of both sheep and
cows [32, 33]. The most recent study used sheared M. tuberculosis genomic

DNA as capture probes to isolate M. tuberculosis RNA from the lungs of infected
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mice and sequenced the captured material using lllumina next generation
sequencing technology. While this analysis takes advantage of the depth of
coverage a next generation sequencing study provides, it still relies on outdated
methods for capturing bacterial RNA from tissues and was published with focus
on the technique rather than what the metabolic requirements of the bacteria are

during the infection process.

2.2.3 Host Response in Drug Discovery

In addition to developing novel methods for determining bacterial targets
there has been an increased effort to understand the host response to infection
in order to augment the host defenses to combat infections. By examining the
host response, or lack thereof, drugs can be used to increase the chance of the
host to mount a proper response to infection [34]. Francisella is generally
thought of as a bacterium able to evade the host response in the lungs where it
escapes to secondary organs, resulting in massive cytokine production and rapid
death [35]. Importantly, Francisella is susceptible to many existing
chemotherapeutics [35], however timely diagnosis is necessary to keep inhaled
Francisella from spreading throughout the body. Administration of immuno-
modulatory drugs will vary depending on the state of disease, particularly in the
case of pulmonary pathogens that disseminate to cause bacteremia throughout
the body [34]. If properly characterized, there are distinct opportunities for
therapeutic interventions to effectively treat primary and acute pulmonary

tularemia. Previous studies using Mycobacteria have used strains of differing

74



virulence in order to understand the host response for the control of an infection
[36]. Francisella has well defined strains of differing virulence that can be used
to compare the host response to attenuated and highly virulent Francisella.
Strains attenuated for dissemination from the lungs during pulmonary infection
are prime candidates for comparing host response with highly virulent strains of
Francisella. ldentification of the important host events that lead to the control or
dissemination of the infection will help define the landmarks of infection for
various therapeutic intervention strategies. Once disseminated from the lungs,
treatment must be potent enough to eliminate the bacteria completely from the
body to prevent death and relapse. Francisella can cause acute disease with
less than 50 live cells and therefore relapse has been an issue with effectively

treating tularemia [35].
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2.3: A look back

2.3.1: The state of the field at the beginning

Study of Francisella and the other select agents increased dramatically
following the anthrax attacks of late 2001. Pathogens of extreme virulence have
long been known for their capacity as bioweapons, however decommissioning of
bioweapon programs and relatively low clinical significance led to a poor
understanding of many of the select agents. Funding for the study of select
agent presented an opportunity for many research groups to utilize methods to
characterize more clinically relevant pathogens on poorly understood select
agents. This led to a striking increase in the number of publications
characterizing virulence mechanisms, animal models, vaccine studies, and
genome sequences for select agents in the last decade. | joined Dr. Slayden’s
lab in February 2007 where the focus of the lab was novel therapeutic
development against tuberculosis with a new grant to translate tools developed in
the lab for the study of select agents.

The goal of my research has been to use existing and novel methods to
identify genes essential to the infection process, while also monitoring host
response to infection to identify landmarks for effective targeting of bacteria
throughout the disease process. For highly pathogenic pulmonary pathogens
such as Francisella, dissemination from the lungs to secondary sites of infection
represents a key point in the infection where therapeutic efficacy drops

dramatically. This observation was made in many models of infection, including
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Francisella. Due to this observation, it was important to identify the host
response during dissemination to Francisella strains of low and high virulence to
understand host mechanisms responsible for the control of infection. The
knowledge of the host response to Francisella was limited and primarily stemmed
from studies aimed at characterizing highly immunogenic proteins for vaccine
development. Importantly, there had been no studies at the time that
characterized the global response to dissemination in Francisella strains of both
high and low virulence.

After successful completion and publication of my first project, the next
question to address was, what genes are active during the infection that may
differ from those expressed in culture. Primarily, can the disconnect between in
vitro potency and in vivo efficacy be explained by the fact that certain drug
targets simply are not produced during the infection? For a bacterial protein to
be classified as a candidate for drug targeting, it is important that the protein is
not only essential for survival in vitro but also active and essential in vivo, during
infection. The first step to understanding gene essentiality for the infection
process is to examine the genes expressed by the bacteria during the infection.
No group had previously been able to capture and label bacterial RNA isolated
from host tissues for use on microarrays without extensive amplification steps to
achieve sufficient material for study. The advent of next generation sequencing
promised to make the identification of nucleic acid at extremely low abundance
much more feasible. Using this technique, | was able to determine differences in

gene expression not only between F. tularensis grown culture but tissue and time
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dependent differences that reflect the adaptive response of the bacteria during
early and late stages of the infection.

The next question to address was which of the genes expressed during
infection were indeed essential and how do we comprehensively approach this
question without having to engineer hundreds of mutant strains of bacteria. Dr.
Slayden and | hypothesized that if subjected to saturation mutagenesis, a
population of bacteria that survived mutagenic treatment would only have
disruptive mutations in genes that were non-essential to the bacteria’s survival.
As previously mentioned, there are many biases introduced during insertional
mutagenesis studies and we attempting to avoid those biases. Using a chemical
mutagen, insertional biases are removed and by sampling a large population of
bacteria, a genome wide examination of essential genes becomes relatively
simple and fast. By using the next generation sequencing technology available
at CSU the entire genome of Francisella can be examined for mutations with a
high degree of confidence. This remains the only study to use these methods for

identification of bacterial genes essential for survival and virulence.
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CHAPTER 3
Genetic identification of unique immunological responses in mice infected with

virulent and attenuated Francisella tularensis

This chapter was adapted from the published work:
Kingry, L.C., et al., Genetic identification of unique immunological responses in
mice infected with virulent and attenuated Francisella tularensis. Microbes Infect,

2011. 13(3): p. 261-75.

3.1 Introduction

F. tularensis Schu4 and LVS were selected for these studies because of
the known difference in virulence associated with these strains, which provides a
model with which to assess differences in host interaction and response genes
[1-5]. Schu4 and LVS belong to the F. tularensis subspecies tularensis and
holarctica respectively [6, 7]. Subspecies tularensis, referred to as type A,
represents the most virulent of the Francisella subgroups whereas subspecies
holarctica, referred to as type B, tends to be less deadly in humans [8]. LVS is
the vaccine strain of F. tularensis, which was derived from a less virulent type B
isolate [7]. While F. tularensis LVS retains its virulence in mice, lethal infection
requires challenge with greater than 10° CFU by the pulmonary route, whereas

challenge with Schu4 causes a consistent lethal infection with fewer than 10?
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CFU [2, 4]. In addition time-to-death in the murine pulmonary infection model
differs, with Schu4 infection typically resulting in death by 120 hours post
infection, while LVS infected mice survive up to 14 days following infection [2, 4,
9, 10]

To understand how infection with virulent F. tularensis leads to a rapidly
disseminating and lethal infection, studies have been performed in a variety of
different infection models. In vitro studies aimed at characterizing the
transcriptional response to F. tularensis using multiple cell types have revealed
some insights into the host pathogen interaction [11-14]. Andersson et al.
examined the whole lung transcriptional response to infection with type A
Francisella isolate FSC033, and found limited host gene expression in the first 4
days of infection, suggesting a subversion of host recognition and delayed
immune responses until immediately before death [11]. Schu4 mutant strains
have also been used to assess host-pathogen interactions [15-18]. The mutant
bacterial strains are generally less virulent in mouse models of infection.
However, studies with mutant strains of F. tularensis have not yet been employed
to study the overall host response to infection. Rather, they have been more
instrumental in assessing the role of specific bacterial components in establishing
infection leading to pathology in the lung.

Monitoring bacterial growth and dissemination along with pathology and in
vivo transcriptional profiling of the host response to infection has provided
important advances in understanding the host-pathogen interaction for organisms

such as Listeria [19], Mycobacteria [20], and Yersinia [21]. Therefore, we believe
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this is also an appropriate technique for assessing the host response to infection
in the F. tularensis mouse model of infection. We have previously shown that F.
tularensis dissemination from the lung to the spleen directly correlates with
disease outcome. Therefore we have designed these studies to address the
hypothesis that the host response to strains of high and low virulence that cause
significant different disease outcomes, will differ. By identifying the host
response to disseminated infection with F. tularensis strains of differing virulence
we aimed to mechanistically understand the hosts inability to contain highly
virulent strains of F. tularensis in the lung. In the present study, bacterial burden
was monitored, pathology was assessed, and global gene expression was
examined throughout the course of infection with F. tularensis, comparing
infection with the Schu4 and LVS strains in a murine model. Here we report
significant differences in pathology and regulation of expression of host immune
response genes following infection with the Schu4 and LVS strains of F.

tularensis.
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3.2 Materials and Methods
3.2.1 Bacterial strains

F. tularensis Schu4 and LVS were provided by Dr. J. Petersen (Centers
for Disease Control, Fort Collins, CO). Schu4 and LVS were cultured in modified
Mueller-Hinton broth at 37 °C with constant shaking overnight, supplemented
with 10% glycerol and aliquoted into 1 ml samples, frozen at -80 °C, and thawed
just before use. Frozen stocks were titered by enumerating viable bacteria from
serial dilutions plated on modified Mueller-Hinton agar as previously described
[22]. The number of viable bacteria in frozen stock vials varied <5% over a 10-

month period.

3.2.2 Mice

Six week-old female C57BL/6 mice were purchased from Jackson
Laboratories, Bar Harbor, Maine. All mice were housed in sterilized micro-
isolator cages in the laboratory animal resources facility or in the Rocky Mountain
Regional Biocontainment Laboratory BSL-3 facility at Colorado State University
(Fort Collins, CO) and provided water and food ad libitum. All research involving
animals was conducted in accordance with the Animal Care and Use Committee

approved animal guidelines and protocols.

3.2.3 Murine models of infection

Mice were infected with either F. tularensis Schu4 or F. tularensis LVS via

intranasal (i.n.) or aerosol routes as described previously [23, 24] depending on
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the objective of the study. For pathology, qRT-PCR, and bacterial burden
studies mice were infected via intranasal route. Mice were anesthetized with
ketamine-xylazine (100mg/kg-10mg/kg) and a 10 pL inocula was administered to
each of the nares in sequential droplets allowing mice to inhale the fluid (20 pL
total). Infected mice were monitored for morbidity twice daily and were
euthanized at pre-determined endpoints. For global transcriptional profiling, mice
were exposed to F. tularensis Schu4 or F. tularensis LVS by exposure in a Glas-
Col Inhalation Exposure System (Glas-Col, Inc, Terre Haute, IN). Exposure was
conducted by aerosolizing approximately 3.5 x 10" CFU in a volume of 5 cubic

feet over a period of 30 min, followed by a 20 minute period of cloud decay.

3.2.4 Histopathology.

C57BL/6 mice (n = 4 per group per time point) were infected i.n. with the F.
tularensis Schu4 strain (10? CFU) or the F. tularensis LVS strain (10* CFU) and
then sacrificed at 48 and 120 hours after exposure. Lung and spleen tissues
were removed, divided and placed in 10% neutral buffered formalin for
histopathology or in sterile PBS for bacterial quantification. Organs for
histopathological examination were fixed, imbedded in paraffin, sectioned, and

stained with hematoxylin and eosin.
3.2.5 Bacterial quantification

Samples of lung and spleen tissues were homogenized in 5 mL sterile

PBS using a stomacher (Teledyne Tekmar, Mason, OH). Bacterial CFU per mL
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of organ homogenate were determined by plating serial 10-fold dilutions of organ
homogenates on modified Mueller-Hinton agar and incubating at 37 °C for 72
hours. qRT-PCR was carried out on RNA samples from the lungs using a 16s
primer set and approach adapted from Cole et al. [25]. Relative detection of 16s

molecules was determined using the ACT method.

3.2.6 RNA Isolation and amplification

RNA was stabilized and recovered from mouse organs by the addition of
TRIzol reagent and organic partitioning. Total RNA was extracted from the
TRIzol by the addition of chloroform (1:1) to achieve a bi-phase separation, then
precipitated by the addition of isopropanol and subjected to Dnase treatment,
and purified using a Qiagen RNeasy kit (Valencia, CA). Messenger RNA was
converted to cDNA using poly(T) primers and amplified in the presence of
modified dUTPs using the AminoAllyl Message Amplification Kit (Ambion, Foster
City, CA). Indirect labeling of cDNA for hybridization was conducted by

conjugating Cy3 dye with modified dUTPs in a subsequent reaction.

3.2.7 Microarray Scanning and Analysis

Full mouse genome version 4.0.3 (Operon Biotechnology, Huntsville, AL)
cDNA spotted microarrays were obtained from the Genomics Proteomics Core of
the Rocky Mountain Regional Center of Excellence (http://www.
rmrce.colostate.edu/). The 70mer oligonucleotide cDNAs were printed on poly-

amine coated slides (Arraylt Corporation, Sunnyvale, CA) and post-processed by
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UV cross linking and blocking with 10% BSA and 3X SSC at 42 °C. Dye coupled
cDNA, was combined with yeast tRNA (10 mg/mL), and hybridization buffer
(formamide, 20X SSC and 10% SDS) and heated. Single channel (Cy3)
hybridization was carried out in triplicate for each sample. Slides were scanned
using the Genepix 4000B (Molecular Devices, Sunnyvale, CA) fluorescent
scanner and analyzed using Genepix Pro 6.0 software. Background
fluorescence was corrected for by subtracting background from foreground
intensity values. Technical replicates were averaged before normalizing to the
global mean intensity values from the entire data set. Log transformation, t-test,
ANOVA, principal component analysis and Benjamini and Hochberg false
discovery correction were applied to the data using the Genesifter software
(Geospiza, Seattle, WA). Genes considered to be differentially expressed were
induced or repressed by 1.5 fold or higher and had a p-value of 0.01 or lower.
Clustering was conducted using Cluster software [26]
(http://rana.lbl.gov/eisen/?page_id=42).  Functional enrichment analysis was
conducted using the DAVID Bioinformatics Database [27, 28]
(http://david.abcc.ncifcrf.gov/). Response to each strain was then compared to
controls to examine changes in expression of genes during the progression of
the infections. The complete dataset is available through the Gene Expression

Omnibus (GEO) database using accession # GSE22203.
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3.2.8 qRT-PCR

Quantitative real time PCR was used to assess bacterial burden in
infected tissues, validate microarray data, and monitor molecular markers of
disease. Briefly, cDNA synthesis from total RNA was carried out using First
Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA). Briefly, 1 mg of total RNA
was combined with random hexamer and oligo (dT) primers and heated in 10ml
total volume for 5 minutes. 10 pL of buffered enzyme mix (2 uL 10X buffer, 4 pL
MgCl, (6 mM), 2 uL DTT (0.1 M), 1 uL RNAse out, and 1 uL Superscript™) was
added and incubated at 25 °C for 10 minutes, 50 °C for 50 minutes, and 85 °C for
5 minutes. Platinum SYBR Green qPCR Supermix-UDG (Invitrogen, Carlsbad,
CA) was combined with gene specific primers (5nmol) and 50ng of template
(cDNA) and run in triplicate on an 1Q5 thermocycler (Bio-Rad, Hercules, CA).
The transcripts encoding 18S rRNA, GapDH, and B-actin were used to monitor
consistency in biological replicates. Other genes described in the text where
employed to confirm the expression trends identified by microarray analysis.
Resulting data from each condition was compared to controls in an independent

fashion using the ACT method.
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3.3 Results
3.3.1 Dissemination and pathology in the lung and spleen following
infection

To assess possible differences in dissemination to the spleen, and
pathology between F. tularensis strains Schu4 and LVS, mice were infected by
the intranasal route. The intranasal route of infection was chosen for the
dissemination and pathology studies in order to facilitate equalizing the bacterial
burden in the lungs at the 48h time point. To accomplish this, it was necessary
to accurately administer higher challenge doses of F. tularensis LVS than for F.
tularensis Schu4. In addition, we also employed a higher intranasal challenge
dose of F. tularensis LVS because there was minimal lung pathology noted when
mice were subjected to low-dose aerosol challenge with F. tularensis LVS (data
not shown). Accordingly, by assuring that mice had equivalent bacterial burdens
at the appropriate time points after infection, we were able to directly compare
the efficiency of bacterial dissemination from the lungs and the associated organ
pathology.

Bacterial load in lung and spleen tissue at different times of infection was
determined by molecular detection of F tularensis 16S RNA and confirmed by
direct plating of organ homogenates for F. tularensis colony detection. At 24
hours after inoculation, the bacterial load of Schu4 and LVS in the lungs was
similar based on 16S RNA (Figure 1A) and colony counting. For example, the
lungs contained 4.4 + 0.30 Logio CFU Schu4 and 4.9 = 0.30 Logio CFU LVS at

24 hours of infection. In contrast, by 120 hours of infection, there was a
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significantly higher bacterial load in the lungs of mice infected with Schu4 (8.6 =+
0.09 Logio CFU Schu4 versus 7.3 + 0.49 Logiy CFU LVS). Although the
bacterial load in the spleen was relatively low, Schu4 was detectable by 16S
RNA as early as 24 hours after infection, while LVS was not detectable by 16S
RNA until 48 hours after infection (Figure 1B). At 120 hours after infection,
Schu4 and LVS were detected in the spleen, though the splenic bacterial burden
was significantly (p<0.001) higher in Schu4 infected mice (8.3 + 0.26 Logio CFU
Schu4 versus 5.8 + 0.28 Logio CFU LVS). Overall, Schu4 demonstrated greater
growth in the lungs, quicker dissemination to the spleen, and more rapid growth
in the spleen compared to LVS. This observation is consistent with the known,
more rapid disease progression and virulence of Schu4 compared to LVS [2, 4].
Further these data suggest that rapidity of dissemination to secondary sites is
related to the extent of infection in the lungs. Spleen tissues from F. tularensis
Schu4 and LVS infected mice collected 48 hours after infection were
histologically unremarkable and indistinguishable from spleens of uninfected
animals (Figure 2A, B). By 120 hours after infection (Figure 2C), spleens from F.
tularensis LVS infected mice had mild lymphocyte depletion of the white pulp and
multifocal accumulations of granulocytes and macrophages in the red pulp, with
little evidence of necrosis. In contrast, spleens from F. tularensis Schu4 infected
mice had almost complete destruction of parenchymal structures due to diffuse
severe necrosis, fibrin-deposition and massive lymphocyte depletion. The

marked increase in spleen pathology in F. tularensis Schu4 infected mice was

93



the most notable histological difference between infections caused by the two

strains of bacteria.

Figure 1
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Figure 1. Time-course of lung and spleen bacterial burden in mice infected with F. tularensis
Schu4 and LVS. C57BL/6 mice (n = 4 per group) were inoculated i.n. with lethal doses of F.
tularensis Schu4 (102 CFU) or LVS (104 CFU), as described in Methods. Lung and spleen
tissues were collected 12, 24, 48 and 120 hours after infection and homogenized in TRiZol or
PBS for isolation or total RNA or CFU enumeration, error bars represent standard deviation of all
4 samples. (A) F. tularensis 16s rRNA detection in the lungs of mice infected with Schu4 and
LVS. (B) F. tularensis 16s rRNA detection in the spleens of mice infected with Schu4 and LVS.
Data show similar growth trends through 48 hours in the lung, whereas 120 hours post infection
Schu4 shows statistically significantly higher numbers in both the lung and spleen. Data from
each time point was subjected to students T-test, (*)=p<0.01, (**)=p<0.001.
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Figure 2. Time-course of lung and spleen pathology in mice infected with F. tularensis Schu4 and
LVS. C57BL/6 mice (n = 4 per group) were inoculated i.n. with lethal doses of F. tularensis
Schu4 (10? CFU) or LVS (10* CFU), as described in Methods. Lung and spleen tissues were
collected 48 hours or 120 hours after infection and processed with hematoxylin and eosin staining
for histopathological examination. (A) Histology from the lung and spleen of control (uninfected)
mice. (B) Histology from the lung and spleen 48 hours post-infection with Schu4 or LVS. (C)
Histology from the lung and spleen 120 hours post-infection with Schu4 or LVS. Pathological
changes at 48 hours after infection were mild in both the lungs and spleen and indistinguishable
between F. tularensis Schu4 and LVS infected mice. At 120 hours after infection, more severe
lesions were noted in the lungs and especially the spleens of F. tularensis Schu4 infected mice,
compared to LVS infected mice. Image magnification was 40X for all images displayed.

3.3.2 Common trends in the host response to F. tularensis Schu4 and LVS
infection

Whole genome transcriptional profiling of lungs and spleen tissues
collected at 12, 24, 48, and 120 hours of infection from mice infected via aerosol
with Schu4 or LVS was conducted to investigate the global host response to
infection with each bacterium. Low dose aerosol inoculation was used for the

transcriptional studies in mice because this route is believed to more closely
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approximate human infection by inhalation of F. tularensis than other routes of
infection. Genes that were considered to be differentially regulated had a
variance <0.01 (ANOVA) and were up or down-regulated > 1.5 fold compared to
uninfected mice. The complete dataset is available through the Gene Expression
Omnibus (GEO) Accession # GSE22203.

The total number of differentially expressed genes in the lung and spleen
paralleled the bacterial burden. Infection with Schu4 resulted in differential
regulation of 3,958 and 5,442 genes in lungs and spleen respectively, compared
to uninfected mice. A similar range of differences in global responses was also
observed in LVS infected mice, which resulted in 2,230 differentially regulated
genes in the lungs and 9,388 differentially modulated open reading frames in the
spleen. Global gene expression response data from all time points of infection
with Schu4 and LVS were interrogated to identify ontologies and pathways that
were over-represented in the host response to infection (Figure 3A and 3B).
Genes associated with inflammation, host-pathogen interactions, cellular
activation/differentiation, host antimicrobial activity, and leukocyte receptor
signaling constituted the majority of the host response to infection with both

strains of F. tularensis (Table 1).
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Figure 3. Functional enrichment of global transcriptional response data. C57BL/6 mlce
(n = 2 per group) were inoculated via aerosol with lethal doses of F. tularensis Schu4 or LVS (10
CFU), as described in Methods. Total RNA from the lung and spleen tissues was collected 12,
24, 48 and 120 hours post infection, converted to cDNA, labeled and hybridized on full mouse
genome microarrays. (A) Ontology analysis showing select functional categories relevant to
infection in the lung in response to infection with Schu4 or LVS. (B) Ontology analysis showing
select functional categories relevant to infection in the spleen in response to infection with Schu4
or LVS. Genes with a p-value < 0.01 and differentially regulated > 1.5 fold were used for
clustering and ontology analysis.
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Table 1: Genes with similar expression patterns in F. tularensis Schu4 and

LVS infection

Lung
Schu4 Infection LVS Infection
Gene ID Annotation Accession 12h  24h  48h 120h 12h  24h  48h 120h
I. Inflammatory Response
Ccl25 Chemokine (C-C motif) NM_009138 - 1.94 - - - 2.47 - -
ligand 25
Chi3I1 Chitinase 3-like 1 NM_007695 3.92 3.84 4.03 - 2.54 - - -
Chi3l4 Chitinase 3-like 4 NM_145126 - - - 233 - 2.87 - -
Csf2  Colony stimulating factor2 ~ NM_009969 - - -1.57 - - - -1.60 -
(granulocyte-macrophage)
Cxcl14  Chemokine (C-X-C motif) NM_019568 - - -1.97 -1.58 - - - -
ligand 14 2.48
Cxcr7  Chemokine (C-X-C motify NM_007722 -1.50 -2.18 - - - 259 - -
receptor 7
IM0ra Interleukin 10 receptor, alpha NM_008348 - -1.73 - - - -1.98 - -
I10rb  Interleukin 10 receptor, beta NM_008349 - - - -3.35 - -1.81 - -
I118bp Interleukin 18 binding protein  NM_010531 - - - 3.34 - - - 3.07
I11b Interleukin 1 beta NM_008361 -3.22 -2.32 - -2.18 - 295 -246 -
1133 Interleukin 33 NM_133775 -2.13 -1.80 - -3.36 - -2.01 - -
119r Interleukin 9 receptor NM_008374 - - - -2.46 - -1.85 - -
Il. Cellular Activation/Differentiation
Cd109 CD109 antigen NM_153098 - - 224 - - - - -
2.03
Cd2 CD2 antigen NM_013486 - - 216 - - 2.06 - -
Cd55 CD55 antigen NM_010016 - -2.67 - - - 220 - -
Cd63 Cd63 antigen NM_007653 - 309 272 - - - 2.16 -
Ill. Antimicrobial Activity
Mmp8  Matrix metallopeptidase 8  NM_008611 - - - 3.60 - - - 1.64
Timp1 Tissue inhibitor of NM_011593 - - - 261 - - - 3.86
metalloproteinase 1
IV. Leukocyte Receptors
Kira22 Killer cell lectin-like receptor NM_053152 - - -1.36 -2.38 - - - 1.94
subfamily A, member 22
V. Cell Signaling
Ptger1  Prostaglandin E receptor 1 NM_013641 - - - 259 - - 2.43 -

(subtype EP1)
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Spleen

Schu4 Infection LVS Infection
Gene ID Annotation Accession 12 24 48 120 12 24 48 120
|. Apoptosis
Aifm1  Apoptosis-inducing factor, NM_012019 - - -1.82 -3.97 - -1.78 -1.82 -3.08
mitochondrion-associated 1
Bnip2 BCL2/adenovirus E1B NM_016787 -1.74 -2.28 -1.83 -3.01 - -1.75 -1.66 -2.55
interacting protein 1, NIP2
Bnip3/ BCL2/adenovirus E1B NM_009761 - - - -3.11 - - - -3.58
interacting protein 3-like
Casp7 Caspase 7 NM_007611 1.70 - - - - - 1.77 -
Pdcd2  Programmed cell death2 ~ NM_008799 - - - -2.36 - - - =237
Il. Inflammatory Response
Ccl21b Chemokine (C-C motif) NM_011124 - - - -3.11 - - - -2.00
ligand 21b
Cer2 Chemokine (C-C motif) NM_009915 - -2.47 - -3.87 - 169 - 251
receptor 2
Ccré Chemokine (C-C motif) NM_009835 - - - -3.67 - - - 234
receptor 6
Ccr8 Chemokine (C-C motif) NM_007720 - 2.22 - 1.76 - - - 1.79
receptor 8
Cx3crt Chemokine (C-X3-C) NM_009987 - - - -4.28 - - - -2.39
receptor 1
Cxcl3  Chemokine (C-X-C motif)  NM_203320 - - - 2.38 - - - 2.21
ligand 3
110 Interleukin 10 NM_010548 - - 2.65 - - - 1.72 -
1110rb  Interleukin 10 receptor, beta NM_008349 -1.83 - - -3.44 - - - -3.69
I117a Interleukin 17A NM_010552 - - - -2.68 - 197 - 196
1118bp Interleukin 18 binding protein  NM_010531 - - - 2.84 - - - 1.58
1118rap Interleukin 18 receptor NM_010553 - -1.61 - -1.54 - - 174 -
accessory protein
I11b Interleukin 1 beta NM_008361 - - - 1.75 2.03 - - =210
122 Interleukin 22 NM_016971 - - - 3.24 - - - 2.78
113 Interleukin 3 NM_010556 - - - 3.41 - - - 2.37
Tgfb1 Transforming growth factor, NM_011577 - - 1.83 - - - - 1.75
beta 1
Ill. Cellular Activation/Differentiation
Cd163 CD163 antigen NM_053094 - - - -2.27 - - - 174
Cd300a CD300A antigen NM_170758 - - - -3.31 - - - =212
Cd34 CD34 antigen NM_133654 1.87 - 243 272 - - 242 246
Cd37 CD37 antigen NM_007645 - 2.01 - - - - 2.99 -
Cd48 CD48 antigen NM_007649 - - - -1.73 - - - 174
Cd63 Cd63 antigen NM_007653 - - - 3.61 - - 1.84 -
Cd74 CD74 antigen NM_010545 - 2.84 - - - - 2.66 -
Cd79b CD79B antigen NM_008339 - 1.64 - - - - - -2.01
Cd83 CD83 antigen NM_009856 - 1.67 - - - 1.77 1.61 -
Cd86 CD86 antigen NM_019388 - -1.74 - -2.58 - - - -3.04
Cd97 CD97 antigen NM_011925 - - - -1.74 - - - 197
IV. Antimicrobial Activity
Adamts1 A disintegrin-like and NM_009621 - - - 3.58 - - - 2.22

thrombospondin type 1 motif,

metallopeptidase
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C9 Complement component9 NM_013485 -1.55 - - -2.65 - -1.68 -1.52 -1.99
F5 Coagulation factor V NM_007976 - -1.74 - -3.14 - - 205 -

V. Leukocyte Receptors

H2-Ab1 Histocompatibility 2, class Il  NM_207105 - 3.02 - - - - 4.07 -
antigen A, beta 1
H2-BI Histocompatibility 2, NM_008199 - - - 2.55 - - 2.03 -
blastocyst
H2- Histocompatibility 2, M NM_177923 - - - -1.82 - 239 - -
M10.2 region locus 10.2
H2-M3 Histocompatibility 2, M NM_013819 - - - 3.81 - - 284 3.31
region locus 3
H2-Q8 Histocompatibility 2, Q region NM_207648 - - - 2.75 - - 1.98 2.30
locus 8
Kira1 Killer cell lectin-like receptor, NM_013793 -1.90 -3.63 - -3.82 -2.53 -2.45 -1.67 -3.69
subfamily A, member 1
Kira10 Killer cell lectin-like receptor NM_008459 - -2.88 - -2.77 -248 -2.07 - -
subfamily A, member 10
Kira21 Killer cell lectin-like receptor NM_010650 - -2.18 - -2.16 -2.75 - - -1.87
subfamily A, member 21
Kira22 Killer cell lectin-like receptor NM_053152 - -2.10 - -3.82 - - - -3.72
subfamily A, member 22
Kira18 Killer cell lectin-like receptor NM_053153 - - 299 3.12 - - - 2.14
subfamily A, member 18
Kire1 Killer cell lectin-like receptor NM_153590 - -2.83 - - -1.82 -2.91 -1.90 -3.95
family E member 1
Pecam1 Platelet/endothelial cell NM_008816 - - - 1.82 - - - 1.54

adhesion molecule 1

VI. Signaling
Irf2 Interferon regulatory factor2 NM_008391 - - 166 3.12 - - - 2.79
Lck Lymphocyte protein tyrosine  NM_010693 - - - -3.93 - - - 410
kinase
Ltc4s  Leukotriene C4 synthase NM_008521 - - - 3.72 - - - 3.87
Ptger1 Prostaglandin E receptor 1 NM_013641 - - 2.37 - - - - 3.94

(subtype EP1)

Table 1: C57BL/6 mice (n = 2 per group) were inoculated via aerosol with lethal doses of F.
tularensis Schu4 or LVS (104 CFU), as described in Methods. Total RNA Lung and spleen
tissues were collected 12, 24, 48 and 120 hours post infection, converted to cDNA, labeled and
hybridized on full mouse genome microarrays. Genes with a p-value < 0.01 and differentially
regulated > 1.5 fold were mined for genes common to each infection that fell into the categories
of inflammatory response, cellular activation/differentiation, antimicrobial activity, leukocyte
receptors, and cell signaling.

Infection with either strain resulted in the down-regulation of /I-18
expression immediately following infection in the lungs. [I-18 is a potent
inflammatory cytokine and its suppression may be a key mechanism in

Francisella infection. Upregrulation of Tgf1 and Ptger1 expression was noted
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48 hours post infection in Schu4 infected mice, and expression of these
immunosuppressive cytokines may be key to the rapid dissemination of Schu4.
For example, Tgff1 and Ptger1 have both been shown to play a role in the
suppression of host defenses in the lungs of LVS infected mice and in human
dendritic cells infected with Schu4 [29, 30]. There was also altered expression of
several MHC genes and the killer cell lectin-like receptor family genes, including
(Ly49/Kira) and H2-Ab1, H2-BI, H2-M10.2, H2-M3, H2-Q8. The Ly49/Kira killer
cell lectin-like receptors have been shown to be vital for recognition and
activation/inhibition of natural killer cells [31, 32]. The fact that Schu4 and LVS
infection both decreased the expression of these receptors adds further evidence
to the notion that F. tularensis evades the host innate immune response by

suppressing key mediators of this response.

3.3.3 Differences in host response to infection with Schu4 and LVS
Although the overall host response to infection with F. tularensis Schu4
and LVS is similar, unique host transcriptional responses to infection with Schu4
or infection with LVS infection were identified. Further inspection of the
transcriptional response to Schu4 revealed notable differences in the
transcription of immunologically important genes relative to their expression in
LVS-infected mice. These differentially expressed genes included genes
encoding components involved in apoptosis, antimicrobial activity, inflammatory
response, cellular activation and differentiation, leukocyte receptors, and cell

signaling (Table 2, See Appendix | for full list of genes uniquely expressed).
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Genes associated with apoptosis and antimicrobial activity had different
expression patterns in Schu4 as compared to LVS and uninfected mice. For
example, expression of the pro-apoptotic genes Bad, Bnip2, Bnip3l, Pdcd2,
Pdcd4 and Pdcd6, and the anti-apoptotic genes Bcl2 was repressed in Schu4
infected lungs compared to LVS-infected lungs. Similarly, in the spleen there
was also repression of apitd1, Bclafl and Casp6 expression. Inhibition of
apoptosis has been shown to be an important mechanism for replication and
survival during infection of other bacteria such as C. burnetii [33-35].

The antimicrobial activity response in the lungs of F. tularensis Schu4
infected mice was dominated by altered expression of Adam2 and Adamg9,
cathepsin D, L, S and Z, thrombomodulin, thrombospondin 1 and 2, and Timp3.
In the spleen, Adam15, Defb1, and Defb21 showed increased expression, while
cathepsin B, D and E had significantly reduced expression. The transcriptional
response of these genes indicated a reduction in tissue remodeling and
breakdown, intracellular protein metabolism, and breakdown of antigenic proteins
for MHC-II presentation. Defensins are intrinsically antimicrobial but the isoforms
induced during infection have been shown to have little effect on Francisella
using human alveolar cells in vitro [36].

The transcription of CD4, CD52, CD74 (li, Invariant chain), and B
lymphocyte markers CD37 and CD79B (Igb) involved in cellular activation and
differentiation were uniquely upregulated in Schu4 infection. The increased
expression of these particular components involved in MHC-Il antigen

presentation is consistent with augmented cell-mediated immunity. As antigen
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presentation is a tightly regulated process [37], these data in addition to the
cathepsin data above may implicate F. tularensis induced alterations in
processing and presentation of antigens during infection with F. tularensis Schu4.

There were also important differences in the molecular mediators of the
inflammatory response in mice infected with Schu4 compared to LVS infected
mice. Expression of the genes for IL-13, IL-13Ra2, CCL2, CCL6, CCL22, and
CXCL10 were only induced in the lungs of Schu4 infected mice. Upregulated
expression of /L-13 is important because of its role as a Th2 related cytokine,
which can be associated with downregulation of Th1 immunity. Upregulation of
the chemokine genes suggests that Schu4 infection may lead to increased
recruitment of monocytes. A similar trend of altered expression of cytokines and
chemokines, specifically /IL-13, CCL3, CCR3, CCRY, interferon activated genes,
prostaglandin D2 synthase 2, prostacyclin 12, prostaglandin reductase 2, and
several Ly6-family genes was observed in the spleen of Schu4 infected mice,
albeit at later time points of infection. Interferon activated gene families as well
as prostaglandin signaling has been shown to be involved in the response to
virulent Francisella [9, 38]. We found similar involvement of these pathways in
response to Schu4 infection in the mouse spleen. Interestingly, the expression of
the T-helper 2 type interleukin IL-13, anti-inflammatory cytokines IL-10 and TGFb,
and the down regulation of the proinflammatory cytokines /L-18 and interferon
alpha suggest a disruption in the activation of the protective defenses in Schu4

infection compared to LVS infection.
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Table 2: Unique genes differentially expressed in response to F. tularensis

Schu4 discussed in the text

Lung
Hours Post-Infection

Gene ID Annotation Accession 12 24 48 120
|. Apoptosis
Anxab Annexin A5 NM_009673 - 349 379 -
Bad Bcl-associated death promoter NM_007522 - - - -2.55
Bbc3 Bcl-2 binding component 3 NM_133234 2.34 - - 269
Bcl2 B-cell leukemia/lymphoma 2 NM_177410 - -1.96 -2.34 -
Bclaf1 BCL2-associated transcription factor 1 NM_153787 1.93 - - -
Bnip1 BCL2/adenovirus E1B interacting protein 1, NIP1 NM_172149 - 158 1.77 -
Bnip2 BCL2/adenovirus E1B interacting protein 1, NIP2 NM_016787 -2.20 - - 424
Bnip3l BCL2/adenovirus E1B interacting protein 3-like NM_009761 - - - -3.56
Pdcd2 Programmed cell death 2 NM_008799 -1.85 -2.07 -1.94 -
Pdcd4 Programmed cell death 4 NM_011050 - - - -3.34
Pdcd6 Programmed cell death 6 NM_011051 - - - -2.76
Il. Inflammatory Response
Ccl2 Chemokine (C-C motif) ligand 2 NM_011333 - - - 3.67
Ccl22 Chemokine (C-C motif) ligand 22 NM_009137 - 193 204 -
Ccl6 Chemokine (C-C motif) ligand 6 NM_009139 - - 1.86 -
Ccr6 Chemokine (C-C motif) receptor 6 NM_009835 - - - -3.27
Cxcl10 Chemokine (C-X-C motif) ligand 10 NM_021274 - - - 184
Ifna1 Interferon alpha 1 NM_010502 - - - -3.15
1113 Interleukin 13 NM_008355 - 1.80 - -
1113ra2 Interleukin 13 receptor, alpha 2 NM_008356 2.1 - - -
1118 Interleukin 18 NM_008360 - -1.56 - -
11r2 Interleukin 1 receptor, type Il NM_010555 - - - 228
Sdf2 Stromal cell derived factor 2 NM_009143 - - - -1.96
Tgfbr2 Transforming growth factor, beta receptor Il NM_009371 - - - -3.14
Tnfrsf8 Tumor necrosis factor receptor superfamily, member 8 NM_009401 - - - =279
Ill. Cellular Activation/Differentiation
Cd164 CD164 antigen NM_016898 - - - 294
Cd209a CD209a antigen NM_133238 - - - -3.66
Cd37 CD37 antigen NM_007645 - 247 392 -
Cd4 CD4 antigen NM_013488 - - - 393
Cd52 CD52 antigen NM_013706 - - 273 -
Cd74 CD74 antigen NM_010545 - 347 - -
Cd79b CD79B antigen NM_008339 - - 299 -
Cd99I2 Cd99 antigen-like 2 NM_138309 - - 201 -
IV. Antimicrobial Activity
- complement component 8, gamma subunit XM_130127 - - - 312
Adam2 A disintegrin and metallopeptidase domain 2 NM_009618  -2.06 - -3.09 -3.05
Adam9 A disintegrin and metallopeptidase domain 9 (meltrin NM_007404 - - - -2.99

gamma)
Arg1 Arginase 1, liver NM_007482 - - - 1.69
C1iqc Complement component 1, g subcomponent, C chain NM_007574 - 212 260 -
C9 Complement component 9 NM_013485 - - - -2.26
Ctsd Cathepsin D NM_009983 - 241 -185 -
Ctsl Cathepsin L NM_009984 - - - =292
Ctss Cathepsin S NM_021281 - 236 251 -
Ctsz Cathepsin Z NM_022325 - 152 158 -
F11r F11 receptor NM_172647 - - - 221
F2r Coagulation factor Il (thrombin) receptor NM_010169 1.60 - - -
F2ri2 Coagulation factor Il (thrombin) receptor-like 2 NM_010170 - =172 - -



F5 Coagulation factor V NM_007976  -1.63 - - =229
Oasl1 2-5 oligoadenylate synthetase-like 1 NM_145209 - - - 207
Thbd Thrombomodulin NM_009378 - - - -3.04
Thbs1 Thrombospondin 1 NM_011580 - - - 184
Thbs2 Thrombospondin 2 NM_011581 - - - -2.36
Timp3 Tissue inhibitor of metalloproteinase 3 NM_011595 - 222 1.86 -
V. Leukocyte Receptors
Fcerla Fc receptor, IgE, high affinity |, alpha polypeptide NM_010184 - - - 271
Fegrt Fc receptor, IgG, alpha chain transporter NM_010189 - 261 290 -
H2-Ab1 Histocompatibility 2, class Il antigen A, beta 1 NM_207105 - - 286 -
H2-D1 Histocompatibility 2, T region locus 23 NM_010398 - 259 330 -
H2-DMa Histocompatibility 2, class Il, locus DMa NM_010386 - - 270 -
H2-K1 Histocompatibility 2, Q region locus 1 NM_010390 - - -2.54 -
H2-Ke2 H2-K region expressed gene 2 NM_010385 - - 1.61 -
H2-Q7 Histocompatibility 2, Q region locus 7 NM_010394 - 245 - -
lcam2 Intercellular adhesion molecule 2 NM_010494 - 3.68 388 -
Kira17 Killer cell lectin-like receptor, subfamily A, member 17 NM_133203 - - -1.51 -
Pecam1 Platelet/endothelial cell adhesion molecule 1 NM_008816 - - 264 -
Tir11 Toll-like receptor 11 NM_205819 - -164 -2.23 -
TIr5 Toll-like receptor 5 NM_016928 1.90 - - -
TIr9 Toll-like receptor 9 NM_031178 - - =275 -
VL. Cell Signaling
Ifi204 Interferon activated gene 204 NM_008329 -2.10 - - -
Mrap Interleukin 1 receptor accessory protein NM_134103 - - - -1.54
Irak3 Interleukin-1 receptor-associated kinase 3 NM_028679 - - -1.99 -
Irak4 Interleukin-1 receptor-associated kinase 4 NM_029926 - - - 266
Irf2 Interferon regulatory factor 2 NM_008391 - - - 163
Irf4 Interferon regulatory factor 4 NM_013674 - - 208 -
Irf9 Interferon regulatory factor 9 NM_008394 - - 1.89 -
Ptger3 Prostaglandin E receptor 3 (subtype EP3) NM_011196 - - - -1.51
Ptgfr Prostaglandin F receptor NM_008966 - - - =243
Ptgis Prostaglandin 12 (prostacyclin) synthase NM_008968 2.60 - - -
Ptgr2 Prostaglandin reductase 2 NM_029880 - - - =225
Tbrg1 Transforming growth factor beta regulated gene 1 NM_025289 - - 286 -
Traf5 Tnf receptor-associated factor 5 NM_011633 - - - -3.10
Traf7 Tnf receptor-associated factor 7 NM_153792 - - 216 -
Trap1 TNF receptor-associated protein 1 NM_026508 - 212 219 -
Spleen

Hours Post Infection
Gene ID Annotation Accession 12 24 48 120
I. Apoptosis
Apitd1 Apoptosis-inducing, TAF9-like domain 1 NM_027263 - - - -1.99
Bclaf1 BCL2-associated transcription factor 1 NM_153787 - - - -2.43
Casp6 Caspase 6 NM_009811 - - - -1.54
Fadd Fas (TNFRSF6)-associated via death domain NM_010175 245 1.95 - 2.25
Faim Fas apoptotic inhibitory molecule NM_011810 - - - -3.18
Pdcd4 Programmed cell death 4 NM_011050 - - - -2.69
Il. Inflammatory Response
Ccl3 Chemokine (C-C motif) ligand 3 NM_011337 - - - 3.01
Ccert Chemokine (C-C motif) receptor 1 NM_009912 - - - -1.50
Ccertl1 Chemokine (C-C motif) receptor 1-like 1 NM_007718 - - - -4.21
Ccer3 Chemokine (C-C motif) receptor 3 NM_009914 - - 2.94 -
Ccers Chemokine (C-C motif) receptor 5 NM_009917 - - 1.63 -
Cx3cl1 Chemokine (C-X3-C motif) ligand 1 NM_009142 - - - -1.94
Cxcl11 Chemokine (C-X-C motif) ligand 11 NM_019494 - - - 4.13
Cxcl13 Chemokine (C-X-C motif) ligand 13 NM_018866 - - - 3.09
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Cxcl14
Cxcré
Ifnb1
1110ra
13
1113ra2
1118r1
179
1r2
112rb
19r
Lta
Ltbp3
Tgfbr2
Tnfrsf1a
Vegfc
Xcl1

Chemokine (C-X-C motif) ligand 14
Chemokine (C-X-C motif) receptor 6
Interferon beta 1, fibroblast
Interleukin 10 receptor, alpha
Interleukin 13
Interleukin 13 receptor, alpha 2
Interleukin 18 receptor 1
Interleukin 1 family, member 9
Interleukin 1 receptor, type Il
Interleukin 2 receptor, beta chain
Interleukin 9 receptor
Lymphotoxin A

Latent transforming growth factor beta binding protein 3

Transforming growth factor, beta receptor Il

Tumor necrosis factor receptor superfamily, member 1a

Vascular endothelial growth factor C
Chemokine (C motif) ligand 1

11l. Cellular Activation/Differentiation

Cd247
Cd274
Cd300c
Cd300e
Cd300/b
Cd320
Cd3d
Cd3eap
Cd3g
Cd44

CD247 antigen
CD274 antigen
CD300C antigen
CD300e antigen
CD300 antigen like family member B
CD320 antigen
CD3 antigen, delta polypeptide

CD3E antigen, epsilon polypeptide associated protein

CD3 antigen, gamma polypeptide
CD44 antigen

IV. Antimicrobial Activity

Adam15
Arg1
c2

Ccé6
Ctsb
Ctsd
Ctse
Ctsw
Defb1
Defb21
Gzmb
lgj
Mmp13
Mmp14
Ncf1
Nos2
Oas1d
Oas2
Oasl2
Socs1
Timp3
Tslp

complement factor properdin
A disintegrin and metallopeptidase domain 15
Arginase 1, liver
Complement component 2 (within H-2S)
Complement component 6
Cathepsin B
Cathepsin D
Cathepsin E
Cathepsin W
Defensin beta 1
Defensin beta 21
Granzyme B
Immunoglobulin joining chain
Matrix metallopeptidase 13
Matrix metallopeptidase 14 (membrane-inserted)
Neutrophil cytosolic factor 1
Nitric oxide synthase 2, inducible, macrophage
2-5 oligoadenylate synthetase 1D
2-5 oligoadenylate synthetase 2
2-5 oligoadenylate synthetase-like 2
Suppressor of cytokine signaling 1
Tissue inhibitor of metalloproteinase 3
Thymic stromal lymphopoietin

V. Leukocyte Receptors

H2-D1
H2-Ke2
H2-Keb6
H2-M11
H2-T22
H2-T22
ltgav

Histocompatibility 2, T region locus 23
H2-K region expressed gene 2
H2-K region expressed gene 6

Histocompatibility 2, M region locus 11

Histocompatibility 2, T region locus 10

Histocompatibility 2, T region locus 10

Integrin alpha V

NM_019568
NM_030712
NM_010510
NM_008348
NM_008355
NM_008356
NM_008365
NM_153511
NM_010555
NM_008368
NM_008374
NM_010735
NM_008520
NM_009371
NM_011609
NM_009506
NM_008510

NM_031162
NM_021893
NM_199225
NM_172050
NM_199221
NM_019421
NM_013487
NM_145822
NM_009850
NM_009851

XM_135820
NM_009614
NM_007482
NM_013484
NM_016704
NM_007798
NM_009983
NM_007799
NM_009985
NM_007843
NM_207276
NM_013542
NM_152839
NM_008607
NM_008608
NM_010876
NM_010927
NM_133893
NM_145227
NM_011854
NM_009896
NM_011595
NM_021367

NM_010398
NM_010385
NM_013543
NM_177635
NM_010399
NM_010397
NM_008402

-2.98
-2.69
2.20
-1.57
2.07
-1.96
-2.09
2.60

-2.21
-1.69

2.70
-3.55

-2.54

-2.18
1.82
-2.79
-3.91
3.72
-2.10
-3.05
2.54
-1.78
-3.15

-2.88
1.96
3.09
1.98

-3.02
-2.63
-1.86
-2.16
-3.14
2.64

-3.23
1.96
2.49

-1.99

-2.44
1.62
2.41

-1.86

2.53
-3.34

2.18
3.53
-2.88
-2.20
1.62
3.20
2.45
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Jam3 Junction adhesion molecule 3 NM_023277 - - 2.36 -
Kira16 Killer cell lectin-like receptor, subfamily A, member 16 NM_013794 - -3.20 - -3.30

Kird1 Killer cell lectin-like receptor, subfamily D, member 1 NM_010654 - -2.15 - -3.42
Ltb4r1 Leukotriene B4 receptor 1 NM_008519 - - 1.69 -
Ly6a Lymphocyte antigen 6 complex, locus A NM_010738 - - - 2.35
Ly6e Lymphocyte antigen 6 complex, locus E NM_008529 - 2.77 - 3.19
Ly6f Lymphocyte antigen 6 complex, locus F NM_008530 - - - 2.64
Ly6g6e Lymphocyte antigen 6 complex, locus G6E NM_027366 - - - -3.92
Lyé6i Lymphocyte antigen 6 complex, locus | NM_020498 - - - 2.67
Ly6k Lymphocyte antigen 6 complex, locus K NM_029627 - - - 3.09
Lyvet Lymphatic vessel endothelial hyaluronan receptor 1 NM_053247 - - - 2.52
Marco Macrophage receptor with collagenous structure NM_010766 - -2.87 - -
Mrc1 Mannose receptor, C type 1 NM_008625 - - - -1.67
Mrcl Mannose receptor-like precursor NM_181549 - - - 2.38
Scarb2 Scavenger receptor class B, member 2 NM_007644 - - - -1.70
Tir11 Toll-like receptor 11 NM_205819 - - - -2.16
VI. Signaling

Cd2bp2 CD2 antigen (cytoplasmic tail) binding protein 2 NM_027353 - - - 4.22
1fi202b Interferon activated gene 202B NM_008327 - - - 4.16
1fi204 Interferon activated gene 204 NM_008329 -1.69 -1.86 -2.24 -
1fi205 Interferon activated gene 205 NM_172648 - - - 3.51
Ifi27 Interferon, alpha-inducible protein 27 NM_029803 - - - 2.57
1fi35 Interferon-induced protein 35 NM_027320 - - - 4.15
Ifitm2 Interferon induced transmembrane protein 2 NM_030694 - - 1.58 4.09
Ifitm3 Interferon induced transmembrane protein 3 NM_025378 - - - 3.32
lI6st Interleukin 6 signal transducer NM_010560 - -1.51 - -2.24
Irf2bp 1 Interferon regulatory factor 2 binding protein 1 NM_178757 - - - -1.95
1sg20 Interferon-stimulated protein NM_020583 - - - 3.59
Prnd Prion protein dublet NM_023043 - - - -3.13
Ptgds2 Prostaglandin D2 synthase 2, hematopoietic NM_019455 - - - -1.90
Ptgis Prostaglandin 12 (prostacyclin) synthase NM_008968 - - - -4.02
Ptgr2 Prostaglandin reductase 2 NM_029880 - - - -2.72
Tnfaip1 Tumor necrosis factor, alpha-induced protein 1 (endothelial) NM_009395 - 1.65 - 1.60
Tnfaip8I1 Tumor necrosis factor, alpha-induced protein 8-like 1 NM_025566 - - - 3.05
Tnfaip8I2 Tumor necrosis factor, alpha-induced protein 8-like 2 NM_027206 - - - -1.89
Tnfrsf13c Tumor necrosis factor receptor superfamily, member 13c NM_028075 - - - -2.43
Traf3 Tnf receptor-associated factor 3 NM_011632 - - - 3.31
Traf3ip3 TRAF3 interacting protein 3 NM_153137 - - - -2.20
Vezf1 Vascular endothelial zinc finger 1 NM_016686 - - - -2.46

Table 2: C57BL/6 mice (n = 2 per group) were inoculated via aerosol with lethal doses of F.
tularensis Schu4 or LVS (104 CFU), as described in Methods. Total RNA Lung and spleen
tissues were collected 12, 24, 48 and 120 hours post infection, converted to cDNA, labeled and
hybridized on full mouse genome microarrays. Genes with a p-value < 0.01 and differentially
regulated > 1.5 fold were mined for genes unique to Schu4 infection that fell into the categories of
inflammatory response, cellular activation/differentiation, antimicrobial activity, leukocyte
receptors, and cell signaling.

3.3.4 Validation of transcriptional trends by qRT-PCR

To confirm the transcriptional response of select immunological genes
during F. tularensis infection, quantitative real-time PCR (qRT) was performed on
lung and spleen tissue from independent infections (Table 3). Analysis revealed

that the trends identified by global microarray analysis were 85% and 62%
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concordant with qRT data in the lung and spleen, respectively. The lower
concordance noted in the spleen is attributed to temporal differences in
dissemination. The expression of the 12 key pro-inflammatory and anti-
inflammatory markers in the lung and spleen was limited in the initial 24 hours of
infection. However, 48 hours post infection with LVS shows activation of cytokine
and chemokine expression not seen until 120 hours post infection with Schu4.
The genes significantly up-regulated as determined by qRT in the lungs during
Schu4 infection included the pro-inflammatory chemokines CCL4, CXCL1 and
CXCL10; the pro-inflammatory cytokines /L-6 and IL-12a; the gene for inducible
nitric oxide, Nos2; and the gene for a type | interferon, /IFN-B. A similar trend in
the differential expression of these genes was observed in the spleen of Schu4-
infected mice at 120 hours. This trend in transcriptional activity indicates a
delayed and reduced host response to infection with Schu4 and is consistent with
a lack of host recognition or active mechanism of host-response suppression by

the Schu4, consistent with previous reports [22, 30, 39].
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Table 3: Relative expression values of inflammatory markers from lung and

spleen of mice infected with F. tularensis Schu4 and LVS

Tnfa
Ifn-y
Ifn-p
TgfB1
Cxcl1
Cxcl10
Ccld
1-1B
-6
1I-10
II-12a
Nos2

Tnfa
Ifn-y
Ifn-p
TgfB1
Cxcl1
Ccld
1-1B
-6
1I-10
II-12a
Nos2

Lung
Schu4 LVS
12 hours 24 hours 48 hours 120 hours 12 hours 24 hours 48 hours 120 hours
-0.88+1.09 -0.25+0.45 -0.29+0.25 2.51+1.53 0.44+0.30 -0.69+0.68 0.51+0.30 -0.95+0.19
-7.72£0.09 -7.01+1.72 -0.81+0.45 1.7940.39 | -7.31+0.29 -7.32+0.11  1.25+0.38 4.22+0.47
-3.80£0.99 -1.92+1.07 -2.69+1.00 4.61+0.58 | -4.18+0.95 -2.66+0.80 2.45+0.25 3.03+0.44
0.97+0.33  1.38+0.57 1.02+0.13 1.84+0.63 0.40+0.66 2.09+0.40  1.39+0.21 1.72+0.34
0.69+0.98  2.35+0.43 1.70+0.88 2.85+0.94 2.19+0.69 1.11£1.30  4.12+0.47 5.29+0.21
-0.90+0.55 -0.81+0.50 0.74+0.87 7.74+0.21 -0.34+0.38  -0.75+0.88 5.78+1.03 9.07+0.40
-1.20£1.17 0.00£0.52  -0.51+0.52  1.78+0.55 | -1.17+0.43 -1.57+0.87 2.21+0.45 4.38+0.29
-1.64+0.63 -0.55+1.14  1.00+0.71  -0.24+0.51 | -2.42+0.43 -2.48+0.65 2.93+0.81 3.840.26
-2.17+0.81 -0.23+1.05 1.84%1.05 4.30£0.43 | -2.32+0.83 -1.00£1.17 4.64+1.16 5.50+0.71
1.21+1.08 -2.46+0.82 -0.67+0.84 4.28+0.89 | -1.06+1.10 -1.94+0.89 1.60+0.35 4.36+0.30
0.68+1.91 1.57+0.63 1.51+0.16 4.67+0.88 0.72+0.75 0.91+1.65  3.89+0.22 5.15+0.35
0.57+1.16  0.61+0.16 1.94+0.27 3.78+0.43 0.04+0.76 0.77£0.47 2.73+0.33 7.58+0.51
Spleen
Schu4 LVS

12 hours 24 hours 48 hours 120 hours 12 hours 24 hours 48 hours 120 hours
0.55+0.41  0.26+0.44  -1.81+0.33  3.23+0.18 2.03+0.42 0.79+0.45 -0.06+0.88 -2.52+0.16
-6.93+0.83 -7.89+0.86 0.47+0.43 -1.19-0.55 | -5.72+0.62 -6.69+0.25 1.76+0.38  3.28+0.30
-3.94+0.46 -4.25+1.22 -4.53+1.10 3.36%0.24 | -3.51+1.75 -3.16£1.22 0.69+0.61 -1.98+0.73
-1.27£0.25 -0.26+1.37  -1.50+0.51 3.68+0.81 1.53+0.54 -0.94+0.49  0.36+0.21 1.77+0.23
-1.27+0.67 -0.26+0.39  -1.50+0.31 3.68+0.45 0.35+0.52 -0.94+0.98 0.36+0.93  1.77+0.84
-0.44+0.79 -1.04+1.03 -0.27+0.80 2.69+0.34 0.33+0.57 -0.19+0.59  0.61+0.94  1.63+0.47
-0.20+£0.73 -0.05+0.36  1.29+0.65 1.40+0.28 | -0.28+0.57 -0.81+0.43 2.00+0.62 2.53+0.82
-6.04+2.26 -4.68+1.96 -4.79+1.40 2.23+0.43 | -4.02¢1.57 -3.21+1.18 -1.51+1.74 0.81+1.23
0.03+0.44 -0.10+0.98 -1.05+0.87  3.63+0.41 2.08+0.51 0.32+0.53 0.98+0.35 2.97+0.35
-1.28+0.74 1.39+0.58 -1.48+0.76 0.46+0.40 | -1.2840.74 -1.39+0.58 -0.13+0.20 0.22+0.24
0.34+0.50 0.50+0.37 -0.10+0.39  4.85+0.48 0.78+0.86 0.27+0.67 0.21+0.40 4.76+0.57

Table 3: C57BL/6 mice (n = 4 per group) were inoculated i.n. with lethal doses of F. tularensis
Schu4 (10° CFU) or LVS (10* CFU), as described in Methods. Quantitative real time PCR was
used to validate microarray data, and monitor molecular markers of disease. Data was monitored
for consistency by the housekeeping genes 18S rRNA, GapDH, and B-actin. Data from each
condition was compared to controls using the ACT method.
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3.4 Discussion:

A critical question in understanding F. tularensis pathobiology is to
determine which critical host responses are altered during the first 4-5 days
following infection. Whole genome microarrays are an established post-genomic
approach that allows the assessment of global host responses in an unbiased
fashion. In the present study, we coupled whole genome microarray analysis
with analysis of tissue pathology and organ bacterial burden to gain a more
complete understanding of disease progression and host response to infection
with a fully virulent and a less virulent strain of F. tularensis. By means of this
combined approach we were able to identify important host response differences
to infection with the two strains of F. tularensis.

Quantification of bacterial burden in the lungs revealed that Schu4 had
increased growth compared to LVS, such that by 120 hours the bacterial load of
Schu4 in the lungs significantly exceeded that of mice infected with the LVS
strain. In addition, F. tularensis Schu4 demonstrated increased dissemination to
the spleen, as indicated by detection within 48 hours of infection and significantly
increased bacterial burden in the spleen at later time points following infection.
Tissue damage was markedly more severe in the spleen following infection with
Schu4, particularly at later time points of infection. Notably, both Schu4 and LVS
established similar levels of infection in the lung, but eventually the Schu4
infection progressed to more severe pulmonary pathology, presumably due to
more rapid replication and avoidance of host immune responses. Efficient

dissemination appears to be an important distinction and hallmark of infection
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with highly virulent strains of F. tularensis [10, 40, 41]. Importantly, the
correlation between controlled dissemination and survival has been observed in
drug development studies that indicate that drug efficacy is related to control of
dissemination to secondary organs such as the spleen [41].

Rapid dissemination is an important determinant of disease outcome and
likely relies on the initial recognition and control of pathogen replication at the site
of infection. A study conducted by Chiavolini et. al showed the importance of the
initial inflammatory response in determining survival following F. tularensis
infection. For example, survival was predicted by the induction of several
inflammatory genes before day 7 of infection with LVS in mice [40]. Since
replication of Schu4 was actually higher in the spleens of infected mice than
replication of LVS, it is likely that the decrease in cytokine gene expression in the
lungs of Schu4 infected mice reflects either failure to activate immune responses,
or active immune suppression.

The results of the global analyses of the host response to infection with
Francisella Schu4 or LVS strains indicate highly virulent strains are capable of
subverting the host innate immune response and cell mediated immunity. In the
present study, these altered responses included apoptosis, antigen processing
and presentation, the inflammatory response, and leukocyte receptor signaling.
The down regulation of multiple host defense mechanisms by F. tularensis is
consistent with results reported in previous studies [9, 11-14, 22, 30, 39]. In
addition, the transcriptional response to Schu4 and F. tularensis subspecies

novicida in human monocytes found that reported that there was less
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inflammatory gene activation by Schu4 as compared to the less virulent F.
novicida strain [13].

In addition, we found F. tularensis Schu4 versus LVS induced changes in
novel gene subsets, particularly /L-13, cathepsins, and most strikingly, the killer
cell lectin-like receptor family (Ly49/Kire1). Studies have shown interferon
activated macrophages treated with IL-13 have a reduced capacity to inhibit the
growth of intracellular bacteria [42]. A previous transcriptional profiling study
showed the increased expression of interferon-activated genes four days after
infection in the lungs of mice infected with type A FSCO033 [9]. Moreover, the
killer cell lectin-like receptors have been shown to be vital for recognition and
activation/inhibition of natural killer cells [31, 32]. Evidence that infection with F.
tularensis Schu4 decreased the expression of these receptors further highlights
the immuno-evasive activity of Francisella Schu4 compared to the less virulent F.
tularensis LVS. Furthermore, expression of the prostaglandin E1 receptor
(Ptger1) confirms recent reports implicating prostaglandin signaling as an
important mechanism of Francisella manipulation of the host-response to
infection [29, 38, 43].

Our studies also confirm previous studies and indicate that dissemination
to secondary sites of infection leading to multi-organ damage and failure are key
contributing factors to mortality from F. tularensis infection. We have also
identified gene expression patterns that may reflect immune responses to
bacterial dissemination from the lung to spleen tissues. These data may also be

useful for facilitating the development of diagnostics for monitoring treatment
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efficacy, the success of chemotherapeutic or vaccine strategies. For example,
gene expression correlates of host evasion during early infection combined with
gene expression signatures of dissemination provide a panel of genes that can
be used to assess disease progression and severity that can be used as
checkpoints of therapeutic efficacy. In addition, as high throughput RNA
sequencing becomes more readily available, biomarkers can be correlated to in
vivo transcriptional data from the pathogen in an attempt to decipher complex
host-pathogen interactions. Importantly, the expression of markers that are
associated with differences between the infections caused by Schu4 and LVS will
be useful for assessing immune response to immunotherapeutic drugs. These
studies therefore provide a foundation for continued research in this area that will
ultimately provide unique opportunities that can be exploited for the development
of protective vaccines and effective chemotherapeutics with enhanced efficacy

and that prevent relapse of disease.
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CHAPTER 4
Transcriptional response of Francisella tularensis to growth in the lung and

spleen of infected mice

4.1 Introduction:

The mouse model of pulmonary tularemia resembles the clinical outcome
of human disease when inhaled; the bacteria disseminate rapidly from the lungs
to the liver and spleen resulting in death if left untreated [1-5]. With the rise of
antibiotic resistance and the potential threat of Francisella as a bioweapon
engineered to resist common antibiotic treatments, it is important to develop
novel therapeutics to combat bacterial pathogens [1]. Development relies on the
translation of in vitro potency of lead chemotherapeutics to in vivo efficacy, which
is primarily dependent on the essentiality of the drug target to the infection
process [6]. Comparing genes active during the infection process and those
active during growth in vitro can inform the therapeutic development process by
identifying target availability in the two growth conditions. Furthermore, the
identification of pathogen transcriptional activity during infection has been a goal
for scientists since the advent of the microarray.

There have been several studies using microarrays that have aimed at

identifying global bacterial transcription during infection of macrophage and other
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cell lines with intracellular pathogens such as Mycobacteria, Listeria, Shigella,
Yersinia, and Francisella [7-11]. These studies while informative, to
understanding the aspects of the intracellular lifestyle of these pathogens, are
limited to a single cell type in an ex vivo model which cannot recapitulate in vivo
growth conditions that are tissue specific. The challenge of the identification and
quantification of nucleic acid at extremely low abundance has largely been
overcome with next generation sequencing. RNA isolated from infected tissue
for the purpose of analyzing bacterial transcription still suffers from a high degree
of complexity with the majority of material being host message and ribosomal
RNA. By employing a method of RNA depletion steps, we have been able to
identify the metabolic requirements of F. tularensis during infection by examining
the bacterial genes expressed in host tissues over the course of infection. Poly-
A tailed RNA and rRNA, from the host and bacteria, was depleted through
hybridization with biotinylated nucleic acid probes, captured with avidin coated
metallic beads, and removed from the sample with magnetic separation. Thus,
the resulting sample is enriched for bacterial transcripts and prepared for
sequencing using SOLID protocols for library preparation and sequencing.
Development of antimicrobials for inhibition of targets within essential
metabolic pathways requires that the target be expressed during the infection.
Thus we hypothesized that identification of genes expressed by F. tularensis
during infection will help determine genes essential to the infection process.
Using the mouse model of pulmonary tularemia and SOLID next generation

sequencing, we have identified active Francisella transcripts 48 hours post
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infection in the lung, 96 hours in the lung and spleen, and at mid log phase of in
vitro growth. Gene lists were compared to determine genes unique to each
organ and stage of disease as well as genes unique to in vivo and in vitro growth
conditions. The results of this study highlight the complexity of the adaptive
transcriptional response of Francisella during infections as well as demonstrating

a method to identify novel drug targets and target availability.
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4.2 Materials and Methods:
4.2.1 Bacterial strains.

F. tularensis Schu4 was provided by Dr. J. Petersen (Centers for Disease
Control, Fort Collins, CO). Schu4 was cultured in modified Mueller-Hinton broth
at 37°C with constant shaking overnight, supplemented with 10% glycerol and
aliquoted into 1 ml samples, frozen at -80°C, and thawed just before use. Frozen
stocks were titered by enumerating viable bacteria from serial dilutions plated on
modified cystein heart agar supplemented with 10% hemaglobin. The number of

viable bacteria in frozen stock vials varied <5% over a 10-month period.

4.2.2 Mice.

Six week-old female Balb/C mice were purchased from Jackson
Laboratories, Bar Harbor, Maine. All mice were housed in sterilized micro-
isolator cages in the laboratory animal resources facility or in the Rocky Mountain
Regional Biocontainment Laboratory BSL-3 facility at Colorado State University
(Fort Collins, CO) and provided water and food ad libitum. All research involving
animals was conducted in accordance with animal care and use guidelines and
animal protocols were approved by the Animal Care and Use Committee at

Colorado State University.

4.2.3 Infections.

Mice were anesthetized with 100/10 mg/kg ketamine/xylazine and

inoculated intranasally with 20 ul drop wise in alternating nares. The inoculum
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was plated in order to ensure a consistent dose of 25-50 CFU per mouse. Mice
were monitored for clinical symptoms and sacrificed at pre-determined endpoints
for harvesting of lung and spleen tissue. Organs were halved and homogenized

in either PBS for bacterial quantification or TRIzol reagent for RNA isolation.

4.2.4 Bacterial quantification.

Samples of lung and spleen tissues were homogenized in 1 mL sterile
PBS using a stomacher (Teledyne Tekmar, Mason, OH). Bacterial CFU per mL
of organ homogenate were determined by plating serial 10-fold dilutions of organ
homogenates on modified cysteine heart agar supplemented with 10%

hemoglobin and incubated at 37°C for 72 hours.

4.2.5 Isolation of bacterial transcripts and library preparation for SOLiD
sequencing.

Organs harvested from infected mice were homogenized in TRIzol
(Invitrogen, Carlsbad, CA) and frozen at -80°C overnight. Samples were thawed
and nucleic acid was isolated by organic partition. Samples were treated with
DNAse (Fermentas, Burlington, Ontario) for 30 minutes at 37°C and purified by
phenol/chloroform/isoamyl alcohol (25:24:1) extraction and ammonium acetate
precipitation. 20 ug of total RNA was used for removal of ribosomal RNA using
mouse/human and bacterial Ribominus kits (Invitrogen, Carlsbad, CA). Host
transcripts were removed using poly(dT) Dynabeads (Invitrogen, Carlsbad, CA)

and the resulting material was purified by phenol/chloroform/isoamyl alcohol
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(25:24:1) extraction and ammonium acetate precipitation to yield bacterial
messenger RNA. Sequencing libraries were prepared using the Applied
Biosciences Whole Transcriptome Kit. Briefly, bacterial RNA was fragmented
using RNAase lll, adapters were ligated to the fragmented RNA and converted
into cDNA through a 15 cycle PCR amplification with adapter specific primers.
Emulsion PCR was performed to attach template cDNA to beads that are

deposited on a glass slide for sequencing.

4.2.6 Data analysis.

Raw read files were uploaded to NextGene data analysis server (Soft
Genetics, State College, PA) for advanced analysis. Data from transcript runs
was pooled by time point and organ (3 mice per time point and organ). Raw
reads were mapped to the F. tularensis Schu4 gene bank reference file and
expression reports for each organ and time point were exported in text format.
Global means for each expression report were calculated using RPKM values
and genes that fell below the global mean were removed to remove background
noise and potential DNA contamination. Expression reports of active transcripts
were compared between time point and growth condition to determine genes
common and unique to each condition. Functional enrichment analysis was

conducted using the DAVID Bioinformatics Database [12, 13].
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4.2.7 Quantitative Reverse Transcription Real Time PCR.

cDNA synthesis from total RNA from the lungs and spleens of infected
mice was performed using First Strand cDNA Synthesis Kit (Invitrogen, Carlsbad,
CA). Platinum SYBR Green gqPCR Supermix-UDG (Invitrogen, Carlsbad, CA)
was combined with gene specific primers (5nmol) and 50ng of template (cDNA)
and run in triplicate on an 1Q5 thermocycler (Bio-Rad, Hercules, CA). Data was
normalized to transcripts encoding F. tularensis 16s rRNA. Data was compared

to material taken from uninfected samples using the ACT method.
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4.3 Results:
4.3.1 Global transcriptional profiling of Francisella tularensis from infected
tissues

Gene expression using next generation sequencing is quantified using
RPKM values that describe sequence reads for each individual open reading
frame relative to overall number of sequence reads and gene length [14]. Genes
considered to be active had RPKM values higher than the global mean RPKM of
each condition in an effort to differentiate active genes from background noise
and potential genomic DNA contamination. Figure 1 shows expression profiles
of each condition (Figure 1 A-D). Full lists of active genes in each growth
condition can be found in Appendix IlI-VI. Comparison of active genes from each
condition showed 62-72% overlap between gene expression in the lung and the
spleen with only 416 genes expressed that were common to each time point and
organ (Figure 2A). The overlap between expression profiles of in vivo and in
vitro growing F. tularensis was extremely low with only 177 genes commonly
expressed in each condition. Interestingly, the limiting factor between in vivo and
in vitro F. tularensis expression was the difference of genes expressed in the
lung (Figure 2B). The difference has important implications for in vitro drug
screening and the translation between in vitro potency and in vivo efficacy when

developing therapeutics for pulmonary pathogens.
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Figure 1: RPKM values for active F. tularensis transcripts were graphed based on the genomic
position of each open reading frame. (A) F. tularensis Schu4 active transcripts from mid-
logorithmic growth (.3 OD) n=3 biological replicates (B) F. tularensis Schu4 active transcripts 48
hours post infection in the lung (C) F. tularensis Schu4 active transcripts 96 hours post infection
in the lung (D) F. tularensis Schu4 active transcripts 96 hours post infection in the spleen, n=3
mice per organ per time point.

128



Figure 2
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Figure 2: Venn diagrams comparing the expression reports between (A) time point and organ,
and (B) organ and in vitro growth.

4.3.2 Metabolic requirements for growth of Francisella tularensis in vitro
and in vivo

Genome coverage of expressed open reading frames from in vitro was
lower than in vivo, 27% compared to 40-45% respectively, likely due to the freely
available nutrients in broth culture and the need for intracellularly growing F.
tularensis to utilize biochemical pathways and virulence mechanisms to survive
host defenses.

To identify and compare biochemical pathways expressed in each growth
condition, gene lists were subjected to ontology analysis using the DAVID
bioinformatic database [12, 13]. Biochemical pathways active throughout all of
the time points of the infection included nucleotide metabolism, oxidatative

phosphorylation, membrane transport, metal ion binding, and protein
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biosynthesis. Comparison of the 416 genes active throughout the infection and
the 491 genes active in vitro showed similar trends for metabolic requirements for
growth, however in vivo growing bacteria had a greater number of genes with
multiple ontological classifications resulting in a more evenly distributed
metabolic profile (Figure 3). [In vitro grown Francisella transcribed a more
specific gene set with more genes having only one ontological classification
(Figure 3). This is likely due to in vivo growing bacteria needing a broad gene set
to survive, relying on proteins with overlapping metabolic functions to minimize
energy consumption and waste, whereas in vitro grown Francisella can afford a
more specialized gene set due to freely available nutrients in the culture media.
Differences in the less abundant metabolic pathways including ubiquinone
biosynthesis, FAD biosynthesis, and DNA repair show the adaptive response to
intracellular growth relies heavily on energy maintenance, cofactor biosynthesis,
and DNA damage response to combat host defense strategies.

To examine biochemical pathways unique to each condition, ontology
analysis was conducted on unique gene lists from each growth condition and
time point of infection. Genes expressed in the lung unique to each time point
had similar ontological classification that only differed in percentage as the
infection progressed (Figure 3). Enrichment of genes involved in metal binding,
porphryn biosynthesis, and molecular breakdown (hydrolase as opposed to
transferase activity) in the spleen reflects the metabolic adaptations necessary
for growth in the spleen as opposed to the lung. Interestingly, there were no
genes uniquely expressed in vitro that were not expressed during any of the in

vivo time points or tissues. Genes active in all conditions include the biochemical
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pathways for replication, translation, fatty acid biosynthesis, and general cellular

maintenance.

Identification of genes essential to F. tularensis infection

Genes expressed during infection in both the lung and the spleen were
compared to the Database of Essential Genes (DEG) to identify genes that have
been established as essential in Francisella and other species of bacteria
through transposon mutagenesis studies [16, 17]. The database contains gene
sequences for over 5,000 prokaryotic genes deemed essential from mutagenesis
studies from 14 different prokaryotic species. Amino acid sequences of genes
expressed during Francisella infection were blasted against the database using
the BlastP algorithm and considered essential if their E-value fell below 10*. Of
the 416 genes expressed in both the lung and spleen of infected mice, 326 were
considered to be essential to the bacteria. The 326 essential genes were then
blasted against the human genome to determine genes essential to the bacteria
with no significant homology to human genes in order to determine candidate
genes for therapeutic targeting and inhibition. Genes with an E-value greater
then 10* and less then 40% coverage of human genes were considered as
candidate drug targets. Of the 326 genes determined to be essential, 152
showed no significant homology to human genes and can be considered as

candidate drug targets (Table 1).
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Table 1:

Active open reading frames common to each time point and organ during

infection with significant homology to proteins in the Database of Essential Genes
(DEG) and no significant homology to human proteins

Gene Symbol  Annotation

FTTO011 Restriction endonuclease, pseudogene
FTTO0013c Hypothetical lipoprotein

FTT0018 Secretion protein

FTT0023c Lipase/acyltransferase

FTTO0056¢ Protein transport

FTTO058 atpB ATP synthase A chain

FTT0105¢ Transporter AcrB/AcrD/AcrF family
FTTO106¢c Efflux protein, RND family, MFP subunit
FTTO112 Transcriptional regulator

FTT0113 deoB Phosphopentomutase

FTT0122 OppA Periplasmic oligopeptide-binding protein
FTT0128 Hypothetical protein

FTT0142 rpld 50s Ribosomal subunit

FTTO0185 ddIB D-alanine--D-alanine ligase B

FTTO0187 ftsA Cell divisioin protein

FTT0189 IpxC UDP-3-0-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase
FTT0200 Hypothetical protein

FTT0209c Periplasmic solute binding family protein
FTT0212c  wrbA Trp repressor binding protein

FTT0214 Transport protein, pseudogene

FTT0215 priA Primosomal protein N

FTT0234c Hypothetical protein

FTT0238 aroE1 Shikimate 5-dehydrogenase

FTT0239 murC UDP-N-acetylmuramate--alanine ligase
FTT0240 Tetrapyrrole methyltransferase family protein
FTT0245 usp Universal stress protein

FTT0265 ABC transporter, membrane protein
FTT0269 Carbonic anhydrase, family 3

FTT0278c cydB Cytochrome d terminal oxidase, polypeptide subunit Il
FTT0279c cydA Cytochrome d terminal oxidase, polypeptide subunit |
FTT0281 CyoA Cytochrome O ubiquinol oxidase subunit Il
FTT0289c Hypothetical lipoprotein

FTT0291 Hypothetical protein

FTTO0308 Hypothetical protein

FTT0370c yjeE Nucleotide binding protein

FTT0406 cadA Lysine decarboxylase

FTT0467 ostA1 Organic solvent tolerance protein
FTT0478c recd Single stranded DNA specific exonuclease
FTT0480c xasA Gamma-aminobutyric acid antiporter
FTT0496 Hypothetical protein

FTT0509c Hypothetical protein

FTT0544  phnA Phosphonoacetate hydrolase

FTTO0555 Hypothetical membrane protein

FTTO0564 potl Polyamine transporter, ABC transporter
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FTTO0569c
FTTO570
FTTO0580
FTT0581
FTT0583
FTT0586
FTTO0595¢
FTT0622c
FTT0637
FTTO647c
FTT0658
FTTO686¢
FTTO701
FTTO734
FTTO735
FTTO742
FTTO745¢
FTTO781c
FTTO0792
FTTO808
FTTO814c
FTT0834
FTT0838
FTT0840
FTT0841
FTTO861c
FTT0865
FTTO868¢c
FTT0882
FTTO0884c
FTT0910
FTT0918

FTT0942c
FTT0986
FTT1029
FTT1058¢
FTT1059c
FTT1062c
FTT1075
FTT1114c
FTT1115¢
FTT1117¢c
FTT1129c¢
FTT1140
FTT1143
FTT1183c
FTT1202
FTT1214c
FTT1215¢

coaD
fopA

rubA
thrC1
ruvA

kdsA

spoT
aroQ

tolR
tolB

aspC1

folK
dacD

dnaB
rpsF

secF
secD

queA

Hypothetical membrane protein

Hypothetical lipoprotein

Hypothetical protein

Phosphopantetheine adenylyltranferase

Outer membrane protein

Hypothetical protein

Rubredoxin

Hypothetical membrane protein

Threonine synthase, pseudogene

Hypothetical protein

Holliday junction DNA helicase, subunit A

Proton dependent oligopeptide transport protein
2-dehydro-3-deoxyphosphooctonate aldolase
Hypothetcial membrane protein, pseudogene
Mandelate racemase, pseudogene

Hypothetical lipoprotein

Hypothetical protein

Hypotetical protein

Glycosyl transferase group 1 family
Guanosine-3,5-bis 3-pyrophosphohydrolase ppGpp synthase
Hypothetical protein

Chorismate mutase

TolR protein, cell wall

TolB protein, cell wall

Hypothetical lipoprotein

Type IV pili fiber building block protein

Hypothetical protein, pseudogene

Arsenical resistance operon repressor
Mannose-6-phosphate isomerase, pseudogene
Aspartate transaminase

Hypothetical protein

Hypothetical protein
2-amino-4-hydroxy-6-hydroxymethyldihydropteridine
pyrophosphokinase

Hypothetical protein

D-alanyl-D-alanine carboxypeptidase

Radical SAM superfamily protein

Replicative DNA helicase

30S ribosomal protein S6

Transcriptional regulator

Preprotein translocase, subunit F, membrane protein
Preprotein translocase, subunit D, membrane protein
Isochorismatehydrolase family protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical lipoprotein

LysR transcriptional regulator

Haloacid dehalogenase-like hydrolase family protein
S-adenosylmethionine:tRNA ribosyltransferase-isomerase
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FTT1247
FTT1255¢
FTT1256
FTT1257
FTT1276
FTT1286
FTT1295¢
FTT1304c
FTT1313c
FTT1329
FTT1344
FTT1345
FTT1347
FTT1349
FTT1350
FTT1351
FTT1352
FTT1354
FTT1356¢
FTT1357c
FTT1358¢
FTT1359c
FTT1373
FTT1379c
FTT1390
FTT1392
FTT1402c
FTT1418¢c
FTT1419
FTT1423c
FTT1461c
FTT1479c
FTT1503
FTT1507
FTT1508¢
FTT1510c
FTT1537c
FTT1539c
FTT1543
FTT1550
FTT1591
FTT1602
FTT1609
FTT1645
FTT1649
FTT1656¢
FTT1679
FTT1681c
FTT1684
FTT1724c

emrB
emrA1
mglB

aglk
murB
greA

gpml
PdpA
pdpB

igID
iglC
iglB
iglA
fabH

panC

nusB

wbtD
xerC

relA

rpsT
IpcA

tolC

ABC transporter, membrane protein

Transcriptional regulator araC family protein

Major facilitator superfamily (MFS) transport protein
HlyD family secretion protein

Macrophage growth locus, subunit B
Choloylglycine hydrolase family protein,pseudogene
Glucose kinase
UDP-N-acetylenolpyruvoylglucosamine reductase
Transcriptional elongation factor
2,3-bisphosphoglycerate-independent phosphoglycerate mutase
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Intracellular growth locus, subunit D

Intracellular growth locus, subunit C

Intracellular growth locus, subunit B

Intracellular growth locus, subunit A
3-oxoacyl-[acyl carrier protein] synthase Il
Hypothetical protein, pseudogene
Pantoate-beta-alanine ligase

Transcriptional regulator

Hypothetical protein

N utilisation substance protein B

Hypothetical lipoprotein

Hypothetical membrane protein

Galacturonosyl transferase

Hypothetical protein

Integrase/recombinase XerC

Hypothetical protein

GTP pyrophosphokinase

Aromatic amino acid transporter of the HAAAP family
Hypothetical protein

Hypothetical protein

Two component response regulator

Hypothetical protein

Lipoprotein

Hypothetical lipoprotein

ABC transporter, membrane protein

Hypothetical membrane protien
Transglutaminase-like superfamily domain protein,pseudogene
Hypothetical protein

30S ribosomal protein S20

Phosphoheptose isomerase

Transcriptional regulator

Outer membrane protein tolC precursor
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FTT1726
FTT1736¢
FTT1746
FTT1753
FTT1754
FTT1757c
FTT1768c
FTT1776¢
FTT1783

yegQ
kdpD

tdeD
pta

Protease yegQ

Two component sensor protein kdpD

Regulatory protein recX

Propionate kinase

Phosphate acetyltransferase

Maijor facilitator superfamily (MFS) transport protein, pseudogene
Chitinase

Hypothetical membrane protein

Major facilitator superfamily (MFS) transport protein

Table 1: Amino acid sequences of genes expressed during Francisella infection were blasted
against the database of essential genes using the BlastP algorithm and considered essential if
their E-value fell below 10®. Genes with an E-value greater then 10 and less then 40%
coverage of human genes were considered as candidate drug targets.
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Discussion:

In this study we identified the full transcriptome of the pulmonary bacterial
pathogen Francisella tularensis during early and late stages of disseminated
disease. Comparison of bacterial transcriptomes from the lung and spleen reveal
the differential growth requirements necessary in each organ. Gene lists were
subjected to ontology analysis to identify metabolic pathways necessary for
bacterial survival in each condition and time point of infection. Francisella
expression profiles throughout disease remained relatively similar with subtle
differences in carbohydrate metabolism, protein biosynthesis, metal binding, and
cofactor biosynthesis in the late stages of disease. During infection, Francisella
necessitated transcriptional activity of 15-20 percent more of the encoded,
annotated open reading frames in order to survive within host tissues as
compared to in vitro growth. Expression trends were validated with quantitative
RT-PCR, at high confidence revealing the sensitivity of next generation
sequencing for transcriptional profiling of pathogen RNA isolated from host
tissues. In addition to providing a greater understanding of the pathobiology of
Francisella during the disease process, a total of 152 genes were identified as
active, essential, and candidate drug targets with no significant homology to
human proteins. In addition, we have compared in vivo grown bacteria with
bacteria grown in vitro and noted only a small amount of overlap, 177 genes
commonly expressed in all growth conditions. This has important implications on
the traditional in vitro screening method of testing new chemotherapeutics as in
vitro potency may be misleading when the biochemical pathways utilized during

infection are so different then those expressed in vitro. The broad distribution of
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genes expressed by F. tularensis during infection may be advantageous for the
bacteria to rapidly adapt its metabolic flux around target pathways.

The sequencing of the F. tularensis Schu4 genome determined there were
many “broken” metabolic pathways that seemed to be missing genes needed to
synthesize many essential nutrients, leading the bacteria to rely on host nutrients
available in the intracellular environment [18]. The conclusion was drawn that
the purine and shikimate metabolic pathways could represent pathways that if
disrupted, would lead to auxotrophic mutants for live vaccine candidates [18].
Indeed, throughout infection the expression of genes involved in de novo nucleic
acid synthesis and aromatic amino acid biosynthesis were active at each time
point. Two transposon mutagenesis studies that have confirmed mutants in
pyrimadine and purine biosynthesis lead to attenuated phenotypes of F.
tularensis Schu4 [19, 20], resulting in subsequent vaccination studies using a
rationally developed purine auxotroph of F. tularensis Schu4 [21]. Our data
indicate the activity of the shikimate-5-dehydrogenase (FTT0238) is active at all
time points during infection and was on the list of 152 candidate drug targets
predicted bioinformatically (Table 1). Interestingly, of the two transposon
mutation studies in F. tularensis Schu4, this gene was never identified as
essential however, a transposon study in F. tularensis LVS found the gene
essential for efficient replication in murine macrophages [22]. There has been no
further work to characterize the essentiality of FTT0238 in F. tularensis Schu4,
which represents a gene in an established and essential metabolic pathway for a
novel broad-spectrum antimicrobial drug target or a knockout vaccine candidate.

In addition, there have been previous studies to test the antimicrobial efficacy of
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inhibitors of bacterial dehydroquinate dehydratase (FTT0471), an enzyme
upstream of shikimate dehydrogenase in the aromatic amino acid biosynthesis
pathway, which was active in the spleen 96 hours post infection [23].

Another important finding of this study is a novel method of analyzing and
deciphering disease mechanisms of F. tularensis. A common theme to
expressed gene sets throughout the infection was the activity of hypothetical
proteins, 30-35% of genes at each time point whose function remains undefined,
often due to their inactivity during any laboratory manufactured growth condition.
By developing short lists of hypothetical proteins unique to growth in specific
organs at specific time points of disease, this more informed approach at
studying Francisella virulence may lead to a better understanding of the disease.

Metabolic requirements for intracellular growth were previously shown to
rely on de novo nucleotide synthesis, metabolism of vitamins and co-factors,
protein biosynthesis, cell division, and carbohydrate metabolism [11]. We
confirm these findings (Appendix IlI-VI) while also observing the activity of fatty
acid metabolism, energy metabolism, and numerous transport and secretion
genes (Appendix IV-VI). The necessity of bacterial pathogens to assemble and
maintain cell membrane and cell wall components through the FASIl system
during infection is well documented and remains an important drug target for the
development of novel chemotherapeutics [24]. Furthermore, the ability of the
bacteria to sense and manipulate the surrounding environment through transport
and secretion is highly important for an intracellular pathogen such as Francisella.
We and other groups have previously demonstrated the evasion of host defenses

by F. tualrensis that is categorized by a dampened host response that does not
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recognize the bacteria until late in the infection [5, 25, 26]. The abundance of
transport and secretion genes expressed during infection provides evidence of
an active mechanism used by the bacteria to manipulate the host response. This
is the first report to identify the importance of these systems and specific genes
active during the infection process of a gram-negative bacteria throughout early
and late stages of disease, revealing the complexity of the pathogen-host
interaction on a global scale.

Iron acquisition is a necessity for many intracellular pathogens and we
have shown the Francisella fsl operon, found to encode a siderophore production
pathway [27, 28], was active both early and late during infection in the lung.
Activity of the fs/ operon was not observed in the spleen, however iron is likely
more abundant in the red pulp of the spleen were red blood cells are recycled.
Previous studies show the importance of limiting dissemination to a positive
outcome of disease for pulmonary pathogens [5, 29]. Targeting bacterial
virulence mechanisms such as iron uptake machinery in bacterial infections is a
relatively new theme in therapeutic development [6, 30] and disruption of iron
uptake has shown in vivo efficacy in the mouse model of pulmonary tularemia
[31]. Here we provide evidence of the activity of the iron uptake pathway of F.
tularensis throughout infection in the lung, establishing the iron uptake pathway
as a prime target to limiting growth in the lung and preventing dissemination.

The common dependence of F. tularensis on translation and protein
biosynthesis during the infection likely explains the efficacy of aminoglycoside
and tetracycline classes of antibiotics in the treatment of human infection. While

this explains the activity of current lead therapeutics, the rapid emergence of

140



antibiotic resistance of clinical pathogens and the potential weaponization of
priority agents requires the identification of novel broad-spectrum bacterial
inhibitors. Using the transcriptionally active genes found throughout Francisella
infection, we used a bioinformatic approach to determine genes for potential drug
targets. Of the 415 genes expressed at every time point, 152 genes were found
to have significant homology to genes in the Database of Essential Genes and
no significant homology to human genes. The methods described in this study
will allow researchers to expand the use of this technique to identify drug targets
common to multiple agents.

The full potential of next generation sequencing technologies is far from
realized however, the sensitivity of the technique provides endless opportunity for
exploring research avenues thus far unattainable. One of the advantages of
using next generation is that detection of transcripts does not rely on
hybridization of sample to predetermined features. This allows for the detection
of non-coding sequence that is transcribed, such as small regulatory RNAs and &’
un-translated regions (UTRs). Postic et al identified 24 putative small regulatory
RNAs encoded in the F. tularensis LVS genome using a bioinformatic approach
and experimentally validated the expression of 2 of the small regulatory RNAs
[32]. All 24 small RNAs are encoded in the Schu4 genome and we observed the
activity of 2 of the small RNAs during infection and 2 of the small RNAs in vitro.
Although two small regulatory RNAs expressed during infection were only
predicted bioinformatically, this report validates the expression of the non-coding
RNAs and may represent transcriptional regulators important for virulence. One

of the active small RNAs in vitro was the experimentally validated ftrA, shown to
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negatively regulate the de novo nucleotide biosynthesis gene pyrF [32]. The
essentiality of nucleotide biosynthesis for F. tularensis infectivity has been shown
previously [19, 21] and the activity of ftrA in vitro may reflect a decreased need
for de novo nucleotide biosynthesis in rich culture media.

Current studies in our laboratory are underway to define bacterial
transcription during infection using Mycobacteria, Burkholderia, and Yersinia. In
addition, studies are underway to functionally validate essential genes using a
chemical saturation mutagenesis approach to eliminate transposon insertional
bias and determine the minimal gene set required for Francisella infection by

sequencing the recovered population and mapping genes that tolerate mutations.
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CHAPTER 5

5.1 Final Discussion

5.1.1 Genetic identification of unique immunological responses to
Francisella tularensis

The ability of a host organism to respond effectively to a pulmonary
infection relies on containment of the bacteria in the lungs and limiting
dissemination to secondary organs. In addition, we have observed that
antimicrobials that show efficacy in animals limit dissemination and lower
bacterial burdens in secondary organs correlate with a positive disease outcome.
We hypothesized that by comparing the host response to infection with the highly
virulent lab strain F. tularensis Schu4 and the live vaccine strain LVS, we would
be able to identify unique responses that provide mechanistic answers for the
differing disease outcomes as well as identifying molecular correlates of disease
progression. In addition to defining the molecular differences of disease, there
was no study to date that characterized the differences between F. tularensis
Schu4 and LVS in pathology and bacterial burden using the pulmonary route of
infection. Importantly, this study provided us with landmarks of the disease
process to be used in the future studies focused on bacterial gene expression
throughout the infection. It was important that we identified key time points of the
infection to properly isolate bacteria at different stages of infection such as early
disease in the lung and late disease characterized by dissemination to secondary

organs.
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The goals in this study were to inform downstream studies of bacterial
response during infection as well as identify molecular markers of bacterial
dissemination to be used as a method to monitor therapeutic efficacy. As our
group continues to develop chemotherapeutics to target priority pathogens with
the main goal of containing the bacteria in the lung, molecular targets defined
and tools developed from this study will be increasingly valuable in monitoring
disease progression. In addition, by comparing the response to strains of low
and high virulence, we identified a much larger set of genes that were modulated
in response to F. tularensis LVS early in the infection as well as during
dissemination. As strategies evolve for the therapeutic augmentation of the host
response to better protect the host as well as inform the development of novel
vaccines, this information can aid in mechanistically defining the protective
immune response required for host survival.

The late stages of fatal infection caused by Francisella are characterized
by expression of multiple potent cytokine and chemokine effectors that lead to
multiple organ failure. The observation that multiple pro-apoptotic genes were
expressed in response to F. tularensis LVS and not in response to Schu4
suggests that highly virulent strains of Francisella may interfere with apoptosis of
host cells in order to avoid recognition and disseminate from the lung. There are
multiple groups within our research consortium that aim to improve recognition of
Francisella by the host with combinatorial administration of pro-inflammatory
molecules and adjuvants with antimicrobial therapy with positive results. To test
the hypothesis that disruption of apoptosis pathways during Francisella infection

aids in the evasion of the host response and dissemination from the lungs, the
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expression of the genes identified in my first study should be examined for
expression in response to wild-type infection and in response to animals infected
with highly virulent Francisella and treated with the combinatorial therapy. In
order to determine the bacterial mechanism behind the alteration of host
apoptotic pathways by Francisella is via a passive mechanism such as a cell wall
component or active mechanism such as a secreted protein a simple exposure of
host cells to heat killed bacteria or culture filtrate mixture could be employed. By
monitoring the expression of apoptotic genes in response to the two treatments
conclusions could be drawn about a bacterial mechanism. Cell wall fractions and
culture filtrate fractions could be analyzed via mass spec to identify genes to be
knocked out in order to identify specific bacterial genes responsible for disrupting
host apoptotic pathways.

This study provided many significant advances to the field of Francisella
pathobiology. It was the first study to directly compare and identify the
differences in organ pathology caused by F. tularensis Schu4 and LVS during
pulmonary infection. Additionally, it was the first study to compare molecular
responses to infection from whole tissue with the Schu4 and LVS strains of
Francisella. Furthermore, it was the first study to monitor the host transcriptional
response to disseminated Francisella by examining the whole tissue response of
the spleen during dissemination. The severe tissue damage caused by Schu4 in
both the lung and the spleen coupled with the minimal transcriptional response
when compared to LVS, reflected ability of Schu4 to evade host responses while
rapidly spreading throughout the body and Kkill its host. Most importantly, the

study provided us with a clear understanding of the timing of disease progression
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and presented a framework to design subsequent experiments to monitor the

bacterial response to infection.

5.1.2 Transcriptional response of Francisella tularensis to growth in the
lung and spleen of infected mice

With our knowledge of the kinetics of dissemination determined by my first
study we wanted to know what the bacterial transcriptional response was during
infection. By defining the active transcriptional profile of F. tularensis in both the
lung and the spleen, we hoped to identify the most clinically relevant drug targets
for the development of novel therapeutics. In addition, we needed to identify
metabolic requirements that were unique to each organ and time point so that
genes expressed at all time points and in all organs could be prioritized as drug
targets. The study was designed to assess Francisella transcription 48 hours
post infection in the lungs, and 96 hours in the lung and spleen to monitor growth
requirements early in the infection and during the latter stages of disseminated
infection. In addition, message RNA from F. tularensis actively growing in culture
was used for comparison to message RNA harvested from tissue. This
comparison was particularly important to understand the differences in metabolic
requirements that have implications in the translation of in vitro potency to in vivo
efficacy. For proper translation, a drug target must be expressed and essential
for growth in both the culture flask and during the infection.

This study was significant for several reasons. First, the utilization of next
generation sequencing to capture the transcriptional profile of bacteria within host

tissues is one of the first of its kind. Secondly, this was the first study to describe
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tissue specific transcriptional adaptations of any bacteria. In addition, next
generation sequencing is not limited by hybridization of material to predetermined
sequence such as arrays, therefore the detection of RNA from regions of the
genome previously thought to be non-coding sequence has important
implications on annotation strategies as well as transcriptional regulation by small
regulatory RNAs. Furthermore, the method outlined to capture and enrich for
bacterial mMRNAs from host tissue can be used on any model system and when
transcriptional profiles of many pathogens begin to be published, broad spectrum
antimicrobials can be developed for the most clinically relevant drug targets
commonly expressed by bacterial pathogens. Finally, the expression of genes
during the infection does not specifically imply essentiality for the disease
process. A bioinformatic approach was used in this study to identify essential
genes found to be transcriptionally active, however, experimental validation is
needed to truly define the genes essential to the disease process. The
experimental approaches used to validate predicted essential genes are
discussed below in section 5.2.2.

There are steps that need to be taken to address the hypothesis that if
particular pathways identified are inhibited the bacteria will die, thus establishing
this experimental approach as a viable way to identify clinically relevant drug
targets. Knockouts of essential genes both predicted and experimentally
validated through mutagenesis studies should not be possible. There were
several pathways identified in this study as metabolic choke points in Francisella
that groups have developed inhibitors for such as aromatic amino acid

biosynthesis, isoprenoid biosynthesis, fatty acid biosythesis, and iron uptake. A
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full study could be undertaken to first, determine the inhibitors affinity for the
gene product encoded in the Francisella genome to test for cross reactivity
between the Francisella homologue and the organism the drug was developed
for. Second, the in vitro potency could be tested via MIC assays and finally, the
drug could be tested for in vivo efficacy using the mouse model. This would
establish the fact that the gene in question is indeed expressed during the
infection, and the gene product is essential for the bacteria to cause infection,
thus validating the approach as a viable method to determine clinically relevant

drug targets.
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5.2 Future Directions

5.2.1 Small regulatory RNA expression and function in F. tularensis.

Small regulatory RNAs are found to be increasingly important for the
regulation of transcription in many bacterial pathogens [1]. In Francisella, there
have been over 20 small regulatory RNAs proposed by sequence analysis [2].
Our data suggest many previously un-annotated regions of sequenced being
expressed may represent small regulatory RNA expression. Very little work has
been done to characterize the function of small RNAs in Francisella and this
represents an area of research in its infancy for many bacterial pathogens that
can exploited efficiently with technological capabilities at CSU. Addressing the
question of which non-coding regions of sequence are expressed as RNA,
constitute small regulatory RNAs, and which genes they regulate would have

significant impact on the field of RNA biology and bacterial functional genomics.

5.2.2 Gene essentiality in F. tularensis.

Experimental approaches to define gene essentiality have relied primarily
on the disruption of genes based on insertional properties of mobile DNA
elements and outgrowth on selective media. For prokaryotes, mobile DNA
elements known as transposons have been used for their efficiency of movement
throughout the genome [3]. Many classes of transposons have been studied and
the sequence recognition site necessary for homologous recombination into the

genome defines their utility for gene essentiality studies [3]. By relying on
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sequence recognition, no matter how stringent, an inherent bias for transposition
exists that does not allow for transposon mutagenesis saturation. In addition, in
order to select for clones that have transposon insertions, an antibiotic selection
marker is commonly engineered into the insertion sequence [3]. The expression
of the antibiotic resistance marker therefore, must be inserted downstream of an
active promoter. Downstream identification of genes with transposon insertions
are biased only towards genes transcriptionally active in a given condition and
cannot identify insertions in regulatory and promoter elements that may be
essential to viability. In addition, it is generally understood that during
homologous recombination of mobile DNA elements, genomic rearrangements at
either end of the sequence insertion can frequently occur causing polar effects
on genes adjacent to the actual gene containing the insertion [4]. Other polar
effects such as insertional events that disrupt the expression of distal genes
located on the same cistron are another source of bias introduced by traditional
transposon mutagenesis studies [5]. Several transposon mutagenesis in the
Francisella field have been informative for deciphering the unique disease
process caused by the pathogen [4-8], however, in order to truly identify genes
essential to a given growth condition new mutational strategies need to be
developed.

The sequencing of the Francisella genome led researchers to believe that
de novo nucleotide synthesis and aromatic amino acid biosynthesis are
metabolic chokepoints essential to viability of the bacteria [9, 10]. Using
transposon mutagenesis, both nucleotide biosynthesis and aromatic amino acid

biosynthesis were identified as essential to Francisella viability and pathogenesis
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and a purine auxotroph was engineered in the Schu4 strain in an attempt to
develop a vaccine using the highly virulent Type A subspecies [4, 5, 11, 12].
Transposon mutagenesis studies in Francisella have primarily been used to
identify virulence mechanisms due to the bacteria’s high virulence and unique
pathogenesis. In addition, the majority of these studies identified relatively few
genes as essential and commonly excluded auxotrophic mutants from analysis to
focus on deciphering virulence mechanisms. A bacterial pathogen’s virulence is
dependent on its ability to survive and replicate within a host organism.
Mechanisms of pathogenesis stem from the ability to acquire and synthesize
nutrients, therefore deciphering Francisella virulence must not only focus on
unique virulence mechanisms, but any gene that is essential for the bacteria to
infect the host. To address which genes are essential for Francisella to cause
disease, we hypothesized that treatment of the bacteria with a chemical mutagen
and sequencing the population of bacteria that survive treatment, we can identify
genes unable to tolerate mutations that disrupt coding sequence and are
therefore essential to survival. The initial studies that | conducted confirm that
chemical mutagenesis is non-biased and saturating. Treatment for 60 minutes
with mitomycin C resulted in a mutation frequency of one SNP every 168 base
pairs resulting in 10,722 SNPs throughout the genome, with 9,079 of those
resulting in non-synonymous amino acid changes. Nonsense mutations resulting
in premature stop codons occurred in 258 annotated open reading frames. The
selection media post treatment was a nutrient rich synthetic media so that the
highest amount of mutations could be characterized, however, this led to many

interruptions in genes that are generally accepted as essential. By treating the
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bacteria with a chemical mutagen and infecting mice with the resulting population,
the recovered bacteria that were still able to cause disease should show
mutations only in genes non-essential to the disease process upon sequencing.
This addresses the question of which genes are essential to Francisella infection,
as well as addresses the aforementioned biases that tend to result from
sequence based insertional strategies used in the past. These studies are

currently underway.
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APPENDIX

Appendix I: Global transcriptional data from the lungs of infected mice were compared to uninfected mice, log
transformed, and subjected to ANOVA and Benjamini and Hochberg false positive correction. Genes that were
differentially regulated by 1.5 fold or more with a variance less then 0.05 were considered significant. Genes of interest

are discussed in depth in Chapter 3.

Appendix A1: Genes uniquely expressed in the lungs of infected mice in response to infection with Schu4 and LVS
Schu4 Infection

Other ID Gene Name Gene ID 12 Direction 24 Direction 48 Direction 120 Direction

M300007673 M300007673 - - - - - 1.8 Down - -
DNA segment, Chr 17, Wayne State University 104, D17Wsu104

NM_080837  expressed e - - 1.7 Up 21 Up - -

1110008P14

NM_198001 RIKEN cDNA 1110008P14 gene Rik - - 27 Up 29 Up - -

M300008593 M300008593 - 21 Up - - - - - -

NM_138659 Pre-mRNA processing factor 8 Prpf8 - - 3.0 Up 3.7 Up - -

NM_174990,

NM_175048  M400004812 - - - 22 Up 22 Up - -

NM_013545 Protein tyrosine phosphatase, non-receptor type 6 Ptpn6 - - 1.9 Up - - - -

NM_026191 DEAH (Asp-Glu-Ala-His) box polypeptide 40 Dhx40 1.7 Down - - - - - -

NM_010579 Eukaryotic translation initiation factor 6 Eif6 - - 24 Up 3.0 Up - -
Potassium inwardly-rectifying channel, subfamily J,

NM_008428  member 8 Kcnj8 1.9 Up - - - - - -
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NM_007638
NM_010755

NM_146245
XM_203577
M400018877
NR_000040
NM_013705
NM_172453
NM_144800
NM_024176
M400002294

NM_019713
M400014858

NM_177394
NM_205819
M400003725
XM_147082
NM_008303
NM_028416
NM_025493
NM_028821
NM_010221
M400015437
NM_011196
NM_029083
M400010795
90
M400005665
M400010453
XM_283202
NM_011948
NM_020515
M400010096
M400017666
XM_146411
M300000918
NM_009426
XM_485947
NM_175411,
NM_194257
M400008558

Chaperonin subunit 7 (eta)

V-maf musculoaponeurotic fibrosarcoma oncogene

family, protein F (avian)

Leucine-rich repeat, immunoglobulin-like and
transmembrane domains 1

SAP30-like

M400018877

thymidylate synthase, pseudogene

Zinc finger protein 30

PIF1 5-to-3 DNA helicase homolog (S. cerevisiae)
Metastasis suppressor 1

Dr1 associated protein 1 (negative cofactor 2 alpha)

M400002294

Ras association (RalGDS/AF-6) domain family member

1
M400014858

RIKEN cDNA A730011L01 gene

Toll-like receptor 11

M400003725

gene model 520, (NCBI)

Heat shock protein 1 (chaperonin 10)
Kringle containing transmembrane protein 2
RIKEN cDNA 1700018B24 gene

Dynein, axonemal, light chain 1

FK506 binding protein 10

M400015437

Prostaglandin E receptor 3 (subtype EP3)
DNA-damage-inducible transcript 4

M400010795_90

M400005665

M400010453

M400003910
Mitogen-activated protein kinase kinase kinase 4
Olfactory receptor 140
M400010096

M400017666

zinc finger protein 791
M300000918

Thyrotropin releasing hormone
M400006313

M400003692
M400008558

Cct7
Maff

Lrit1

Zfp30
Pif1

Mtss1
Drap1

Rassf1

A730011L01
Rik
Tir11

Hspe1
Kremen2
Dnalc1
Fkbp10

Ptger3
Ddit4

Map3k4
Olfr140
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XM_143327
NM_134103
M400001633
M300020990
NM_029017
XM_358393
NM_011314
M400001060
NM_139300
NM_153540
XM_487217
NM_146247
M400010305

XM_128932
M400006343
NM_027033,
NM_145692
XM_128189
NM_134115
NM_008413
NM_022313

NM_023219
NM_199042

NM_020618
M300005757
NM_007730
NM_025793
NM_146834
NM_028780
NM_023731
NM_027307
XM_128090
NM_011720
M400013404
M400017026
NM_008923
M200001442
M300009963
NM_010266
NM_024239
NM_027869

gene model 414, (NCBI)

Interleukin 1 receptor accessory protein
M400001633

M300020990

Mitochondrial ribosomal protein L47
M400003385

Serum amyloid A 2

M400001060

Myosin, light polypeptide kinase
Expressed sequence C85492
M400009936

CDNA sequence BC024814
M400010305

solute carrier family 27 (fatty acid transporter), member
6

M400006343

M400000870

patatin-like phospholipase domain containing 5
Serine/threonine kinase 38

Janus kinase 2

Era (G-protein)-like 1 (E. coli)

Solute carrier family 5 (neutral amino acid transporters,
system A), member 4b

THAP domain containing, apoptosis associated protein
1

SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily e, member 1
M300005757

Collagen, type XII, alpha 1

Wdr45 like

Olfactory receptor 101

Transmembrane 9 superfamily member 1

Coiled-coil domain containing 86

Golgi membrane protein 1

La ribonucleoprotein domain family, member 4
Wingless related MMTYV integration site 8b
M400013404

M400017026

Protein kinase, cAMP dependent regulatory, type | beta
M200001442

M300009963

Guanine deaminase

Stam binding protein

Polyribonucleotide nucleotidyltransferase 1

Mrap

Mrpl47
Saa2

Mylk
C85492

BC024814

Stk38
Jak2
Eral1

Sic5a4b
Thap1
Smarce1

Col12a1
Wdr45I|
Olfr101
Tm9sf1
Ccdc86
Golm1

Wnt8b

Prkar1b

Gda
Stambp
Pnpt1

2.1

1.7

1.7

1.4

2.8

1.8
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XM_484816

NM_025471
NM_029352

NM_027782
NM_021498
NM_027790
NM_177130
NM_009221
NM_024266
M400008398
M400003249
NM_007828
NM_130890
NM_026916
XM_129726
NM_008156
NM_008391
NM_013692
XM_111014
NM_145384
XM_136343
NM_029610
XM_110248
NM_172829
M400006633
NM_021420
NM_007892
M400013835
M400005359
NM_011192
M200014124
XM_124781

NM_053248
M400013647
NM_009417

NM_009252
NM_207536
M400013035
M400012956
M400010635
NM_029456

M200006929

RIKEN cDNA 1810030N24 gene

Dual specificity phosphatase 9

Potassium channel tetramerisation domain containing
6

Polymerase (DNA directed), epsilon 3 (p17 subunit)
Dehydrogenase/reductase member 2
Glycosyltransferase 28 domain containing 2
Synuclein, alpha

Ribosomal protein S25

M400008398

M400003249

Death-associated kinase 3

Calpain 8

RIKEN cDNA 4930579G22 gene

WD repeat domain 75
Glycosylphosphatidylinositol specific phospholipase D1
Interferon regulatory factor 2

Kruppel-like factor 10

predicted gene, OTTMUSG00000003135

PQ loop repeat containing 2

gene model 205, (NCBI)

LYR motif containing 1

F-box protein 11

Beta galactoside alpha 2,6 sialyltransferase 2
M400006633

Serine/threonine kinase 4

E2F transcription factor 5

M400013835

M400005359

Proteaseome (prosome, macropain) 28 subunit, 3
M200014124

M400002157

Solute carrier family 5 (sodium iodide symporter),
member 5

M400013647

Thyroid peroxidase

Serine (or cysteine) peptidase inhibitor, clade A,
member 3K

MAS-related GPR, member B1

M400013035

M400012956

M400010635

SAPS domain family, member 3

1810030N24
Rik
Dusp9

Kctd6
Pole3
Dhrs2
Glt28d2
Snca
Rps25

Dapk3
Capn8

Gpld1
Irf2
KIF10

Pqlc2
Lyrm1
St6gal2

Stk4
E2f5

Psme3

Sic5a5

Tpo

Serpina3k
Mrgprb1

Saps3

1.8
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Up

1.1

Up
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NM_054054
M400014561
NM_007482
NM_172379

NM_172685
M300009833

NM_009536
NM_030178
M400013514
M400004435
NM_007494,
XM_483909
M400004615
NM_011570
M400014988
NM_011469
M400013168
NM_053245
NM_023056
NM_198610
NM_029235
M400018855

NM_007896
NM_025695

NM_026091
NM_176963
NM_145369
M400013105
M400013943

NM_008809

NM_011932
NM_175125

XM_129477
XM_130010
XM_484324

NM_146257
NM_177460

Bromodomain, testis-specific

M400014561

Arginase 1, liver

Expressed sequence AA536717

Solute carrier family 25 (mitochondrial carrier,
phosphate carrier), member 24

M300009833

Tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, epsilon polypeptide
Bromodomain and PHD finger containing, 1
M400013514

M400004435

M400000966

M400004615

testis derived transcript

M400014988

Small proline-rich protein 2B

M400013168

Aryl hydrocarbon receptor-interacting protein-like 1
Transmembrane protein 176B

Immunoglobin superfamily, member 21

RIKEN cDNA 4930556L07 gene

M400018855

Microtubule-associated protein, RP/EB family, member
1

Structural maintenance of chromosomes 6

RIKEN cDNA 1700037H04 gene

Galactose mutarotase

WAP four-disulfide core domain 5

M400013105

M400013943

Platelet derived growth factor receptor, beta
polypeptide

Dual adaptor for phosphotyrosine and 3-
phosphoinositides 1

RIKEN cDNA 1500011K16 gene

calmodulin regulated spectrin-associated protein 1-like
1

ribonuclease P/MRP 38 subunit (human)
M400007481

Solute carrier family 29 (nucleoside transporters),
member 4

Poly (ADP-ribose) polymerase family, member 16

Brdt

Arg1
AA536717

Slc25a24

Ywhae
Brpf1

Sprr2b

Aipl1
Tmem176b
Igsf21

Mapre1
Smc6
1700037H04
Rik

Galm

Wifdc5

Pdgfrb

Dapp1

Slic29a4
Parp16
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NM_177708
M400010148
NM_001005
846,NM_026
656
NM_008663
M400012744
M400014375

NM_028562
M400000890
NM_021512
NM_007935,
NM_027497
NM_008477
NM_172051
NM_007542
NM_010140
NM_183315
NM_010663
NM_011237
M400005179

NM_025556
M400002187

NM_023060
M300001073
NM_011177

NM_201256
M200008390
NM_007967
NM_016902
NM_134042
M400013016
NM_172413
XM_127496
M400004139
NM_026172
XM_133252
NM_146656
M200003086
M400018212
NM_009075

Reticulon 4 receptor-like 1
M400010148

M200008835
Myosin Vlla

M400012744
M400014375

RIKEN cDNA 1700080E11 gene
M400000890
Nucleoporin 160

M300004011

Kinectin 1

Transmembrane and coiled coil domains 3
Biglycan

Eph receptor A3

Cortexin 1

Keratin 17

RAD9 homolog (S. pombe)

M400005179

RIKEN cDNA 2410022L05 gene

M400002187

Eukaryotic elongation factor, selenocysteine-tRNA-
specific

M300001073

Kallikrein related-peptidase 6

Eukaryotic translation initiation factor 4E binding
protein 3

M200008390

Even skipped homeotic gene 2 homolog
Nephronophthisis 1 (juvenile) homolog (human)
Aldehyde dehydrogenase family 6, subfamily A1
M400013016

RAP2C, member of RAS oncogene family
3-hydroxy-3-methylglutaryl-Coenzyme A reductase
M400004139

2,4-dienoyl CoA reductase 1, mitochondrial
predicted gene, EG232993

Olfactory receptor 444

M200003086

M400018212

Ribose 5-phosphate isomerase A

Rtn4rl1

Myo7a

1700080E11
Rik

Nup160

Ktn1
Tmcc3
Bgn
Epha3
Ctxn1
Krt17
Rad9

2410022L05
Rik

Eefsec
KIk6
Ankhd1
Evx2
Nphp1
Aldh6a1
Rap2c

Decr1

Olfr444
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NM_153396
XM_134104
M400008278
XM_193795
M300003185
NM_139296

XM_133542
NM_011857
M200005039
NM_080795

NM_172859
M400012930
M400019500
NM_016852
NM_019551
NM_010448

NM_018742

NM_146090
NM_146618
M400000586
M400003791
M400004905
M400006274
NM_019739
NM_177016
XM_139743
NM_053208
XM_488556
NM_026810
NM_053158
NM_021288
XM_128466

NM_010602
NM_138755
XM_125904
NM_138311
NM_174995
NM_025703
NM_026879

Microtubule associated monoxygenase, calponin and
LIM domain containing 3

M400006392

M400008278

zinc finger CCCH type containing 7B

M300003185

Monooxygenase, DBH-like 2

a disintegrin-like and metallopeptidase (reprolysin type)
with thrombospondin type 1 motif, 17

0Odd Oz/ten-m homolog 3 (Drosophila)

M200005039

Ligand of numb-protein X 2

RIKEN cDNA 6330439K17 gene
M400012930

M400019500

WW domain binding protein 2

Traf and Tnf receptor associated protein
Heterogeneous nuclear ribonucleoprotein A/B
Blocked early in transport 1 homolog (S. cerevisiae)-
like

Zinc binding alcohol dehydrogenase, domain
containing 2

Olfactory receptor 297

M400000586

M400003791

M400004905

M400006274

Forkhead box O1

Solute carrier family 17 (sodium phosphate), member 4
M400007394

EGL nine homolog 2 (C. elegans)

RIKEN cDNA 1700027J07 gene

MutL homolog 1 (E. coli)

Mitochondrial ribosomal protein L1
Thymidylate synthase

protease, serine, 32

Potassium inwardly rectifying channel, subfamily J,
member 11

PHD finger protein 21A

SLIT-ROBO Rho GTPase activating protein 1
H1 histone family, member O, oocyte-specific
Microsomal glutathione S-transferase 2
Transcription elongation factor A (Sll)-like 8
Chromatin modifying protein 2B

Mical3

Moxd2

0dz3

Lnx2
6330439K17
Rik

Wbp2
Ttrap
Hnrnpab

Bet1l

Zadh2
Olfr297

Foxo1
Sic17a4

Egin2

Mih1
Mrpl1
Tyms

Kenj11
Phf21a

H1foo
Mgst2
Tceal8
Chmp2b
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M400013087
NM_021274
NM_011580
NM_024189
M400007044
NM_001005
223
NM_144509
NM_147119
NM_009717
NM_011603
XM_181390
M400000934
NM_026856
XM_204369
NM_147077
NM_178060
M400010139
NM_183257
M400006264
NM_009355
NM_023530
M400005831
NM_001002
786,XM_484
619
M200002400
M400008400
NM_027274
NM_007606
XM_486005
XM_131103
NM_173376
M400004574
NM_019813
NM_011906
M400013361
XM_129811
M400016620
NM_021340
NM_080558
NM_133854
M300021278
M400002447
NM_011797

M400013087

Chemokine (C-X-C motif) ligand 10
Thrombospondin 1

YY1 associated factor 2
M400007044

Zinc finger, HIT type 3
ADP-ribosylation factor-like 6 interacting protein 4
Olfactory receptor 632
Neurogenic differentiation 6
TATA box binding protein-like 1
collagen, type XX, alpha 1
M400000934

Zinc finger protein 644
M400008851

Olfactory receptor 643

Thyroid hormone receptor alpha
M400010139

Hepcidin antimicrobial peptide 2
M400006264

Testicular serine protease 1
Phospholipase A2, group XIIB
M400005831

M400008569

M200002400

M400008400

RIKEN cDNA 2810025M15 gene
Carbonic anhydrase 3
M400007400

adenosine monophosphate deaminase 1 (isoform M)

RNA binding motif protein, X-linked 2
M400004574

Drebrin 1

G protein-coupled receptor 175
M400013361

coiled-coil domain containing 115
M400016620

Retinal G protein coupled receptor
Sperm specific antigen 2
SNAP-associated protein
M300021278

M400002447

Carbonic anhydrase 14

Cxcl10
Thbs1
Yaf2

Znhit3
Arl6ip4
Olfr632
Neurod6
Tbpl1

Zfp644

Olfr643
Thra

Hamp2

Tesp1
Pla2g12b

Rgr
Ssfa2
Snapin

Car14
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NM_026484

XM_356200
M200002576
NM_010129
NM_011402
NM_026168
M400009849
M400013308
M400018824
NM_010846
NM_153173,
NM_175656,
NM_175657,
NM_178192,
NM_178193,
XM_129042
NM_021536
XM_284281
M300019285

NM_172722
NM_009416
NM_021890
M200012858

XM_129376
NM_011288
M400015350
M400009638
M400007133
NM_009143
NM_009459
NM_007957
NM_145393
M400013337
XM_141816
NM_008470
NM_011358
NM_016763

NM_153081
M300004656

NM_025892

Cyclin Y

solute carrier family 22 (organic cation transporter),
member 14

M200002576

Epithelial membrane protein 3

Solute carrier family 34 (sodium phosphate), member 2
ERGIC and golgi 2

M400009849

M400013308

M400018824

Myxovirus (influenza virus) resistance 1

M400012321

RIKEN cDNA 8030462N17 gene

Ras homolog gene family, member T1

Yip1 interacting factor homolog B (S. cerevisiae)
M300019285

RIKEN cDNA C330023M02 gene
Tropomyosin 2, beta

Fatty acid desaturase 3

M200012858

ADP-ribosylation factor guanine nucleotide-exchange
factor 1(brefeldin A-inhibited)

Mitochondrial ribosomal protein L23
M400015350

M400009638

M400007133

Stromal cell derived factor 2
Ubiquitin-conjugating enzyme E2H
Extraembryonic, spermatogenesis, homeobox 1
YTH domain family 2

M400013337

predicted gene, EG236844

Keratin 16

Splicing factor, arginine/serine-rich 2 (SC-35)
Hydroxysteroid (17-beta) dehydrogenase 10
Solute carrier family 16 (monocarboxylic acid
transporters), member 11

M300004656

RIKEN cDNA 1500031L02 gene

Ceny

Emp3
Slc34a2
Ergic2

Mx1

Rnf165
Rhot1

C330023M0
2Rik

Tpm2
Fads3

Mrpl23

Sdf2
Ube2h
Esx1
Ythdf2

Krt16
Sfrs2
Hsd17b10

Slc16a11

1500031L02
Rik
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NM_013762
NM_028447
NM_177325
NM_175157
M400010561
M400018605
NM_025594
NM_145484
M400006361
M400013711
NM_009808

NM_025377
XM_356087

M400014412
M300019744
NM_011313

M400005018
M400008034

NM_029418
NM_015760
NM_147089
NM_013495
NM_018808
M400007073
NM_053201
NM_053189
M400004918
M400006616
M400004948
NM_010620
NM_029571
M400001734
M400007750

NM_025990

M400013681
M200003653
M200007360

NM_018824
NM_024427
XM_141574
NM_172678

Ribosomal protein L3
Proline-rich coiled-coil 1

TSR1, 20S rRNA accumulation, homolog (yeast)
RIKEN cDNA 2610204G22 gene
M400010561

M400018605

Zinc finger, matrin type 2

Zinc finger protein 758
M400006361

M400013711

Caspase 12

RIKEN cDNA 1110001A07 gene

unc-13 homolog A (C. elegans)
M400014412

M300019744

S100 calcium binding protein A6 (calcyclin)
M400005018

M400008034

RIKEN cDNA 9130401M01 gene

NADPH oxidase 4

Olfactory receptor 572

Carnitine palmitoyltransferase 1a, liver

DnaJ (Hsp40) homolog, subfamily B, member 1
M400007073

Melanoma antigen, family E, 1

M400011769

M400004918

M400006616

M400004948

Kinesin family member 15

KTI12 homolog, chromatin associated (S. cerevisiae)
M400001734

M400007750

RIKEN cDNA 2310021H06 gene

M400013681

M200003653

M200007360

Solute carrier family 23 (nucleobase transporters),
member 2

Tropomyosin 1, alpha

gene model 358, (NCBI)

Acyl-Coenzyme A dehydrogenase family, member 9

Rpl3
Prrc1
Tsr1

Zmat2
Zfp758

Casp12
1110001A07
Rik

S100a6

9130401M01
Rik

Nox4
Olfr572
Cptla
Dnajb1

Magee1

Kif15
Kti12

2310021H06
Rik

Slc23a2
Tpm1

Acad9
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Protein phosphatase 1B, magnesium dependent, beta

NM_011151 isoform Ppm1b - - - - - - 2.0 Down
NM_009390  Tolloid-like Ti - - - - - - 2.0 Down
Guanine nucleotide binding protein (G protein), gamma
NM_010316 3 Gng3 - - - - - - 2.0 Down
NM_026616 Ribonuclease H2, subunit C Rnaseh2c - - - - - - 2.0 Down
XM_143201 poly(A) binding protein, cytoplasmic 4-like - - - - - - - 20 Up
NM_030886,
NM_198010  M400005085 - - - 2.0 Down - - 2.0 Down
M400002040 M400002040 - - - - - - - 2.0 Down
NM_011691 Vav 1 oncogene Vav1 - - - - - - 2.0 Down
XM_486226 RIKEN cDNA 2310007F21 gene - - - - - - - 2.0 Down
NM_030244 Immediate early response 5-like ler5l - - - - - - 2.1  Down
NM_019794  DnaJ (Hsp40) homolog, subfamily A, member 2 Dnaja2 - - - - - - 2.1  Down
NM_021313 Ring finger protein 25 Rnf25 - - - - 1.7 Up 21 Up
Pleckstrin homology domain containing, family O
NM_153119  member 2 Plekho2 - - 1.7 Up 21 Up 21 Up
NM_011725  X-linked lymphocyte-regulated complex Xlr - - - - - - 2.1  Down
Deoxynucleotidyltransferase, terminal, interacting
NM_133763  protein 1 Dnttip1 - - - - - - 2.1  Down
M400001757 M400001757 - - - - - - - 2.1  Down
M400009025 M400009025 - - - - - - - 2.1  Down
M200005030 M200005030 - - - - - - - 2.1  Down
NM_145209  2-5 oligoadenylate synthetase-like 1 Oasl1 - - - - - - 21 Up
NM_153567  SLAIN motif family, member 2 Slain2 - - - - - - 2.1  Down
M400014854 M400014854 - - - - - - - 2.1  Down
M400016917 M400016917 - - - - - 1.4 Down 2.1  Down
M400010480 M400010480 - - - - - - - 2.1  Down
M400006200 M400006200 - 1.7 Down - - - - 2.1  Down
M400002728 M400002728 - - - - - - - 21 Up
M400014866 M400014866 - - - - - - - 2.1  Down
NM_007431 Alkaline phosphatase, liver/bone/kidney Alpl - - - - - - 21 Up
NM_021550  C1GALT1-specific chaperone 1 C1galtict - - - - - - 2.1  Down
M400013906 M400013906 - - - - - - - 2.1  Down
NM_133986  T-cell leukemia translocation altered gene Tcta - - - - - - 2.1  Down
M400005616  M400005616 - - - - - - - 21 Up
NM_080556  Transmembrane 9 superfamily member 2 Tm9sf2 - - - - - - 21 Up
NM_011019  Oncostatin M receptor Osmr - - - - - - 2.1  Down
M400005913  M400005913 - - - - - - - 2.1  Down
M400013597 M400013597 - - - - - - - 2.1  Down
NM_026009  Coiled-coil domain containing 47 Ccdc47 - - - - - - 2.1  Down
M200012327 M200012327 - - - - - 1.5 Down 2.1  Down
XM_127421 zinc finger, DHHC domain containing 11 - - - - - 1.7 Down 2.1  Down
X-ray repair complementing defective repair in Chinese
NM_020570  hamster cells 2 Xrcc2 - - - - - - 2.1  Down
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NM_021284
M400014376
M400016015
XM_485555
NM_052835
AF168390
NM_009684
NM_176979
M400012898
M400013432
M400015166
NM_008810
NM_011931
NM_133999

NM_021315
M400013804
NM_172402
NM_010830
NM_026254
NM_146532
NM_030695

NM_010597

NM_026411
NM_025480

NM_145604
NM_177239

M400013899
M400009284
M400007165

NM_011406
NM_053159

NM_198605
NM_016956
M400008789

NM_078484
M400016373

NM_175682

V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
M400014376

M400016015

similar to Tubulin beta-2 chain

Ribosomal protein 10

RCP1 (ROOT CAP 1)

Apoptotic peptidase activating factor 1
Topoisomerase (DNA) Il beta binding protein
M400012898

M400013432

M400015166

Pyruvate dehydrogenase E1 alpha 1

Ring finger and WD repeat domain 2

FIG4 homolog (S. cerevisiae)

Nucleolar complex associated 3 homolog (S.
cerevisiae)

M400013804

Solute carrier family 25, member 32

MutS homolog 6 (E. coli)

TBC1 domain family, member 23

Olfactory receptor 1170

LPS-responsive beige-like anchor
Potassium voltage-gated channel, shaker-related
subfamily, beta member 1

RIKEN cDNA 1700021F05 gene
Transmembrane protein 128

RIKEN cDNA D230025D16 gene

Myb-like, SWIRM and MPN domains 1
M400013899

M400009284

M400007165

Solute carrier family 8 (sodium/calcium exchanger),
member 1

Mitochondrial ribosomal protein L3

RIKEN cDNA F630043A04 gene

Hemoglobin, beta adult minor chain

M400008789

Solute carrier family 35 (UDP-galactose transporter),
member A2

M400016373

RIKEN cDNA 9930021D14 gene

Kras

Rpl10
RCP1
Apaf1
Topbp1

Pdhat
Rfwd2
Fig4

Noc3l

Slc25a32
Msh6
Tbc1d23
OIlfr1170
Lrba

Kcnab1
1700021F05
Rik
Tmem128
D230025D16
Rik

Mysm1

Sic8a1

Mrpl3
F630043A04
Rik

Hbb-b1

Sic35a2

9930021D14
Rik
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NM_008128
NM_001005
525NM_025
438
M400013474

NM_021552

NM_025946
XM_485427
M300003043
NM_054073
NM_007644
M400009141
XM_141680
XM_485110
NM_011297,
NM_207634,
NM_207635
NM_030684,
XM_485979
M300011602
NM_011364
M300014326

NM_145449
NM_025788
NM_011940
M400016106
NM_013525
NM_011360
NM_026378
M200003360
NM_013747

NM_133750

NM_019491
NM_172397

NM_026063
NM_026572

NM_181988
NM_199307

Gap junction protein, beta 6

M400009377
M400013474

RIKEN cDNA 5730427N09 gene

RIKEN cDNA 2010100012 gene
M400007354

M300003043

Testis specific gene A13

Scavenger receptor class B, member 2
M400009141

predicted gene, EG245376
M400009213

M300004569

M400001318
M300011602
SH2 domain protein 1A
M300014326

RIKEN cDNA 1810023F06 gene
BTB (POZ) domain containing 14B
Interferon activated gene 202B
M400016106

growth arrest specific 5
Sarcoglycan, epsilon

DALR anticodon binding domain containing 3

M200003360
Golgi autoantigen, golgin subfamily a, 5

RIKEN cDNA 3110048E14 gene

V-ral simian leukemia viral oncogene homolog A (ras

related)
LIM domain containing 2

RIKEN cDNA 2900010M23 gene

Glycine cleavage system protein H (aminomethyl

carrier)

RAS-like, estrogen-regulated, growth-inhibitor

Endothelin converting enzyme 1

Gjb6

5730427N09
Rik
2010100012
Rik

Tsga13
Scarb2

Sh2d1a

1810023F06
Rik

Btbd14b
Ifi202b

Sgce
Dalrd3

Golga5
3110048E14
Rik

Rala

Limd2
2900010M23
Rik

Gcesh
Rerg
Ece1
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NM_021714
NM_148934
M400014895

NM_025394
NM_147778
XM_193956
NM_023041
NM_016959
M400010043

NM_144902
M400008462
M400000358
NM_146556
NM_178920
M400006253
NM_027057
M400007603
NM_018782
NM_023735
NM_029239
M400002917
M400006462
XM_130163
NM_023175
NM_010771
NM_011291,
XM_484010,
XM_485637
NM_029880
M400007832
NM_026654
M400005870
NM_134197
M200004221
NM_025314
NM_026420
XM_487803
M400015238
NM_013485
XM_129769
M400000173

NM_145614

WW domain binding protein 11

Gene trap ROSA b-geo 22

M400014895

Translocase of outer mitochondrial membrane 7
homolog (yeast)

COMM domain containing 3

ER degradation enhancer, mannosidase alpha-like 3
Peroxisome biogenesis factor 19

Ribosomal protein S3a

M400010043

Solute carrier family 35 (UDP-N-acetylglucosamine
(UDP-GIcNACc) transporter), member 3
M400008462

M400000358

Olfactory receptor 798

Mal, T-cell differentiation protein 2

M400006253

WD repeat and FYVE domain containing 1
M400007603

Calcitonin receptor-like

ARP3 actin-related protein 3 homolog (yeast)
Protein kinase D3

M400002917

M400006462

WW domain containing E3 ubiquitin protein ligase 1
Nitrilase family, member 2

Matrin 3

M400002790

Prostaglandin reductase 2

M400007832

Target of EGR1, member 1 (nuclear)

M400005870

Vomeronasal 1 receptor, E8

M200004221

D-tyrosyl-tRNA deacylase 1 homolog (S. cerevisiae)
Polyadenylate-binding protein-interacting protein 2
M400006123

M400015238

Complement component 9

carbamoyl-phosphate synthetase 1

M400000173

Dihydrolipoamide S-acetyltransferase (E2 component
of pyruvate dehydrogenase complex)

Wbp11
Gtrgeo22

Tomm7
Commd3

Pex19
Rps3a

Sic35a3

Olfr798
Mal2

Wdfy1

Calcrl
Actr3
Prkd3

Nit2
Matr3

Ptgr2
Toe1
V1re8

Dtd1
Paip2

C9

Dlat
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NM_007630
M400013902
M300014773
M400000796
M400015855
NM_008245
NM_018745
NM_010555
NM_172471
NM_198647
NM_146761
NM_177163
NM_028082
XM_126785
NM_011722

NM_026636
M400002411
M400004730
M400013096
M400013304
NM_031880
M400008458
NM_026401
M200015253
NM_008867

NM_026030
NM_029696
M400014021

NM_028904
NM_009733
NM_181394
NM_018764
NM_026506
NM_172941

NM_138750,
NM_178047
NM_010559,
XM_484852,
XM_485016

NM_177583
NM_009847
NM_177226

Cyclin B2

M400013902

M300014773

M400000796

M400015855

Hematopoietically expressed homeobox
Antizyme inhibitor 1

Interleukin 1 receptor, type Il

Inter-alpha (globulin) inhibitor H5

TBC1 domain family, member 22B
Olfactory receptor 414

RIKEN cDNA B330016D10 gene
CCR4-NOT transcription complex, subunit 2
predicted gene, OTTMUSG00000001305
Dynactin 6

RIKEN cDNA 5430437P03 gene
M400002411

M400004730

M400013096

M400013304

Tyrosine kinase, non-receptor, 1
M400008458

Mitochondrial ribosomal protein 63
M200015253

Phospholipase A2 receptor 1

Eukaryotic translation initiation factor 2, subunit 2

(beta)
Malate dehydrogenase 1B, NAD (soluble)
M400014021

RMI1, RecQ mediated genome instability 1, homolog

(S. cerevisiae)

Axin 1

Anaphase promoting complex subunit 13
Protocadherin 7

Small nuclear ribonucleoprotein polypeptide G

Zinc finger with KRAB and SCAN domains 17

M300005608

M400001046

Anterior pharynx defective 1b homolog (C. elegans)

CD2-associated protein
Zinc finger protein 629

Ccnb2

Hhex
Azin1
11r2

Itih5
Tbc1d22b
Olfr414

Cnot2

Dctn6
5430437P03
Rik

Tnk1
Mrp63
Pla2r1

Eif2s2
Mdh1b

Rmi1
Axin1
Anapc13
Pcdh7
Snrpg
Zkscan17

Aph1b
Cd2ap
Zfp629

24
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Down
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Down

Down
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Down
Down
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NM_007913
M400017375
M400014495
NM_026499
M400003152
M400018231
NM_009721
NM_022656
NM_144854
M400013162

NM_146036
M400015129
NM_026058
NM_025781
XM_485015
M400006669
M400001940
NM_178772
M400015007
NM_010552
XM_358313
M200004083
NM_009456
NM_011581
M300002385
NM_011359
NM_153055
NM_009775
NM_017372
M400000853
M400016133
NM_027212
M400016515
NM_011669
NM_027504
M400010384
M400010074
M400015208
NM_011757
NM_024242
NM_031874
XM_109726
NM_025441,
NM_181665

Early growth response 1
M400017375

M400014495

Splicing factor, arginine/serine-rich 6
M400003152

M400018231

ATPase, Na+/K+ transporting, beta 1 polypeptide
Nischarin

Open reading frame 63

M400013162

AHAA1, activator of heat shock protein ATPase homolog
1 (yeast)

M400015129

LAG1 homolog, ceramide synthase 4
Transmembrane protein 170

zinc finger protein 804A
M400006669

M400001940

Arylacetamide deacetylase-like 1
M400015007

Interleukin 17A

CDNA sequence BC018507
M200004083

Ubiquitin-conjugating enzyme E2L 3
Thrombospondin 2

M300002385

Surfactant associated protein C
SEC63-like (S. cerevisiae)
Translocator protein

Lysozyme 2

M400000853

M400016133

Mediator complex subunit 30
M400016515

Ubiquitin specific peptidase 12

PR domain containing 16
M400010384

M400010074

M400015208

Zinc finger and SCAN domain containing 21
RIO kinase 1 (yeast)

RAB3D, member RAS oncogene family
mediator complex subunit 13

M200006249

Egr1

Sfrs6

Atp1b1
Nisch
ORF63

Ahsa1
Lass4
Tmem170

Aadacl1

117a
BC018507

Ube2I3
Thbs2

Sftpc
Sec63
Tspo
Lyz2

Med30

Usp12
Prdm16

Zscan21
Riok1
Rab3d

2.1

1.6

2.8

2.1
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Down
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NM_177715
NM_013504
NM_013787
NM_019868
NM_025437
NM_016776
NM_011653
NM_001003
671,NM_001
003672,NM_
007766,NM_
007767,NM_
0
XM_356732
NM_172621
NM_029502
NM_008033
NM_016796
NM_029780
NM_152810
M400014830
NM_026880
NM_030109
XM_129927
M400017374
M2NC00001
1
M400009664
NM_019437
NM_134114
XM_138063
M400006289
NM_172479
NM_008300
NM_144844
NM_152812
M400001067

NM_019772
NM_133947
M400013066
NM_016710
M400018094
NM_182650

Potassium channel tetramerisation domain containing
12

Desmocollin 1

S-phase kinase-associated protein 2 (p45)
Heterogeneous nuclear ribonucleoprotein H2
Eukaryotic translation initiation factor 1A, Y-linked
MYB binding protein (P160) 1a

Tubulin, alpha 1A

M300000897

M400005944

Chloride intracellular channel 5
Calcium activated nucleotidase 1
Farnesyltransferase, CAAX box, alpha
Vesicle-associated membrane protein 4
V-raf-leukemia viral oncogene 1

Cell division cycle 5-like (S. pombe)
M400014830

PTEN induced putative kinase 1
Splicing factor 3b, subunit 2

TNF receptor-associated factor 3 interacting protein 1
M400017374

M2NC000011

M400009664

Riboflavin kinase

SFT2 domain containing 1

A kinase (PRKA) anchor protein 5
M400006289

Solute carrier family 38, member 5
Heat shock protein 4
Propionyl-Coenzyme A carboxylase, alpha polypeptide
OTU domain containing 6B
M400001067

RIKEN cDNA 1110004F10 gene

Nuclear mitotic apparatus protein 1
M400013066

Nucleosome binding protein 1

M400018094

Heterogeneous nuclear ribonucleoprotein A2/B1

Kctd12
Dsc1
Skp2
Hnrnph2
Eif1ay
Mybbp1a
Tubala

Clics
Cant1
Fnta
Vamp4
Raf1
Cdc5l

Pink1
Sf3b2

Rfk
Sft2d1

Sic38a5
Hspa4
Pcca
Otud6b

1110004F10
Rik
Numat1

Nsbp1

Hnrnpa2b1

22

2.0

22

1.7

1.8

Down
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Down
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NM_008966
M400006755
M400002496
M400013575
NM_025301
NM_009930
NM_134068
XM_140020
NM_029568
NM_011277
M400014672
M400009263

NM_019537
NM_025419

NM_025831
NM_130447
NM_144545
XM_488522
M300002779
M400019498

NM_177755
NM_008537
XM_283610
NM_146817
M400004431
M400013324
M400019045
NM_011240
NM_028108

NM_178390
M200000800
NM_133885,
NM_173350
NM_133201
M400015475

NM_026382
NM_053145
NM_026448
NM_009245

Prostaglandin F receptor
M400006755

M400002496

M400013575

Mitochondrial ribosomal protein L17
Collagen, type Ill, alpha 1

Dual specificity phosphatase 22
RIKEN cDNA 3110082D06 gene
Microfibrillar-associated protein 4
Ring finger protein 2

M400014672

M400009263

Proteasome (prosome, macropain) assembly
chaperone 1

RIKEN cDNA 1110059G10 gene

RIKEN cDNA 1300014106 gene

Dual specificity phosphatase 16

Eukaryotic translation initiation factor 3, subunit J
poly (ADP-ribose) polymerase family, member 14
M300002779

M400019498

RIKEN cDNA 8230402K04 gene
Alpha-methylacyl-CoA racemase
RIKEN cDNA 1110034B05 gene
Olfactory receptor 1156
M400004431

M400013324

M400019045

RAN binding protein 2
N-acetyltransferase 13

RIKEN cDNA 2410018C17 gene
M200000800

M200005519
Mitofusin 2
M400015475

RIKEN cDNA 6530403A03 gene

Protocadherin beta 20

Kelch-like 7 (Drosophila)

Serine (or cysteine) peptidase inhibitor, clade A,

Ptgfr

Mrpl17
Col3a1
Dusp22

Mfap4
Rnf2

Psmg1
1110059G10
Rik
1300014106
Rik

Dusp16

Eif3j

8230402K04
Rik
Amacr

Olfr1156

Ranbp2
Nat13
2410018C17
Rik

Mfn2

6530403A03
Rik

Pcdhb20
Klhl7
Serpinalc

1.6

1.5

1.5

1.7

24
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NM_020048
M300013498
M300021883
M400015680
NM_010336

NM_134073
XM_131241

NM_026269
M300005734
M400002700
NM_145851
NM_027030
M200004621
NM_172477

NM_025845
NM_199476
NM_146495
M400018310
NM_021465
XM_357108
M400014924
M400018188
NM_020588
NM_033270
M300008022
NM_198322
NM_009242

NM_009315

NM_027139
M400004545
NM_133826
NM_172407
NM_007522
M400017707
M300009122
M300015383
NM_026660
NM_199196
XM_194043

member 1c

Mediator complex subunit 20

M300013498

M300021883

M400015680

Lysophosphatidic acid receptor 1

Potassium channel tetramerisation domain containing
9

fucose-1-phosphate guanylyltransferase

RIKEN cDNA 1110007L15 gene

M300005734

M400002700

Cdk5 and Abl enzyme substrate 2

Decapping enzyme, scavenger

M200004621

DENN/MADD domain containing 2A

PRP38 pre-mRNA processing factor 38 (yeast) domain
containing B

Ribonucleotide reductase M2 B (TP53 inducible)
Olfactory receptor 474

M400018310

Stromal antigen 2

mitochondrial ribosomal protein L44
M400014924

M400018188

Transmembrane protein 183A

E2F transcription factor 6

M300008022

Zinc finger protein 273

Secreted acidic cysteine rich glycoprotein

TAF6 RNA polymerase I, TATA box binding protein
(TBP)-associated factor

TAF9 RNA polymerase I, TATA box binding protein
(TBP)-associated factor

M400004545

ATPase, H+ transporting, lysosomal V1 subunit H
CDKN2A interacting protein

Bcl-associated death promoter

M400017707

M300009122

M300015383

Major facilitator superfamily domain containing 10
Suppressor of zeste 12 homolog (Drosophila)
gene model 1855, (NCBI)

Med20

Lpar1
Kctd9

1110007L15
Rik

Cables2
Dcps

Dennd2a

Prpf38b
Rrm2b
Olfra74

Stag2

Tmem183a
E2f6

Zfp273
Sparc

Taf6
Taf9

Atp6v1h
Cdkn2aip
Bad

Mfsd10
Suz12

3.4

1.7

2.0
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M400019274
M400006878
NM_019642
NM_144911
NM_008048

NM_198093
NM_011791
NM_015755
M400013765
NM_013534
NM_025369

NM_145137
NM_010067
NM_010217
M300007329
NM_022026

NM_026472
M300004871
M400013963
NM_023162
NM_146654
M200006426

NM_026395
XM_132015
NM_008761
NM_020329
M200005306
NM_009433

NM_145974
XM_486780
M400013458
NM_026752
NM_199448
M400002432
M300003585
M400006914
XM_488078
M300004251
NM_019393
NM_026832

M400019274

M400006878

Ribophorin Il

RNA polymerase |l associated protein 2
Insulin-like growth factor binding protein 7
Engulfment and cell motility 1, ced-12 homolog (C.
elegans)

Ash2 (absent, small, or homeotic)-like (Drosophila)
Hormonally upregulated Neu-associated kinase
M400013765

Leprecan-like 2

Mitochondrial ribosomal protein S36

Macrophage galactose N-acetyl-galactosamine specific
lectin 2

TRNA aspartic acid methyltransferase 1
Connective tissue growth factor

M300007329

Aquaporin 9

Mki67 (FHA domain) interacting nucleolar
phosphoprotein

M300004871

M400013963

Zinc ribbon domain containing, 1

Olfactory receptor 438

M200006426

RER1 retention in endoplasmic reticulum 1 homolog
(S. cerevisiae)

cDNA sequence BC037112

FXYD domain-containing ion transport regulator 5
Dolichyl pyrophosphate phosphatase 1
M200005306

Testis-specific protein, Y-encoded-like 1

RIKEN cDNA C330016010 gene

predicted gene, EG434858

M400013458

Zinc finger, FYVE domain containing 21
Fasciculation and elongation protein zeta 2 (zygin II)
M400002432

M300003585

M400006914

RIKEN cDNA E130201H02 gene
M300004251

Exosome component 9

Cell growth regulator with ring finger domain 1

Rpn2
Rpap2
Igfbp7

Elmo1
Ash2|
Hunk

Leprel2
Mrps36

Mgl2
Trdmt1
Ctgf

Aqp9

Mki67ip

Znrd1
Olfr438

Rer1

Fxyd5
Dolpp1

Tspyl1
C330016010
Rik

Zfyve21
Fez2

2.8

1.7
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NM_199056 Inositol 1,3,4,5,6-pentakisphosphate 2-kinase Ippk - - -
M400005236 M400005236 -

M400015198 M400015198 - - - -
M400017540 M400017540 -
NM_025286  Solute carrier family 31, member 2 Slic31a2 - - -

NM_025531 Slowmo homolog 2 (Drosophila) Simo2 - - -
XM_128124 WD repeat domain 67 - 1.7 Down -
NM_026653 Replication protein A1 Rpa1 - - -
XM_358058  gene model 1499, (NCBI) - - - -
M300000110  M300000110 - - - -
NM_198031 Tubulin, gamma complex associated protein 3 Tubgcp3 - - -
NM_026070  Coiled-coil domain containing 53 Ccdc53 1.8 Down -
NM_181750 R3H domain 1 (binds single-stranded nucleic acids) R3hdm1 - - -
NM_172049  Transmembrane protein 18 Tmem18 - - -
M400015692 M400015692 - - - -
M400016757 M400016757 - - - -
XM_357571 predicted gene, EG384325 - 1.5 Down -
NM_007530  B-cell receptor-associated protein 29 Bcap29 - - -
NM_130448  Protocadherin 18 Pcdh18 23 Up -
M300002937 M300002937 - - - -
XM_127961 DnaJ (Hsp40) homolog, subfamily C, member 21 - 1.8 Down -
NM_054085  Alpha-kinase 3 Alpk3 - - 1.6
1810065E05

NM_027239  RIKEN cDNA 1810065E05 gene Rik - - -
M400015300 M400015300 - - - -
NM_144558  Basic, immunoglobulin-like variable motif containing Bivm - - -
NM_178194 Histone cluster 1, H2be Hist1h2be - - -
M400014715 M400014715 - - - -
NM_008891 Pinin Pnn - - -
M400017940 M400017940 - - - -
NM_013752  Nibrin Nbn - - -
NM_028334  Nucleoporin 37 Nup37 - - -
NM_029926 Interleukin-1 receptor-associated kinase 4 Irak4 - - -
M400010279 M400010279 - - - -
M400006125 M400006125 - - - -
NM_015788,

XM_484383  M200008588 - - - -
M300000378 M300000378 - - - -
M400012950 M400012950 - - - -
NM_008808  Platelet derived growth factor, alpha Pdgfa - - -
M300002101 M300002101 - - - 23

M400008073 M400008073 - - - -
M400013200 M400013200 -
XM_356600  Predicted gene, EG382639 EG382639 - - -
M400019008 M400019008 - - - -
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NM_011802
M400016187
NM_030703
NM_177244

NM_021526
NM_010281
M300002978
M400001855
M400016230
NM_026018
M400004798
NM_133234

NM_024275
NM_026041
M400000643
NM_001001
309
NM_010700
M400014359

NM_175153
XM_133956
M300019653

NM_019668

NM_026437
NM_019485
NM_010741
NM_010184
NM_008211
NM_032008
M400002804
M400015111
NM_207219
NM_053158
NM_009227
NM_026550

NM_028211
M300003442

NM_026071

Caseinolytic peptidase X (E.coli)

M400016187

Carboxypeptidase N, polypeptide 1

FAST kinase domains 1

Proteasome (prosome, macropain) 26S subunit, non-
ATPase, 14

Gamma-glutamyl hydrolase

M300002978

M400001855

M400016230

PDZK1 interacting protein 1

M400004798

Bcl-2 binding component 3

mitogen-activated protein kinase kinase kinase kinase
5

Ribosomal RNA processing 15 homolog (S. cerevisiae)
M400000643

Integrin alpha 8
Low density lipoprotein receptor
M400014359

RIKEN cDNA 2010321M09 gene

interferon induced transmembrane protein 6
M300019653

Ubiquitin-conjugating enzyme E2A, RAD6 homolog (S.
cerevisiae)

RIKEN cDNA 1810055E12 gene
Olfactory receptor 70

Lymphocyte antigen 6 complex, locus C1
Fc receptor, IgE, high affinity |, alpha polypeptide
H3 histone, family 3B

Sarcolemma associated protein
M400002804

M400015111

Expressed sequence Al314976
Mitochondrial ribosomal protein L1

Small nuclear ribonucleoprotein E

PAK1 interacting protein 1

RIKEN cDNA 2210016L21 gene

M300003442

Solute carrier family 25 (mitochondrial thiamine
pyrophosphate carrier), member 19

Clpx

Cpn1
Fastkd1

Psmd14
Ggh

Pdzk1ip1

Bbc3
Rrp15

ltga8
Ldir

2010321M09
Rik

Ube2a
1810055E12
Rik

OIfr70

Ly6c1
Fcerla
H3f3b
Simap

Al314976
Mrpl1

Snrpe
Pak1ip1
2210016L21
Rik

Slc25a19

23
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M300002482

XM_133454
NM_023422
NM_139306
NM_175512
M400002482
NM_026029

XM_138955
NM_008190
M400000359
M400013192
XM_131470,
XM_485546
NM_146970
M400010311
NM_011051
NM_139061
XM_128550
XM_485607
NM_009079
NM_146190
NM_019702
M400014860
NM_019786

NM_025511
M400003500
M400004591
NM_009441

NM_133797
NM_178392
M300002502
NM_007597
M400015625

NM_015737
NM_031403
NM_134136
M300008571
M400013275
M400013710
NM_199151

M300002482

RIKEN cDNA 1700008003 gene

Histone cluster 1, H2bc

N-acylsphingosine amidohydrolase 3-like
Dehydrogenase/reductase (SDR family) member 9
M400002482

Glyoxalase domain containing 4

sema domain, immunoglobulin domain (lg), short basic
domain, secreted, (semaphorin) 3G

Guanylate cyclase activator 2a (guanylin)
M400000359

M400013192

M200011046

Olfactory receptor 1239
M400010311

Programmed cell death 6
Vacuolar protein sorting 54 (yeast)
RIKEN cDNA 1700065013 gene
M400004062

Ribosomal protein L22

Tubulin, gamma complex associated protein 5
Hbs1-like (S. cerevisiae)
M400014860

TANK-binding kinase 1

RIKEN cDNA 2310005N03 gene
M400003500

M400004591

Tetratricopeptide repeat domain 3

RIKEN cDNA 4833439L19 gene

Small nuclear RNA activating complex, polypeptide 1
M300002502

Calnexin

M400015625
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 4

Debranching enzyme homolog 1 (S. cerevisiae)
F-box protein 38

M300008571

M400013275

M400013710

general transcription factor Il A, 2

1700008003
Rik
Hist1h2bc
Asah3|
Dhrs9

Glod4

Guca2a

Olfr1239

Pdcd6
Vps54

Rpl22
Tubgcp5
Hbs1l

Tbk1
2310005N03
Rik

Tte3
4833439L19
Rik

Snapc1

Canx

Galnt4
Dbr1
Fbxo38
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NM_177681

NM_028260
M400013849
M400017144
NM_172964
NM_138605
NM_008451
NM_011692
M400003321
M400002899
M400019279
XM_488528
M400004816
M400013063
NM_134027
NM_013902
NM_021367
NM_133948
NM_145960
NM_025475
NM_134064
NM_181414
M400005868
NM_177765

XM_129968
M400009824
NM_194344
M400012969
NM_013493
XM_283466
NM_025440
M400003518
M400014075
M400000543
NM_146142
NM_023429
M400006739
NM_025435
NM_016721
NM_008697
M400017576
NM_133231
NM_001005

Zinc finger protein 12

IMP1 inner mitochondrial membrane peptidase-like (S.

cerevisiae)

M400013849

M400017144

Rho GTPase activating protein 28

Protein phosphatase 1, regulatory (inhibitor) subunit 3F

Kinesin light chain 2

Von Hippel-Lindau binding protein 1
M400003321

M400002899

M400019279

M400004648

M400004816

M400013063

Mediator complex subunit 1

FK506 binding protein 3

Thymic stromal lymphopoietin

PC4 and SFRS1 interacting protein 1
Mitochondrial translational release factor 1
Centrosomal protein 27

Ring finger protein 44
Phosphoinositide-3-kinase, class 3
M400005868

Tubulin tyrosine ligase-like family, member 13
PH domain and leucine rich repeat protein
phosphatase

M400009824

SH3 domain and tetratricopeptide repeats 1
M400012969

Cellular nucleic acid binding protein

RIKEN cDNA 4930560E09 gene
Mitochondrial ribosomal protein S16
M400003518

M400014075

M400000543

Tudor domain containing 7

OCIA domain containing 1

M400006739

THO complex 7 homolog (Drosophila)

1Q motif containing GTPase activating protein 1
Ninein

M400017576

Regulatory factor X-associated protein
Adhesion molecule, interacts with CXADR antigen 1

Zfp12

Immp1l

Arhgap28
Ppp1r3f
Klc2
Vbp1

Med1
Fkbp3
Tslp
Psip1
Mtrf1
Cep27
Rnf44
Pik3c3

-TtII13
Phlpp
-Sh3tc1
E)nbp
;\/Irps16

Tdrd7
Ociad1

Thoc7
lqgap1
Nin

Rfxap
Amica1
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421
NM_007597
XM_485628
M300003096
NM_019788
NM_013685
M400012984
NM_013923

NM_144826
NM_207544
M400013284

NM_183251
NM_012008
NM_010481
NM_019718
NM_172282
NM_007381
NM_025950
NM_028311
M400005500
NM_008774
M400012978
M400006752
NM_008633
M400013173
NM_009984
NM_010942
M300020278
M400013207
NM_013890
NM_028756
NM_148925
NM_016912,
NM_177270
XM_283409
NM_016764

NM_025331
NM_027415
NM_026737
XM_125109
M400001758
M400005963

Calnexin

M200008119

M300003096

Pallidin

Transcription factor 4
M400012984

Ring finger protein 19A
UTP6, small subunit (SSU) processome component,
homolog (yeast)
Vomeronasal 1 receptor, D11
M400013284

RIKEN cDNA 1810020D17 gene

DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked
Heat shock protein 9

ADP-ribosylation factor-like 3
Transmembrane and coiled-coil domains 3
Acyl-Coenzyme A dehydrogenase, long-chain
Cell division cycle 37 homolog (S. cerevisiae)-like 1
M400011641

M400005500

Poly A binding protein, cytoplasmic 1
M400012978

M400006752

Microtubule-associated protein 4
M400013173

Cathepsin L

Neuron specific gene family member 1
M300020278

M400013207

F-box and WD-40 domain protein 2

Solute carrier family 35, member A5

FYVE and coiled-coil domain containing 1

M200003581
Fanconi anemia, complementation group E
Peroxiredoxin 4

Guanine nucleotide binding protein (G protein), gamma

11

Transmembrane protein 70
PHD finger protein 5A
predicted gene, EG214738
M400001758

M400005963

Canx

Pldn
Tcf4

Rnf19a

Utp6
V1rd11

1810020D17

Rik
Ddx3y
Hspa9
Arl3
Tmco3
Acadl
Cdc3711

Pabpc1

Mtap4

Ctsl
Nsg1

Fbxw2
Sic35a5
Fyco1

Prdx4

Gng11
Tmem70
Phf5a
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NM_013624
NM_199062
M200009523
NM_011654
NM_177618
NM_026456

XM_136360
NM_009163
NM_009007
NM_016898

NM_146015

NM_201376
XM_128291
M400014417
NM_033074
NM_008378
M400013187
M200003773
NM_145568
M400009224
NM_024437,
NM_024446
NM_025647
NM_008978

NM_009455

NM_054097
XM_486022
M400006579
NM_012019
NM_178028
M400013672
M400001147
M400013212

NM_011342
NM_008235
NM_013827
NM_178926

NM_007404

Otogelin

CDNA sequence BC062127

M200009523

Tubulin, alpha 1B

WSC domain containing 1

Transcription elongation factor B (Slll), polypeptide 1
v-abl Abelson murine leukemia viral oncogene
homolog 2 (arg, Abelson-related gene)
Sphingosine phosphate lyase 1

RAS-related C3 botulinum substrate 1

CD164 antigen

Epidermal growth factor-containing fibulin-like
extracellular matrix protein 1

Serine (or cysteine) peptidase inhibitor, clade B
(ovalbumin), member 3D

Ly6/Plaur domain containing 2

M400014417

Threonyl-tRNA synthetase

Imprinted and ancient

M400013187

M200003773

Lysine-rich coiled-coil 1

M400009224

M300007886
Cytidine monophosphate (UMP-CMP) kinase 1
Protein tyrosine phosphatase, non-receptor type 20

Ubiquitin-conjugating enzyme E2E 1, UBC4/5 homolog

(yeast)

Phosphatidylinositol-5-phosphate 4-kinase, type II,
gamma

M300019019

M400006579

Apoptosis-inducing factor, mitochondrion-associated 1
Galanin-like peptide

M400013672

M400001147

M400013212

SEC22 vesicle trafficking protein homolog B (S.
cerevisiae)

Hairy and enhancer of split 1 (Drosophila)

Metal response element binding transcription factor 2
Expressed sequence Al662250

A disintegrin and metallopeptidase domain 9 (meltrin
gamma)

Otog
BC062127

Tuba1b
Wscd1
Tceb1

Sgpl1
Rac1
Cd164

Efemp1

Serpinb3d

Tars
Impact

Krcc1

Cmpk1
Ptpn20

Ube2e1

Pip4k2c

Aifm1
Galp

Sec22b
Hes1
Mtf2
Al662250

Adam9
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NM_027722
NM_133869
NM_146079

NM_008076
NM_024226,
NM_194051,
NM_194052,
NM_194053,
NM_194054
NM_028108
M400006401
NM_010121
NM_025432
NM_019773
NM_023191
NM_011668,
NM_173010
NM_021273
M400019132
M400009216
M400017529
NM_007597
NM_026369
NM_172947
NM_012052
NM_019951
NM_175684
NM_078478
M200012032
NM_011840
NM_009366
NM_019999
M300007519
M300005153
M400015967
NM_010213
NM_010874
NM_024289
NM_172525
XM_285913
XM_123229
M400015070
NM_001001

Nudix (nucleoside diphosphate linked moiety X)-type
motif 4

Choline/ethanolaminephosphotransferase 1

Guanylate cyclase activator 1B

Gamma-aminobutyric acid (GABA-C) receptor, subunit
rho 2

M300002207

N-acetyltransferase 13

M400006401

Eukaryotic translation initiation factor 2 alpha kinase 3
Trafficking protein particle complex 2

RAB9, member RAS oncogene family

WD repeat domain 61

M400000820

Creatine kinase, brain

M400019132

M400009216

M400017529

Calnexin

Actin related protein 2/3 complex, subunit 5
LSM12 homolog (S. cerevisiae)

Ribosomal protein S3

SEC11 homolog A (S. cerevisiae)

FCH and double SH3 domains 1

Growth hormone inducible transmembrane protein
M200012032

Mitogen-activated protein kinase kinase 5
TSC22 domain family, member 1
Paroxysmal nonkinesiogenic dyskinesia
M300007519

M300005153

M400015967

Four and a half LIM domains 3
N-acetyltransferase 2 (arylamine N-acetyltransferase)
Oxysterol binding protein-like 5

Rho GTPase activating protein 29
M400006808

predicted gene, EG225228

M400015070

Coiled-coil domain containing 111

Nudt4
Cept1
Gucalb

Gabrr2

Nat13

Eif2ak3
Trappc2
Rab9
Wdr61

Ckb

Canx
Arpc5
Lsm12
Rps3
Sec11a
Fchsd1
Ghitm

Map2k5
Tsc22d1
Pnkd

FhI3

Nat2
Osbpl5
Arhgap29

Ccdc111
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184
NM_029979
NM_146544
M400013179

XM_138237
NM_025537
XM_131302

NM_020615
M400018845
NM_007688
NM_009546
XM_486154
M400012689
M400018704

NM_145991
XM_355152
NM_011633
NM_007597
NM_021393
M400003566
M400017747
NM_026406

NM_028043
XM_130127
NM_181390
M400014876
NM_016805
M400012972
NM_007950
NM_030215
NM_008650
NM_001003
930,NM_001
003933,NM_
001003934,
NM_053076
XM_128722

NM_025321

NM_025807

Tripartite motif-containing 35

Olfactory receptor 777

M400013179

serine (or cysteine) peptidase inhibitor, clade A,
member 3F

Ts translation elongation factor, mitochondrial
RIKEN cDNA 2610029101 gene

ATP synthase, H+ transporting, mitochondrial F1
complex, gamma polypeptide 1

M400018845

Cofilin 2, muscle

Tripartite motif-containing 25

Brain expressed, associated with Nedd4
M400012689

M400018704

Cell division cycle 73, Paf1/RNA polymerase ||
complex component, homolog (S. cerevisiae)
gene model 967, (NCBI)

Tnf receptor-associated factor 5

Calnexin

Cofactor of BRCA1

M400003566

M400017747

Ring finger protein 115

DNA segment, Chr 1, Brigham & Womens Genetics
0212 expressed

complement component 8, gamma subunit
Musculoskeletal, embryonic nuclear protein 1
M400014876

Heterogeneous nuclear ribonucleoprotein U
M400012972

Epiregulin

Werner helicase interacting protein 1
Methylmalonyl-Coenzyme A mutase

M200004172
arrestin domain containing 5

Succinate dehydrogenase complex, subunit C, integral

membrane protein
Solute carrier family 16 (monocarboxylic acid
transporters), member 9

Trim35
Olfr777

Tsfm

Atp5c1

cfi2
Trim25
mCG_21548

Cdc73

Traf5
Canx
Cobra1

Rnf115
D1Bwg0212
e

Mustn1

Hnrnpu
Ereg

Wrnip1
Mut

Pcp4l1

Sic16a9
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NM_028636
NM_011933
NM_011650
NM_009371
NM_020567
M400002231
M400016632
NM_013556

NM_178610
NM_146121
NM_177106
M400015799
M400013028
NM_176848
M400005810
M400016325
M400014160
M200007229
M400003188
M400005541
M400015872
M400016100
NM_023173
M400005514
NM_177615
NM_028339
M400000530
NM_011992
NM_026850

NM_134255
XM_128178
M400004302

NM_177642
M300006528
NM_011758
M400019364
M400007808
M400007598
NM_001005
847
NM_021355
NM_009950

Mannosidase, alpha, class 2C, member 1
2-4-dienoyl-Coenzyme A reductase 2, peroxisomal
Translin

Transforming growth factor, beta receptor Il
Geminin

M400002231

M400016632

Hypoxanthine guanine phosphoribosyl transferase 1
KRR1, small subunit (SSU) processome component,
homolog (yeast)

RAB GTPase activating protein 1

RIKEN cDNA F830004M19 gene

M400015799

M400013028

F-box protein 2

M400005810

M400016325

M400014160

M200007229

M400003188

M400005541

M400015872

M400016100

Dual specificity phosphatase 12

M400005514

solute carrier family 26, member 10

Thioredoxin domain containing 1

M400000530

Reticulocalbin 2

Phosducin-like 3

ELOVL family member 5, elongation of long chain fatty
acids (yeast)

splicing factor, arginine/serine-rich 2, interacting protein
M400004302

immunoglobulin-like and fibronectin type Ill domain
containing 1

M300006528

Zinc finger protein 39

M400019364

M400007808

M400007598

Aspartylglucosaminidase
Fibromodulin
CASP2 and RIPK1 domain containing adaptor with

Man2c1
Decr2
Tsn
Tgfbr2
Gmnn

Hprt1

Krr1
Rabgap1

Dusp12

Txndc1

Rcn2
Pdcl3

Elovl5

Fmod
Cradd

1.6
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NM_024237

NM_009186
NM_025937
NM_013755

NM_025939
NM_025980
M400019499
M400008067
NM_001001
978
NM_133766
NM_028705
M300007897

NM_021511
NM_019432
XM_136041
NM_175406
NM_009835
XM_141567,
XM_485172
M400008142
XM_290030,
XM_359409

NM_138956
NM_012058
M400007798
XM_485613
M200008192
NM_029814
M300013837
M400003786
NM_008540
NM_018748
M400013081
NM_027338

NM_019443
NM_198606
NM_008298

death domain

Fibulin 7

Splicing factor, arginine/serine-rich 10 (transformer 2
homolog, Drosophila)

NFKB activating protein

Glycogenin

Phosphoribosylaminoimidazole carboxylase,
phosphoribosylaminoribosylaminoimidazole,
succinocarboxamide synthetase
Notch-regulated ankyrin repeat protein
M400019499

M400008067

predicted gene, 380687

EFR3 homolog A (S. cerevisiae)

Hect domain and RLD 3

M300007897

RRS1 ribosome biogenesis regulator homolog (S.
cerevisiae)

Transmembrane protein 37

armadillo repeat containing, X-linked 4

ATPase, H+ transporting, lysosomal VO subunit D2
Chemokine (C-C motif) receptor 6

M400008303
M400008142

M400003336

Ras association (RalGDS/AF-6) domain family member

3

Signal recognition particle 9

M400007798

M400003779

M200008192

Chromatin modifying protein 5
M300013837

M400003786

MAD homolog 4 (Drosophila)

Golgi autoantigen, golgin subfamily a, 4
M400013081

Vacuolar protein sorting 36 (yeast)

NADH dehydrogenase (ubiquinone) 1 alpha
subcomplex, 1

WD repeats and SOF domain containing 1
DnaJ (Hsp40) homolog, subfamily A, member 1

Fbin7

Sfrs10
Nkap

Gyg

Paics
Nrarp

Efr3a
Herc3

Rrs1
Tmem37

Atp6v0d2
Ccré

Rassf3
Srp9

Chmp5
Smad4
Golga4
Vps36

Ndufa1

Wdsof1
Dnaja1
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NM_181410
NM_133681
M400004888
NM_009145

XM_128751
XM_284198
M400005050
NM_023450
NM_019549
NM_028242
M400018223
M400011585
NM_145615
M400019219
NM_177345
M400006383
M400005476
M200012364
M400007265
NM_011847
NM_010847

NM_009774
NM_009460
M300011672
XM_129145
M400017753
NM_021510
NM_010423
M400013859
M400015854
NM_011666
M400015024
NM_022023
NM_011845

NM_025597
NM_028095
NM_205536
NM_146087
M400017011
NM_173007
NM_175036
XM_487295

General transcription factor IIH, polypeptide 3
Tetraspanin 1

M400004888

Neuroplastin

cysteine rich transmembrane BMP regulator 1 (chordin
like)

Multimerin 1

M400005050

RIKEN cDNA 2010204K13 gene

Pleckstrin

HIV TAT specific factor 1

M400018223

M400011585

Electron transferring flavoprotein, alpha polypeptide
M400019219

Mitogen-activated protein kinase associated protein 1
M400006383

M400005476

M200012364

M400007265

DnaJ (Hsp40) homolog, subfamily B, member 6
Max interacting protein 1

Budding uninhibited by benzimidazoles 3 homolog (S.
cerevisiae)

SMT3 suppressor of mif two 3 homolog 1 (yeast)
M300011672

tetratricopeptide repeat domain 9C

M400017753

Heterogeneous nuclear ribonucleoprotein H1
Hairy/enhancer-of-split related with YRPW motif 1
M400013859

M400015854

Ubiquitin-like modifier activating enzyme 3
M400015024

Glia maturation factor, beta

Midline 2

NADH dehydrogenase (ubiquinone) 1 beta subcomplex
3

Methyltransferase like 10

ELK3, member of ETS oncogene family

Casein kinase 1, alpha 1

M400017011

Tetraspanin 12

Leptin receptor overlapping transcript

M400003777

Gtf2h3
Tspan1

Nptn

Mmrn1

Plek
Htatsf1

Etfa
Mapkap1

Dnajb6
Mxi1

Bub3
Sumo1

Hnrnph1
Hey1
Uba3

Gmfb
Mid2

Ndufb3
Mettl10

Csnk1a1

Tspan12
Leprot
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M400006333
NM_025914
NM_009726

NM_181278
NM_024480

NM_026066
M400017331
NM_146369
NM_008880
NM_018810
NM_011584
XM_357928
M400005488
M400001435
NM_010211
NM_023043
M300002054
M300002674
NM_008722,
XM_486188
NM_145556
NM_146644
NM_007792
NM_013843
NM_178651
NM_025809
NM_023243

NM_025626
XM_484355
NM_178680
NM_010474
NM_001003
971,NM_025
483
NM_080557
M400007030
NM_013546
NM_023595

NM_133222

NM_025997

M400006333
ARPS6 actin-related protein 6 homolog (yeast)
ATPase, Cu++ transporting, alpha polypeptide

RIKEN cDNA B230219D22 gene

SH3 binding domain protein 5 like

CKLF-like MARVEL transmembrane domain containing
5

M400017331

Olfactory receptor 434

Phospholipid scramblase 2

Makorin, ring finger protein, 1

Nuclear receptor subfamily 1, group D, member 2
M400010560

M400005488

M400001435

Four and a half LIM domains 1

Prion protein dublet

M300002054

M300002674

M300012771

TAR DNA binding protein

Olfactory receptor 1163

Cysteine and glycine-rich protein 2

Zinc finger protein 53

Solute carrier family 30 (zinc transporter), member 9
C-type lectin domain family 14, member a

Cyclin H

RIKEN cDNA 3110001A13 gene
RIKEN cDNA 2310047A01 gene
Unc-45 homolog B (C. elegans)
Heparan sulfate (glucosamine) 3-O-sulfotransferase 1

M400013871

Sorting nexin 4

M400007030

Heme binding protein 1

Deoxyuridine triphosphatase

EGF, latrophilin seven transmembrane domain
containing 1

RIKEN cDNA 2610204K14 gene

Actr6

Atp7a
B230219D22
Rik

Sh3bp5l

Cmtm5

Olfr434
Plscr2
Mkrn1
Nr1d2

Fhi1
Prnd

Tardbp
Olfr1163
Csrp2

Zfp53
Sic30a9
Clec14a
Ccnh
3110001A13
Rik

Unc45b
Hs3st1

Snx4

Hebp1
Dut

Eltd1
2610204K14
Rik
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M400013293
NM_022309

NM_011816
NM_145933
M400013621
M300013133
NM_174857
NM_010245
M400013195
NM_019989
NM_009761
NM_025566
M400001441
M300009088
NM_026182
NM_007706
M400014702
NM_026106
M400008242
NM_178734
NM_009222
M200005379
NM_028173
NM_009226
M400013325
XM_355498
NM_009041
NM_029505
NM_173756
M400001198
M400019245
NM_133238
NM_026416
NM_011333
NM_025835
NM_018796
M400018270
NM_010284
M400012933
M400008548
NM_053170
NM_026141
M400002949
NM_016978

M400013293

Core binding factor beta

GTPase activating protein (SH3 domain) binding
protein 2

Beta galactoside alpha 2,6 sialyltransferase 1
M400013621

M300013133

MAM domain containing 2

Friend virus susceptibility 4

M400013195

SH3-binding domain glutamic acid-rich protein like
BCL2/adenovirus E1B interacting protein 3-like
Tumor necrosis factor, alpha-induced protein 8-like 1
M400001441

M300009088

Mitochondrial fission regulator 1

Suppressor of cytokine signaling 2

M400014702

Down-regulator of transcription 1

M400008242

Zinc finger protein 473
Synaptosomal-associated protein 23
M200005379

Translocating chain-associating membrane protein 1
Small nuclear ribonucleoprotein D1
M400013325

predicted gene, OTTMUSG00000000231
Radixin

Adaptor-related protein complex 3, mu 2 subunit
Lin-52 homolog (C. elegans)

M400001198

M400019245

CD209a antigen

S100 calcium binding protein A16

Chemokine (C-C motif) ligand 2

Propionyl Coenzyme A carboxylase, beta polypeptide
Eukaryotic translation elongation factor 1 beta 2
M400018270

Growth hormone receptor

M400012933

M400008548

Tripartite motif-containing 33

Peptidylprolyl isomerase (cyclophilin)-like 4
M400002949

Ornithine aminotransferase

Cbfb

G3bp2
St6gal1

Mamdc2

Sh3bgrl
Bnip3l
Tnfaip8I1

Mtfr1
Socs2

Dr1

Zfp473
Snap23
Tram1
Snrpd1

Rdx
Ap3m2
Lin52

Cd209a
S100a16
Ccl2
Pccb
Eef1b2

Ghr

Trim33
Ppil4

Oat
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M200007993
NM_011873
NM_019770,
XM_486207
M400019412
M400014531
M400012996
NM_009173

NM_008709
NM_028106
M400014750

NM_177806
NM_028127
XM_134427
XM_141580

NM_009458
NM_023719,
XM_485282
NM_025814
NM_021398
NM_011865
XM_127025
NM_028151
NM_028058

NM_178756
M400008405
NM_030706
NM_010634
NM_019832
NM_026178
NM_172475
NM_027870,
XM_486012
NM_009037
NM_020295
NM_133225
NM_013488
NM_134033
NM_011702
M400013430
NM_008760

M200007993
DAZ associated protein 2

M400001162

M400019412

M400014531

M400012996

Seven in absentia 1B

V-myc myelocytomatosis viral related oncogene,
neuroblastoma derived (avian)

Zinc finger, BED domain containing 3
M400014750

PRP39 pre-mRNA processing factor 39 homolog
(yeast)

FERM domain containing 6

inositol polyphosphate-4-phosphatase, type Il
protein phosphatase 1, regulatory subunit 3D
Ubiquitin-conjugating enzyme E2B, RAD6 homology
(S. cerevisiae)

M200015455

Serpine1 mRNA binding protein 1

Solute carrier family 43, member 3

Poly(rC) binding protein 1

trafficking protein particle complex 6B

Superkiller viralicidic activity 2-like 2 (S. cerevisiae)
FUN14 domain containing 1

RIKEN cDNA E130309F12 gene

M400008405

Tripartite motif-containing 2

Fatty acid binding protein 5, epidermal

G kinase anchoring protein 1

Monocyte to macrophage differentiation-associated
FERM domain containing 4A

M200015235

Reticulocalbin 1

limb region 1

Acyl-Coenzyme A binding domain containing 3
CD4 antigen

Coiled-coil domain containing 117

Vasoactive intestinal polypeptide

M400013430

Osteoglycin

Dazap2

Siah1b

Mycn
Zbed3

Prpf39
Frmd6

Ube2b

Serbp1
Slc43a3
Pcbp1

Skiv2I2
Fundc1
E130309F12
Rik

Trim2
Fabp5
Gkap1
Mmd
Frmd4a

Rcn1

Acbd3
Cd4
Ccdc117
Vip

Ogn
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NM_172741
XM_140436
NM_144910,
NM_178854
XM_484500
NM_201362
M400015913
M400014810

NM_172772
XM_485480,
XM_485484,
XM_485490,
XM_485496,
XM_486109

M400013861

NM_146258
M200013058

NM_026271

XM_128751
NM_016719
NM_008317
M200009912
XM_130221
NM_022028
NM_020007
M400008452
M400018644
NM_133354
M400014371
M200007425
M400014847
NM_025359
NM_212445
M400014823
NM_016787
M400015284
M400013056
NM_028487
NM_008056
NM_013464

RIKEN cDNA 4931406P16 gene
mex3 homolog C (C. elegans)

M200005971
M400001999
Coiled-coil domain containing 68
M400015913
M400014810

RIKEN cDNA B230380D07 gene

M400012694
M400013861

StAR-related lipid transfer (START) domain containing

13
M200013058

RIKEN cDNA 1110018M03 gene

cysteine rich transmembrane BMP regulator 1 (chordin

like)

Growth factor receptor bound protein 14
Hyaluronoglucosaminidase 1

M200009912

tubulin tyrosine ligase-like family, member 11
Salvador homolog 1 (Drosophila)
Muscleblind-like 1 (Drosophila)
M400008452

M400018644

SMT3 suppressor of mif two 3 homolog 2 (yeast)
M400014371

M200007425

M400014847

Tetraspanin 13

KDEL (Lys-Asp-Glu-Leu) containing 2
M400014823

BCL2/adenovirus E1B interacting protein 1, NIP2
M400015284

M400013056

GC-rich promoter binding protein 1

Frizzled homolog 6 (Drosophila)
Aryl-hydrocarbon receptor

4931406P16
Rik

Ccdc68

B230380D07
Rik

Stard13

1110018M03
Rik

Grb14
Hyal1

Sav1
Mbnl1

Sumo2

Tspan13
Kdelc2

Bnip2

Gpbp1
Fzd6
Ahr
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M400007130
NM_026784
XM_203393
M200004573
M400014534
M400014595
NM_177296
NM_175465
M400006229

NM_019435
M400009087
NM_009057
NM_019711
NM_008528
NM_144793
M400004411
NM_016899
NM_207669

NM_010276
M400003522
M200011948
NM_025774
NM_133182
NM_011526
M400014539
NM_011550
NM_133837
XM_284543
NM_009745
NM_153536
NM_145927

NM_133873
NM_133348
M400017690
M400015865
NM_025282
M400005844

NM_018861
M400013418
M400017359
NM_027189

M400007130

Phosphomevalonate kinase

Proline-rich polypeptide 6

M200004573

M400014534

M400014595

Transportin 3

SEC14 and spectrin domains 1

M400006229

NADH dehydrogenase (ubiquinone) 1 beta
subcomplex, 11

M400009087

Recombination activating gene 1 activating protein 1
RNA binding motif, single stranded interacting protein 2
B-cell linker

Solute carrier family 25, member 38

M400004411

RAB25, member RAS oncogene family

GA repeat binding protein, beta 1

GTP binding protein (gene overexpressed in skeletal
muscle)

M400003522

M200011948

Prkr interacting protein 1 (IL11 inducible)

Protein arginine N-methyltransferase 2

Transgelin

M400014539

MAX-like protein X

Cell division cycle 123 homolog (S. cerevisiae)
exosome component 7

B-cell CLL/lymphoma 7B

ecotropic viral integration site 5 like
Farnesyltransferase, CAAX box, beta

DNA segment, Chr 4, Wayne State University 114,
expressed

Acyl-CoA thioesterase 7

M400017690

M400015865

Myocyte enhancer factor 2C

M400005844

Solute carrier family 1 (glutamate/neutral amino acid
transporter), member 4

M400013418

M400017359

Gem (nuclear organelle) associated protein 7

Pmvk
Prré

Tnpo3
Sestd1

Ndufb11

Rag1ap1
Rbms2
Bink
Slc25a38

Rab25
Gabpb1

Gem

Prkrip1
Prmt2
Tagin

Mix
Cdc123

Bcl7b

Fntb

Acot7

Mef2c

Sic1a4

Gemin7
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NM_133203
M300008291
M400018568

NM_013770
M400014697
M400018857
NM_019586
M400002686
M400016368
M400015374
NM_013718
NM_007421
XM_355643
NM_007748
M400018776
NM_025645
NM_212468
M400016882

NM_011920
M400008118
NM_198415
NM_011012
M400006285

NM_029522
NM_016742
NM_152808
XM_133399
XM_483932
NM_021514
M400012803
NM_019726
XM_134498
NM_021300
NM_134094

NM_201645
XM_488999
NM_010347
M400015088
NM_028672
M400006510
M400016889

Killer cell lectin-like receptor, subfamily A, member 17
M300008291

M400018568

Solute carrier family 25 (mitochondrial carrier,
dicarboxylate transporter), member 10
M400014697

M400018857

Ubiquitin-conjugating enzyme E2, J1
M400002686

M400016368

M400015374

Trafficking protein particle complex 3
Adenylosuccinate synthetase like 1

RIKEN cDNA 0610007L01 gene

Cytochrome ¢ oxidase, subunit VI a, polypeptide 1
M400018776

WD repeat domain 57 (U5 snRNP specific)
Single-stranded DNA binding protein 1
M400016882

ATP-binding cassette, sub-family G (WHITE), member
2

M400008118

Creatine kinase, mitochondrial 2

Opioid receptor-like 1

M400006285

G-protein signalling modulator 2 (AGS3-like, C.
elegans)

Cell division cycle 37 homolog (S. cerevisiae)
Solute carrier family 44, member 2
M400002228

predicted gene, EG432482
Phosphofructokinase, muscle

M400012803

G protein pathway suppressor 2

neuropilin (NRP) and tolloid (TLL)-like 2
Reproductive homeobox 4B

Neurocalcin delta

UDP glucuronosyltransferase 1 family, polypeptide
A6B

hypothetical protein A530017F20
Amino-terminal enhancer of split

M400015088

RIKEN cDNA 4930430E16 gene

M400006510

M400016889

Klra17

Slc25a10

Ube2j1

Trappc3
Adssl1

Cox6a1

Wdr57
Ssbp1

Abcg2

Ckmt2
Opri1

Gpsm2
Cdc37
Slc44a2

Pfkm
Gps2

Rhox4b
Ncald

Ugt1aba

Aes
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NM_198113
NM_008052
M400000696
M400009781
NM_022325
M400002426
M400009840

NM_133659
XM_126982
M400019078
NM_026732
NM_172714
NM_011509
NM_172746,
NM_172746
M400008517
M400013974
M400015702
NM_025311
NM_198649
XM_133021
AK017169
NM_019805
M300002605
M400018966
M400017047
NM_029313

NM_021437
NM_025628
XM_355323
XM_488239
NM_028816
NM_026551
M400009068
M400017150
NM_030887
NM_008851

NM_145220
NM_011354
M400000794
NM_027300,
NM_028647

Slingshot homolog 3 (Drosophila)

Deltex 1 homolog (Drosophila)

M400000696

M400009781

Cathepsin Z

M400002426

M400009840

Avian erythroblastosis virus E-26 (v-ets) oncogene
related

churchill domain containing 1

M400019078

Mitochondrial ribosomal protein L14

Lin-54 homolog (C. elegans)

Suppressor of Ty 4 homolog 1 (S. cerevisiae)

M300013785

M400008517

M400013974

M400015702

DNA segment, Chr 14, ERATO Doi 449, expressed
Actin binding LIM protein family, member 3
carboxypeptidase A2, pancreatic

Platelet derived growth factor, alpha
Anaphase promoting complex subunit 7
M300002605

M400018966

M400017047

chemokine-like factor

RIKEN cDNA 1700123020 gene

Cytochrome ¢ oxidase, subunit VIb polypeptide 1
DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 31
M400005993

Exportin 6

Dephospho-CoA kinase domain containing
M400009068

M400017150

Jun dimerization protein 2

Phosphatidylinositol membrane-associated 1
Adaptor protein, phosphotyrosine interaction, PH
domain and leucine zipper containing 2

Small EDRK-rich factor 2

M400000794

M300004994

Ssh3
Dtx1

Ctsz

Erg

Mrpl14
Lin54
Supt4h1

D14Ertd449e
Ablim3

Pdgfa
Anapc7

1700123020
Rik
Cox6b1

Xpob
Dcakd

Jdp2
Pitpnm1

Appl2
Serf2
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NM_033585
NM_024240
M200016354

NM_011266

NM_027022
NM_207547,
XM_485887
M400014400
M400017146
NM_009698

NM_010886
NM_028873
M400016313
NM_029357

NM_198650
XM_486159
M200000688

NM_172524
NM_007713
NM_018879
NM_053136
NM_025412
NM_173453
NM_175249
XM_134573
NM_020012
M400003298
NM_153513
NM_146075
M200012069
NM_001001
999,NM_010
327
M400007245
NM_145940
NM_145458
NM_145380
M400009855
M400014176
NM_153458

Protocadherin gamma subfamily A, 2

GINS complex subunit 4 (SId5 homolog)
M200016354

Regulatory factor X-associated ankyrin-containing
protein

CKLF-like MARVEL transmembrane domain containing

2A

M400009478

M400014400

M400017146

Adenine phosphoribosyl transferase

NADH dehydrogenase (ubiquinone) 1 alpha
subcomplex, 4

DnaJ (Hsp40) homolog, subfamily C, member 14
M400016313

Protocadherin 1

Solute carrier family 22 (organic anion transporter),

member 20
RIKEN cDNA 2310066E14 gene
M200000688

RIKEN cDNA 9530066K23 gene
CDC-like kinase 3

Tumor suppressor candidate 4
Protocadherin beta 11
Pyrroline-5-carboxylate reductase-like
Transmembrane protein 11
Prosaposin-like 1

dynein, cytoplasmic 1 light intermediate chain 2
Ring finger protein 14

M400003298

CDNA sequence BC028528

LEM domain containing 2
M200012069

M200003876

M400007245

WD repeat domain, phosphoinositide interacting 1
PX domain containing serine/threonine kinase
Eukaryotic translation initiation factor 3, subunit M
M400009855

M400014176

Olfactomedin 3

Pcdhga2
Gins4

Rfxank

Cmtm2a

Aprt

Ndufa4
Dnajc14

Pcdh1

Slc22a20

9530066K23
Rik

Clk3

Tusc4
Pcdhb11
Pycrl
Tmem11
Psapl1

Rnf14

BC028528
Lemd2

Wipi1
Pxk
Eif3m

OIfm3

1.7

1.9

2.1

1.7

1.7

- a
(o) e )le)]

N
()]

N
()]

- A
[o) o> e>Ne))

- a a A aa
(o) o> e >le)]

o oo

A A A aaaaaaaaaa
[o2le>Ne >le>le>Ne)Ne>le>Ne >N e) o) Mol e)]

Ao aaaaa
NNNNNNNO

Down



861

M200000888
M300017147
M400015445
NM_026246
XM_285682,
XM_487255
NM_146081

NM_028720
M400016199
NM_009012
NM_025911
NM_007805
NM_020509
M400015101
NM_009085
NM_011548
NM_009541
M400001836
M300005501
NM_008557
M400005589
M400006402
NM_010370

XM_355574
M400003854
M400018959
NM_010920
NM_177848
NM_028119
M400015783
M400018972
NM_011318
NM_021366
NM_025840
M400004479
NM_009515
NM_197985
NM_021522
M400008557
NM_146739
M400006293
NM_009054
NM_010097

M200000888
M300017147
M400015445
Mitochondrial ribosomal protein L49

M400006493
Protein phosphatase 4, regulatory subunit 1

RIKEN cDNA 3930401K13 gene
M400016199

RAD50 homolog (S. cerevisiae)

Coiled-coil domain containing 91
Cytochrome b-561

Resistin like alpha

M400015101

RNA polymerase 1-1

Transcription factor E2a

Zinc finger and BTB domain containing 17
M400001836

M300005501

FXYD domain-containing ion transport regulator 3
M400005589

M400006402

Granzyme A

guanine nucleotide binding protein (G protein), alpha
inhibiting 1

M400003854

M400018959

NK2 transcription factor related, locus 6 (Drosophila)
predicted gene, OTTMUSG00000015529
Damage specific DNA binding protein 2
M400015783

M400018972

Serum amyloid P-component

Kruppel-like factor 13

Basic leucine zipper and W2 domains 2
M400004479

Wiskott-Aldrich syndrome homolog (human)
Adiponectin receptor 2

Ubiquitin specific peptidase 14
M400008557

Olfactory receptor 502

M400006293

Tripartite motif-containing 27

SPARC-like 1 (mast9, hevin)

Mrpl49

Ppp4r1
3930401K13
Rik

Rad50
Ccdc91
Cyb561
Retnla

Rpo1-1
Tcfe2a
Zbtb17

Fxyd3

Gzma

Nkx2-6

Ddb2

Apcs
KIf13
Bzw2

Was
Adipor2
Usp14

OIfr502

Trim27
Sparcl1
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XM_137876
NM_013565
XM_130172
M200013778
NM_018783
NM_020583

NM_030597
M400013236
NM_008134

M400000465
XM_130322

M400009192
M400010215

NM_026000
NM_011150
NM_021500
XM_194241
NM_138302
NM_008497
M400018442
NM_008713
NM_053162

NM_138675
XM_128634
NM_134125
M400018324
NM_026242,
XM_484640
NM_147201
NM_019870

NM_139272
NM_080850

NM_177624
NM_008865
NM_009876
NM_198101
NM_011844
M300015333

NM_017374

gene model 252, (NCBI)

Integrin alpha 3

UDP-N-acteylglucosamine pyrophosphorylase 1-like 1
M200013778

Tuftelin interacting protein 11

Interferon-stimulated protein

LSM2 homolog, U6 small nuclear RNA associated (S.
cerevisiae)

M400013236

Glycosylation dependent cell adhesion molecule 1
M400000465

M300013611

M400009192

M400010215

Proteasome (prosome, macropain) 26S subunit, non-
ATPase, 9

Lectin, galactoside-binding, soluble, 3 binding protein
Macrophage erythroblast attacher

M-phase phosphoprotein 9

Thymidine phosphorylase

Luteinizing hormone beta

M400018442

Nitric oxide synthase 3, endothelial cell

Mitochondrial ribosomal protein L34

Mediator of RNA polymerase Il transcription, subunit 9
homolog (yeast)

solute carrier family 35, member B2

Thyroid hormone receptor interactor 10

M400018324

M300021114

Nuclear receptor binding protein 1
N-acetyltransferase ARD1 homolog (S. cerevisiae)
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 2

PAS domain containing serine/threonine kinase

RIKEN cDNA A430083B19 gene

Prolactin family 3, subfamily b, member 1
Cyclin-dependent kinase inhibitor 1C (P57)
Geme-interacting protein

Monoglyceride lipase

M300015333

Protein phosphatase 2 (formerly 2A), catalytic subunit,
beta isoform

Itga3

Tfip11
1sg20

Lsm2

Glycam1

Psmd9
Lgals3bp
Maea

Tymp
Lhb

Nos3
Mrpl34

Med9

Trip10

Nrbp1
Ard1

Galnt2

Pask
A430083B19
Rik

Pri3b1
Cdkn1c
Gmip

Mgll

Ppp2cb
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NM_177096
M200008549
NM_010845
NM_181594
NM_053197
NM_007668
M400006016
NM_026971,
NM_198831
NM_008511

NM_029601
M400009117
NM_024249

XM_355952
M400017065
NM_146962
NM_172149
NM_008695
NM_173867

NM_030240
NM_016777
NM_013520

NM_019458
NM_130873
M300017046
M400018616
NM_011986
NM_028188
NM_145993
NM_174866
NM_022009
NM_025533
NM_026518
NM_153744,
NM_153745
NM_016736
NM_029789
NM_010693
NM_026765
XM_132434

RIKEN cDNA B430203M17 gene
M200008549

major urinary protein 3

Enhancer of mMRNA decapping 4
Sideroflexin 3

Cyclin-dependent kinase 5
M400006016

M400001307
Lymphoid-restricted membrane protein

RIKEN cDNA 1700019E19 gene
M400009117
Solute carrier family 38, member 10

RIKEN cDNA 6330417G02 gene

M400017065

Olfactory receptor 541

BCL2/adenovirus E1B interacting protein 1, NIP1
Nidogen 2

Regulator of chromosome condensation 2

RIKEN cDNA 2900092E17 gene

Nuclear autoantigenic sperm protein (histone-binding)
FMS-like tyrosine kinase 3 ligand

Paf1, RNA polymerase Il associated factor, homolog
(S. cerevisiae)

Keratin associated protein 16-4

M300017046

M400018616

Neurochondrin

RUN and SH3 domain containing 1

L(3)mbt-like 2 (Drosophila)

Kallikrein related-peptidase 14

Flightless | homolog (Drosophila)

Nitric oxide synthase interacting protein

Ring finger protein 146

M400000133

Negative regulator of ubiquitin-like proteins 1
LAG1 homolog, ceramide synthase 2
Lymphocyte protein tyrosine kinase
Uridine-cytidine kinase 1-like 1

RIKEN cDNA 0910001L09 gene

B430203M17
Rik

Edc4
Sfxn3
Cdk5

Lrmp
1700019E19
Rik

Slc38a10
6330417G02
Rik

Olfr541
Bnip1

Nid2

Rcc2
2900092E17
Rik

Nasp

Flt3I

Paf1
Krtap16-4

Ncdn
Rusc1
L3mbtl2
Klk14
Flii
Nosip
Rnf146

Nub1
Lass2
Lck
Uckl1
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NM_013853
M400002859
M400018170
NM_008894
M400007709
NM_011662
NM_134229
NM_145492,
NM_181326

NM_183278
M400004379
M400018266
NM_026639

NM_008916
M400016680

NM_027222
NM_175198
NM_001004
361
NM_007791
NM_008909,
XM_489504
NM_011907
NM_026960
NM_007563
M300000830

NM_013821
NM_021505
XM_126071

NM_153136
M400012849
NM_178186,
NM_178187,
NM_178188,
NM_178189
NM_207175
NM_010249
NM_183130
NM_009139

ATP-binding cassette, sub-family F (GCN20), member
2

M400002859

M400018170

Polymerase (DNA directed), delta 2, regulatory subunit
M400007709

TYRO protein tyrosine kinase binding protein
Vomeronasal 1 receptor, E10

M200008272

RIKEN cDNA 2200001115 gene
M400004379

M400018266
ADP-ribosyltransferase 4

Putative phosphatase
M400016680

RIKEN cDNA 2010001M09 gene
Prospero homeobox 2

RIKEN cDNA 5730494M16 gene
Cysteine and glycine-rich protein 1

M200002901

Three prime repair exonuclease 2

Gasdermin D

2,3-bisphosphoglycerate mutase

M300000830

Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and
steroid delta-isomerase 6

Anaphase-promoting complex subunit 5

RIKEN cDNA 2310022M17 gene

Nudix (nucleoside diphosphate linked moiety X)-type
motif 18

M400012849

M400012458

Olfactory receptor 239

GA repeat binding protein, beta 1
RIKEN cDNA 4930451E10 gene
Chemokine (C-C motif) ligand 6

Abcf2

Pold2

Tyrobp
V1re10

2200001115
Rik

Art4

RP23-
136K12.4

2010001M09
Rik

Prox2
5730494M16
Rik

Csrp1

Trex2
Gsdmd
Bpgm

Hsd3b6
Anapch

Nudt18

Olfr239
Gabpb1

Ccl6
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NM_010453 Homeo box A5 Hoxa5 - - - - 1.9 Up
NM_011595  Tissue inhibitor of metalloproteinase 3 Timp3 - - 22 Up 1.9 Up
NM_012021 Peroxiredoxin 5 Prdx5 - - 1.8 Up 1.9 Up
M300001777 M300001777 - - - - - 19 Up
NM_013638  Protamine 3 Prm3 - - - - 1.9 Down
NM_020011,
NM_203280  M200004833 - - - - - 19 Up
M400016716 M400016716 - - - - - 1.9 Down
1110012M11
NM_028617  RIKEN cDNA 1110012M11 gene Rik - - - - 19 Up
NM_016753  Latexin Lxn - - - - 1.9 Up
XM_488860  M400013873 - - - - - 1.9 Down
M400015707 M400015707 - - - - - 1.9 Down
NM_028041 DEAD (Asp-Glu-Ala-Asp) box polypeptide 54 Ddx54 - - - - 1.9 Up
Caseinolytic peptidase, ATP-dependent, proteolytic
NM_017393  subunit homolog (E. coli) Clpp - - 1.7 Up 1.9 Up
NM_030024  Proline rich 15 Prr15 - - 1.6 Down 1.9 Down
M400017641 M400017641 - - - - - 1.9 Down
NM_009792  Calcium/calmodulin-dependent protein kinase Il alpha Camk2a - - - - 1.9 Down
XM_122081 Predicted gene, EG216185 EG216185 - - - - 19 Up
NM_016698 Ring finger protein 10 Rnf10 - - 1.9 Up 1.9 Up
M300016996 M300016996 - - - - - 1.9 Down
M400017190 M400017190 - - - - - 1.9 Down
NM_133662 Immediate early response 3 ler3 - - 21 Up 1.9 Up
NM_020603 WD repeat domain 46 Wdr46 - - - - 1.9 Up
NM_146374  Olfactory receptor 368 OIfr368 - - - - 1.9 Down
NM_026896  Mediator complex subunit 27 Med27 - - 1.7 Up 1.9 Up
M300001561 M300001561 - - - 21 Up 19 Up
M200006146 M200006146 - - - - - 19 Up
M400013175 M400013175 - - - - - 1.9 Down
NM_008394 Interferon regulatory factor 9 Irf9 - - - - 1.9 Up
CTD (carboxy-terminal domain, RNA polymerase II,
NM_146012  polypeptide A) small phosphatase 2 Ctdsp2 - - - - 19 Up
XM_127742 oxidase assembly 1-like - - - - - 1.9 Up
NM_011309  S100 calcium binding protein A1 S100a1 - - - - 1.9 Up
Nuclear factor of kappa light polypeptide gene
NM_019408  enhancer in B-cells 2, p49/p100 Nfkb2 - - - - 1.9 Up
XM_133543 A kinase (PRKA) anchor protein 13 - - - - - 1.9 Down
M400019334 M400019334 - - - - - 1.9 Down
0610007C21
NM_212470  RIKEN cDNA 0610007C21 gene Rik - - 1.5 Up 19 Up
NM_017376,
NM_153484  M200003750 - - - 27 Up 19 Up
NM_033077  DNA segment, Chr 1, Pasteur Institute 1 D1Pas1 - - - - 1.9 Down
M400014708 M400014708 - - - - - 1.9 Down
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NM_011895
M300013212
M400013532
M400013820
NM_013919
NM_146362
NM_024250

XM_136911
M400003221
M400019250
NM_013613
NM_001003
405
NM_028250
NM_198105
NM_018771
M200007631
NM_175209
NM_030693
NM_011526
M400014714
M200006797
NM_009066
M400005453
M400017242
NM_133699
NM_010443

NM_023363
NM_178112
NM_026811
NM_207568
NM_024177

NM_028018
NM_001003
946
M400006973
M400016663
NM_207262
M400009852
M400010672
NM_007434

Solute carrier family 35 (CMP-sialic acid transporter),
member 1

M300013212

M400013532

M400013820

Ubiquitin specific peptidase 21

Olfactory receptor 1312

PHD finger protein 10

pleckstrin homology domain containing, family G (with

RhoGef domain) member 1

M400003221

M400019250

Nuclear receptor subfamily 4, group A, member 2

RIKEN cDNA 1810049H19 gene
Acyl-Coenzyme A binding domain containing 6
RIKEN cDNA A230072E10 gene

GIPC PDZ domain containing family, member 1
M200007631

RIKEN cDNA A730049H05 gene

Activating transcription factor 5

Transgelin

M400014714

M200006797

Ring finger protein 1

M400005453

M400017242

ATPase, H+ transporting, lysosomal V1 subunit C2
Heme oxygenase (decycling) 2

RIKEN cDNA 2810426N06 gene
Integrator complex subunit 8

Late cornified envelope 1E
Olfactory receptor 1252
Mitochondrial ribosomal protein L38

RIKEN cDNA 2400003C14 gene

Amyotrophic lateral sclerosis 2 (juvenile) chromosome

region, candidate 13 (human)
M400006973

M400016663

Androgen binding protein epsilon
M400009852

M400010672

Thymoma viral proto-oncogene 2

Slc35a1

Usp21
Olfr1312
Phf10

Nr4a2
1810049H19
Rik

Acbd6
ORF34
Gipc1

Atf5
Tagin

Ring1

Atpbv1ic2
Hmox2
2810426N06
Rik

Ints8

Lcele
Olfr1252
Mrpl38
2400003C14
Rik

Als2cr13

Abpe

Akt2
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XM_486652
NM_021354
M400006271
M300009610
XM_488375
M400012785
NM_175196

NM_198020
NM_020006
NM_016974
NM_019798
M400017530
NM_029804
M400016674
NM_009713

NM_008144
NM_028679
M400007471
M400012774
NM_011363
NM_015735
NM_024191
M400015498
M400014619
NM_009135
M400018978
NM_173047
XM_139711
XM_150405
M300007351
M300008602
NM_146558
NM_028777
M400013854
NM_138309
M400010484
M400009353

NM_008910
NM_008951

NM_015797
NM_130884

M400009713

Developmentally regulated GTP binding protein 2
M400006271

M300009610

M400002717

M400012785

RIKEN cDNA 1700041G16 gene

TRM1 tRNA methyltransferase 1 homolog (S.
cerevisiae)

CDCA42 effector protein (Rho GTPase binding) 4
D site albumin promoter binding protein
Phosphodiesterase 4A, cAMP specific
M400017530

Heterogeneous nuclear ribonucleoprotein M
M400016674

Arylsulfatase A

Bernardinelli-Seip congenital lipodystrophy 2 homolog

(human)

Interleukin-1 receptor-associated kinase 3
M400007471

M400012774

SH2B adaptor protein 1

Damage specific DNA binding protein 1
ADP-ribosylation factor-like 2 binding protein
M400015498

M400014619

Sodium channel, voltage-gated, type VII, alpha
M400018978

Carbonyl reductase 3

AT rich interactive domain 1B (Swi1 like)
RIKEN cDNA 1600025M17 gene
M300007351

M300008602

Olfactory receptor 866

SEC14-like 1 (S. cerevisiae)
M400013854

Cd99 antigen-like 2

M400010484

M400009353

Protein phosphatase 1A, magnesium dependent, alpha

isoform

Proteasome (prosome, macropain) 26S subunit, non-

ATPase, 4
F-box protein 6
Isocitrate dehydrogenase 3 (NAD+) beta

Trmt1
Cdc42ep4
Dbp
Pdeda

Hnrnpm

Arsa

Bscl2
Irak3

Sh2b1
Ddb1
Arl2bp

Scn7a

Cbr3

Olfr866
Sec1411

Cd99i2

Ppm1a

Psmd4
Fbxo6
Idh3b

1.8

1.9
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M200003437
M400000438

NM_024459
NM_001002
011,NM_019
390
M400009069
NM_146502
NM_172307
NM_026768
NM_013581
XM_128129
NM_009137
M400000085
NM_001005
511
NM_022428
M400018401
NM_198864
M400017404
NM_172928
M400006083
M400015183
M400018912
NM_011366
NM_019584
M300006331
M400012696
NM_027498

NM_026787
NM_009980
NM_011829
M400017268
NM_007834

NM_026739
AF247559

NM_176910
NM_011488
NM_148928
NM_030611

NM_172145

M200003437

M400000438

Protein phosphatase 3, regulatory subunit B, alpha
isoform (calcineurin B, type I)

M300005919
M400009069
Olfactory receptor 328

Membrane-bound transcription factor peptidase, site 2

Mitochondrial ribosomal protein S18A
Component of oligomeric golgi complex 1
DENN/MADD domain containing 3
Chemokine (C-C motif) ligand 22
M400000085

Lemur tyrosine kinase 3

Iroquois related homeobox 6 (Drosophila)
M400018401

SLIT and NTRK-like family, member 3
M400017404

Doublecortin-like kinase 3
M400006083

M400015183

M400018912

Sorbin and SH3 domain containing 3
Beclin 1, autophagy related
M300006331

M400012696

CDNA sequence BC033915

RIKEN cDNA 1110012L19 gene
C-terminal binding protein 2

Inosine 5-phosphate dehydrogenase 1
M400017268

Down syndrome critical region gene 3

RIKEN cDNA 9530077C05 gene

TIM (TRIOSEPHOSPHATE ISOMERASE)

RIKEN cDNA D930031A20 gene

Signal transducer and activator of transcription 5A
General transcription factor IIIC, polypeptide 5
Aldo-keto reductase family 1, member C6

RIKEN cDNA 2610027C15 gene

Ppp3r1

Olfr328
Mbtps2
Mrps18a
Cog1

Ccl22

Lmtk3
Irx6

Slitrk3

Dclk3

Sorbs3
Becn1

BC033915
1110012L19
Rik

Ctbp2
Impdh1

Dscr3
9530077C05
Rik

TIM

Stat5a
Gtf3c5
Akr1c6
2610027C15
Rik
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NM_019705
M300006974
NM_026877,
NM_198223
M400003397
NM_145376
NM_013674

NM_025616
M400008524
M400018332
NM_172945
M300000151
NM_024227
NM_031184

NM_146114
NM_026436
NM_019877
M400016336
M400018829
NM_013839
NM_024263
NM_019704
NM_025644
M400019376
NM_021882
NM_012053
NM_007636
NM_134209
NM_011293
NM_021423
M400009262
NM_153057
M400016104
NM_011588
XM_486686
NM_024465

NM_028228
M400015089
NM_001005

523,NM_001
005525,NM_
025438

RanBP-type and C3HC4-type zinc finger containing 1
M300006974

M200009391

M400003397

Lysophosphatidylcholine acyltransferase 1
Interferon regulatory factor 4

Translocase of inner mitochondrial membrane 50
homolog (yeast)

M400008524

M400018332

Ankyrin repeat domain 13b

M300000151

Mitochondrial ribosomal protein L28

GLIS family zinc finger 2

DNA cross-link repair 1C, PSO2 homolog (S.
cerevisiae)

Transmembrane protein 86A

Coatomer protein complex, subunit zeta 2
M400016336

M400018829

Nuclear receptor subfamily 1, group H, member 3
Matrix-remodelling associated 8
Transmembrane protein 115

Exosome component 1

M400019376

Silver

Ribosomal protein L8

Chaperonin subunit 2 (beta)

Vomeronasal 1 receptor, G8

Polymerase (RNA) Il (DNA directed) polypeptide J
SH3/ankyrin domain gene 3

M400009262

Nodal modulator 1

M400016104

Tripartite motif-containing 28

predicted gene, EG434782

Abhydrolase domain containing 12

RIKEN cDNA 2610028A01 gene
M400015089

M400001164

Rbck1

Lpcat1
Irf4

Timm50

Ankrd13b

Mrpl28
Glis2

Tmem86a
Copz2

Nr1h3
Mxra8
Tmem115
Exosc1

Si

Rpl8
Cct2
V1rg8
Polr2j
Shank3

Nomo1
Trim28

Abhd12
2610028A01
Rik
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NM_146391
M400016288
M400005428

NM_183126
XM_146963
NM_008546
NM_011325
NM_010387,
NM_010388
NM_011777
NM_153792
NM_007457
M400008541
M400013780
M400009846
NM_008749
M400000739
NM_175012
M300011306
M400014056
NM_011870
M400013901
NM_009798
M400005976
M400012714
NM_024206
NM_009478
M400018689

NM_134116
NM_139229
M400016692
M400017814
M400019038
NM_026542
NM_147016

NM_029354
NM_019475
XM_484610
NM_019722
NM_022813
NM_013753
NM_178743

Olfactory receptor 1058
M400016288
M400005428

RIKEN cDNA 6030498E09 gene
RIKEN cDNA C530008M07 gene
Microfibrillar-associated protein 2
Sodium channel, nonvoltage-gated 1 beta

M300010992

Zyxin

Tnf receptor-associated factor 7
Adaptor protein complex AP-1, sigma 1
M400008541

M400013780

M400009846

Nucleobindin 1

M400000739

Gastrin releasing peptide

M300011306

M400014056

Calcium and integrin binding 1 (calmyrin)
M400013901

Capping protein (actin filament) muscle Z-line, beta

M400005976

M400012714

SEC13 homolog (S. cerevisiae)
Uroporphyrinogen decarboxylase
M400018689

G-protein signalling modulator 3 (AGS3-like, C.

elegans)

Component of oligomeric golgi complex 8
M400016692

M400017814

M400019038

Solute carrier family 25, member 39
Olfactory receptor 1049

RIKEN cDNA 2410018G20 gene
Olfactory receptor 157

M300013117

ADP-ribosylation factor-like 2
Secretory carrier membrane protein 2
CDNA sequence X99384

Solute carrier family 26, member 11

Olfr1058

6030498E09
Rik

Mfap2
Scnn1b

Zyx
Traf7
Ap1s1

Nucb1

Grp

Cib1

Capzb

Sec13
Urod

Gpsm3
Cog8

Slc25a39
OIfr1049
2410018G20
Rik

Olfr157

Arl2
Scamp2
X99384
Slc26a11
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NM_023372
NM_177845
NM_177201
M400016888
NM_033592
NM_013648

NM_010009

NM_009685
M400016644
M400012344
NM_019489
NM_020595
NM_023912
M300009505
M300011420

NM_013746
NM_019755
XM_484886
NM_177005
NM_026027
NM_011032
NM_011727
NM_009336
NM_026275
NM_028021
NM_011546
NM_007743
XM_112440
NM_008062
M400015348
NM_178637
NM_001005
767
M300004135
M400019414
M400019358
XM_484464
M400010190
NM_030561
M200006698
NM_011341
M400018610

Ribosomal protein L38

Phospholipase A2, group IVE

PHD finger protein 8

M400016888

Protocadherin gamma subfamily A, 10

Reticulon 2 (Z-band associated protein)
Cytochrome P450, family 27, subfamily b, polypeptide
1

Amyloid beta (A4) precursor protein-binding, family B,
member 1

M400016644

M400012344

Peptidylprolyl isomerase E (cyclophilin E)
Otoraplin

SCY1-like 1 (S. cerevisiae)

M300009505

M300011420

Pleckstrin homology domain containing, family B
(evectins) member 1

Proteolipid protein 2

predicted gene, EG433328

Glycosyltransferase 1 domain containing 1
Prefoldin 1

Prolyl 4-hydroxylase, beta polypeptide

X-linked lymphocyte-regulated 3C

Vacuolar protein sorting 72 (yeast)
Ubiquitin-conjugating enzyme E2R 2

Myosin, heavy polypeptide 14

Zinc finger E-box binding homeobox 1

Collagen, type |, alpha 2

heparan sulfate (glucosamine) 3-O-sulfotransferase 2
Glucose-6-phosphate dehydrogenase X-linked
M400015348

HIV-1 tat interactive protein, homolog (human)

Presenilin associated, rhomboid-like
M300004135

M400019414

M400019358

predicted gene, EG432950
M400010190

CDNA sequence BC004004
M200006698

Stromal cell derived factor 4
M400018610

Rpl38
Pla2g4e
Phf8

Pcdhga12
Rtn2

Cyp27b1

Apbb1

Ppie
Otor
Scyl1

Plekhb1
Plp2

Glt1d1
Pfdn1
P4hb
Xlr3c
Vps72
Ube2r2
Myh14
Zeb1
Col1a2

G6pdx
Htatip

Parl

BC004004

Sdf4
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M300005580
NM_011707
NM_011526
M200008749
NM_008094
M400010606
M400013604
XM_128698
XM_207079
NM_011379
NM_008768
M300008208
NM_153555
NM_182991
NM_023314
NM_027817
NM_018737
NM_130856
NM_010575
M400014987
NM_134227
NM_026964
M400014965
M400013698
NM_028320
NM_029791
NM_010233
M400015386
M400009816
NM_021549
NM_145524
NM_207576

NM_025313
NM_019396
M400015982
XM_485950
NM_008049
NM_026316
M400012965
M400016362
NM_207207
NM_008185
M400018806
NM_032398

M300005580

Vitronectin

Transgelin

M200008749

Glucosidase, beta, acid

M400010606

M400013604

RAN binding protein 3

M200003595

Signal-induced proliferation associated gene 1
Orosomucoid 1

M300008208

WD repeat domain 42A
Transmembrane protein 59-like
Eukaryotic translation initiation factor 4E member 2
GRB2-related adaptor protein

Cytidine 5-triphosphate synthase 2
Keratin associated protein 16-8

Integrin alpha 2b

M400014987

Vomeronasal 1 receptor, K1

Coiled-coil domain containing 124
M400014965

M400013698

Adiponectin receptor 1

Bicaudal D homolog 2 (Drosophila)
Fibronectin 1

M400015386

M400009816

Polynucleotide kinase 3- phosphatase
Methyltransferase like 8

Olfactory receptor 1514

ATP synthase, H+ transporting, mitochondrial F1
complex, delta subunit

Cysteine and histidine rich 1
M400015982

M400007895

Ferritin light chain 2

Aldehyde dehydrogenase 3 family, member B1
M400012965

M400016362

Mitochondrial ribosomal protein S26
Glutathione S-transferase, theta 1
M400018806

Plasmalemma vesicle associated protein

Vin
Tagin

Gba

Sipa1
Orm1

Wdr42a
Tmem59I
Eif4e2
Grap
Ctps2
Krtap16-8
ltga2b

V1rk1
Ccdc124

Adipor1
Bicd2
Fn1

Pnkp
Mettl8
Olfr221

Atp5d
Cyhr1

Fti2
Aldh3b1

Mrps26
Gstt1

Plvap

1.8
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NM_019909

NM_025598
NM_008640
M400014364
NM_001001
805
M400017845
M400019304

NM_011417
NM_144941
M400012913
M400014780
NM_054038
NM_019913

NM_025334
NM_011434
NM_015749
M400015270
NM_007749
M400003897
XM_205477
M400017096
NM_008233
NM_013833
NM_009415
NM_009720
XM_282920
NM_018740
M400017102
NM_177300
NM_025347
M400018386

NM_027609
XM_129647
M400018134
NM_011637

NM_027141
NM_021713
NM_144927
NM_007904

M400011342

RIKEN cDNA 2700038C09 gene
Lysosomal-associated protein transmembrane 4A
M400014364

Olfactory receptor 576

M400017845

M400019304

SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily a, member 4
Microtubule-associated protein 7 domain containing 1
M400012913

M400014780

Secretoglobin, family 3A, member 2

Thioredoxin 2

Thioredoxin domain containing 12 (endoplasmic
reticulum)

Superoxide dismutase 1, soluble

Transcobalamin 2

M400015270

Cytochrome ¢ oxidase, subunit Vlic

M400003897

RIKEN cDNA 6330545A04 gene

M400017096

Hepatoma-derived growth factor, related protein 2
Retina and anterior neural fold homeobox
Triosephosphate isomerase 1

ATX1 (antioxidant protein 1) homolog 1 (yeast)
polymerase (RNA) II (DNA directed) polypeptide E
Retinoic acid induced 12

M400017102

RIKEN cDNA B130040020 gene

Yippee-like 3 (Drosophila)

M400018386

Spermatogenesis associated glutamate (E)-rich protein
4f

glutamyl-prolyl-tRNA synthetase

M400018134

Three prime repair exonuclease 1

SplA/ryanodine receptor domain and SOCS box
containing 3

Melanocyte proliferating gene 1

CDNA sequence BC019943

Endothelin receptor type B

2700038C09
Rik
Laptm4a

Olfr576

Smarca4
Mtap7d1

Scgb3a2
Txn2

Txndc12
Sod1
Tcn2
Cox7c

Hdgfrp2
Rax
Tpi1
Atox1

Rai12

Ypel3

Speer4f

Trex1

Spsb3
Myg1
BC019943
Ednrb

W=
oOOoONO®

Up
Up
Down
Down

Down
Down



%4

NM_025804
M400003361
NM_145070
M400009984
M400016877
M400000341
NM_016906
NM_018756
NM_011709
NM_144913
NM_174996
M400013736
NM_011956
NM_023871
M400014442

NM_011968
NM_019673
NM_021281
XM_148073,
XM_358847
XM_130703
NM_153420
M400002193
NM_011526
M400015817
M400009775
XM_126252
M400000745
NM_026304
NM_013610
NM_172120
NM_010390
NM_009100
NM_008997
NM_021502
M400010410
M400019231
XM_204283
M400014002
M400018164
M400006317
NM_019910
NM_008212
NM_181517

Transcription factor 25 (basic helix-loop-helix)
M400003361

Huntingtin interacting protein 1 related
M400009984

M400016877

M400000341

Sec61 alpha 1 subunit (S. cerevisiae)
2-cell-stage, variable group, member 1

Whey acidic protein

Methylphosphate capping enzyme

DNA segment, Chr 4, ERATO Doi 22, expressed
M400013736

Nucleotide binding protein 2

SET translocation

M400014442

Proteasome (prosome, macropain) subunit, alpha type
6

Actin-like 6A
Cathepsin S

M400000601

zinc finger, NFX1-type containing 1

Acid phosphatase-like 2

M400002193

Transgelin

M400015817

M400009775

trafficking protein particle complex 1
M400000745

Lethal, Chr 7, Rinchik 6

Ninjurin 1

Vacuolar protein sorting 41 (yeast)
Histocompatibility 2, Q region locus 1
Repetin

RAB11B, member RAS oncogene family
Trafficking protein particle complex 2-like
M400010410

M400019231

palladin, cytoskeletal associated protein
M400014002

M400018164

M400006317

Demilune cell and parotid protein 1
Hydroxyacyl-Coenzyme A dehydrogenase
Importin 7

Tef25
Hip1r

Sec61a1
Testv1
Wap
Mepce
D4Ertd22e

Nubp2
Set

Psma6
Actl6a
Ctss

Acpl2
Tagin

I7Rn6
Ninj1
Vps41
H2-K1
Rptn
Rab11b
Trappc2l

1.6
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NM_019542
M400000335
NM_008842
M400019420

NM_008689
NM_010119
M400015185
NM_133916
NM_013492
NM_007574
NM_026428

NM_016933
NM_025654
NM_016873

NM_030152
NM_178577

NM_011340
M400013670
NM_175027
M400019382
NM_008816
NM_213733
NM_026859
M400006453
NM_009081
NM_013811
NM_177343

NM_011625
M400012862
NM_145541
M400008090
M300003896
NM_011842
NM_199012
XM_283480
M400016993

NM_023168
NM_007725
M400014947

N-acetylglucosamine kinase

M400000335

Proviral integration site 1

M400019420

Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1, p105

EH-domain containing 1

M400015185

Eukaryotic translation initiation factor 3, subunit B
Clusterin

Complement component 1, g subcomponent, C chain
Dicarbonyl L-xylulose reductase

Protein tyrosine phosphatase, receptor type, C
polypeptide-associated protein

RAD52 motif 1

WNT1 inducible signaling pathway protein 2
Nucleolar protein 3 (apoptosis repressor with CARD
domain)

Transmembrane protein 205

Serine (or cysteine) peptidase inhibitor, clade F,
member 1

M400013670

Fanconi anemia, complementation group B
M400019382

Platelet/endothelial cell adhesion molecule 1
Aminopeptidase-like 1

MAF1 homolog (S. cerevisiae)

M400006453

Ribosomal protein L28

Dynein, axonemal, heavy chain 8
Calcium/calmodulin-dependent protein kinase ID
Protein phosphatase 1, regulatory (inhibitor) subunit
13B

M400012862

RAS-related protein-1a

M400008090

M300003896

Metastasis-associated gene family, member 2
FCH and double SH3 domains 2

HEAT repeat containing 5B

M400016993

Glutamate receptor, ionotropic, N-methyl D-aspartate-
associated protein 1 (glutamate binding)
Calponin 2

M400014947

Nagk

Pim1

Nfkb1
Ehd1

Eif3b
Clu

C1iqc
Dcxr

Ptprcap
Rdm1
Wisp2

Nol3
Tmem205

Serpinf1

Fancb
Pecam1
Npepl1
Maf1

Rpl28
Dnahc8
Camk1d

Ppp1r13b

Rap1a

Mta2
Fchsd2

Grina
Cnn2

22

2.5

1.7

2.5

23

1.9

Down

Up
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NM_177785
M400002596

NM_008014
NM_053071
NM_146606
XM_357498
NM_194347
NM_007744
NM_147779
NM_010686
M400018290

NM_023483
NM_010386
M400017618
NM_025424
NM_054077
NM_027219

NM_199197
NM_013706
M400000459
M400016871
NM_175505
NM_008525
NM_010489
NM_207025
NM_031178
M400006098
NM_025624
XM_484732
M400003019
NM_007637
XM_194000
M400018833
NM_024457
M400009817
M400018579
NM_009964
NM_025396
NM_134155
M400001783
NM_025344
NM_027196

CDNA sequence BC049635
M400002596

Protein phosphatase 1G (formerly 2C), magnesium-

dependent, gamma isoform

Cytochrome ¢ oxidase, subunit Vic

Olfactory receptor 24

vomeronasal 2, receptor 16

CDNA sequence AY358078
Catechol-O-methyltransferase

Surfactant associated protein B
Lysosomal-associated protein transmembrane 5
M400018290

RIKEN cDNA 1110032A03 gene
Histocompatibility 2, class Il, locus DMa
M400017618

Neuron derived neurotrophic factor

Proline arginine-rich end leucine-rich repeat
CDCA42 effector protein (Rho GTPase binding) 1

RIKEN cDNA 1110032A13 gene
CD52 antigen

M400000459

M400016871

RIKEN cDNA gene D630044L22 gene
Aminolevulinate, delta-, dehydratase
Hyaluronoglucosaminidase 2

Taste receptor, type 2, member 123
Toll-like receptor 9

M400006098

Proteasome maturation protein
predicted gene, EG433184
M400003019

Chaperonin subunit 5 (epsilon)

RIKEN cDNA 9630050M13 gene
M400018833

RAS related protein 1b

M400009817

M400018579

Crystallin, alpha B
6-phosphogluconolactonase

Breast cancer metastasis-suppressor 1
M400001783

Eukaryotic translation initiation factor 3, subunit F
Polymerase (DNA-directed), delta 4

BC049635

Ppm1g
Cox6c
Olfr24

AY358078
Comt
Sftpb
Laptm5

1110032A03
Rik
H2-DMa

Nenf

Prelp
Cdc42ep1
1110032A13
Rik

Cd52

Alad
Hyal2
Tas2r123
TIr9

Pomp

Cctb5

Rap1b

Cryab
Pgls
Brms1

Eif3f
Pold4

3.5
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M400014267
M400018133
NM_175422

M300013400

NM_011874

NM_134129
NM_011239
M400014003
M400017196
NM_007835
NM_009342
NM_026695
NM_025637
NM_010015
NM_134236
M400016794
NM_007693
NM_008879
M400008580
NM_008450
NM_017467
NM_025289
NM_027151
NM_207105

NM_023247
NM_013595
M400016354
NM_011930
NM_010202
XM_356994
M400001295
NM_025842
NM_133666
NM_011315
NM_010742
NM_010705
NM_010189
M400016735

NM_201353
XM_128001
M400008511

M400014267

M400018133

RIKEN cDNA 4631423B10 gene

M300013400

Proteasome (prosome, macropain) 26S subunit,
ATPase, 4

PRP19/PS04 pre-mRNA processing factor 19 homolog
(S. cerevisiae)

DiGeorge syndrome critical region gene 8
M400014003

M400017196

Dynactin 1

Dynein light chain Tctex-type 1

Electron transferring flavoprotein, beta polypeptide
RWD domain containing 3

defender against cell death 1

Vomeronasal 1 receptor, H11

M400016794

Chromogranin A

Lymphocyte cytosolic protein 1

M400008580

Kinesin light chain 1

Zinc finger protein 316

Transforming growth factor beta regulated gene 1
Dynactin 2

Histocompatibility 2, class Il antigen A, beta 1

RIKEN cDNA 4733401H18 gene

Methyl-CpG binding domain protein 3
M400016354

Chloride channel 7

Fibroblast growth factor 4

predicted gene, EG383341

M400001295

Vacuolar protein sorting 28 (yeast)

NADH dehydrogenase (ubiquinone) flavoprotein 1
Serum amyloid A 3

Lymphocyte antigen 6 complex, locus D

Lectin, galactose binding, soluble 3

Fc receptor, IgG, alpha chain transporter
M400016735

Solute carrier family 6 (neurotransmitter transporter, L-
proline), member 7

GPl-anchored HDL-binding protein 1
M400008511

Psmc4

Prpf19
Ranbp1

Dctn1
Dynit1
Etfb
Rwdd3

V1rh11

Chga
Lcp1

Klc1

Zfp316
Tbrg1

Dctn2
H2-Ab1
4733401H18
Rik

Mbd3

Clen7
Fgf4

Vps28
Ndufv1
Saa3
Ly6d
Lgals3
Fcgrt

Sic6a7

2.0

1.7

Up 3.1
- 2.2
- 2.3
- 2.2

- 2.6

- 2.7

) 3.4

- 24

- 22

- 2.6

Down
Down
Down
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M400018402
NM_025326

M400000941
M400019166
NM_026638,
NM_138754

M400016722

NM_144880
NM_019502
XM_355972

NM_008683
NM_177301
NM_018749
NM_021608
NM_026697

NM_026545
NM_007484
M400015957
NM_008339

NM_178897
NM_026552
M400001273
NM_008284
M400012900
NM_025317
M400010481
M400014203
M400014197
NM_030601

NM_020616
NM_144822
NM_175102
NM_011319
NM_028444

NM_026061

NM_010946
NM_147039
M400005471
NM_009898

M400018402
Transmembrane protein 176A
M400000941
M400019166

M200005892

M400016722

Protein phosphatase 2, regulatory subunit B (B56),
alpha isoform

Fractured callus expressed transcript 1
M400004745

Neural precursor cell expressed, developmentally
down-regulated gene 8

Heterogeneous nuclear ribonucleoprotein L
Eukaryotic translation initiation factor 3, subunit D
Dynactin 5

RAB14, member RAS oncogene family
Proteasome (prosome, macropain) 26S subunit, non-
ATPase, 8

Ras homolog gene family, member C
M400015957

CD79B antigen

TRNA-yW synthesizing protein 1 homolog (S.
cerevisiae)

Actin related protein 2/3 complex, subunit 4
M400001273

Harvey rat sarcoma virus oncogene 1
M400012900

Mitochondrial ribosomal protein L54

M400010481

M400014203

M400014197

Chloride channel calcium activated 2

RIKEN cDNA D930014E17 gene

Calcium binding atopy-related autoantigen 1
Splicing factor 3b, subunit 5
Seryl-aminoacyl-tRNA synthetase

Protein kinase C, delta binding protein
NADH dehydrogenase (ubiquinone) 1 beta subcomplex
8

N-terminal Asn amidase

Olfactory receptor 1414

M400005471

Coronin, actin binding protein 1A

Tmem176a

Ppp2r5a
Fxc1

Nedd8
Hnrnpl
Eif3d
Plk1
Rab14

Psmd8
Rhoc

Cd79b

Tyw1
Arpc4

Hras1
Mrpl54

Clca2
D930014E17
Rik

Cbara1
Sf3b5

Sars
Prkcdbp

Ndufb8
Ntan1
Olfr1414

Corola

Down
Up

Down

Down
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NM_011778
NM_011966

NM_012002
M400017272
M400016330
NM_145424
M200013018
M400014217

NM_177039
NM_133838
M400005013
M400015189
XM_485807
NM_013677
M400013125
M400013671
NM_027799
XM_357260
XM_193559
XM_486168
M400017808
NM_011732

NM_172609
M200014304
NM_008705
NM_153790
NM_007472
M400014620
M400014758
NM_029441
NM_025324

NM_012037
NM_009870
NM_025989
M400006237
NM_053267
NM_020494
NM_019391
NM_010194
NM_013477

Coronin, actin binding protein 1B

Proteasome (prosome, macropain) subunit, alpha type
4

COP9 (constitutive photomorphogenic) homolog,
subunit 6 (Arabidopsis thaliana)

M400017272

M400016330

CDNA sequence BC089597

M200013018

M400014217

RIKEN cDNA A530016L24 gene

EH-domain containing 4

M400005013

M400015189

predicted gene, EG434067

Surfeit gene 1

M400013125

M400013671

Ankyrin repeat domain 40

sperm flagellar 1

predicted gene, EG268300

predicted gene, EG434356

M400017808

Y box protein 1

Translocase of outer mitochondrial membrane 22
homolog (yeast)

M200014304

Non-metastatic cells 2, protein (NM23B) expressed in
Scavenger receptor class F, member 2
Aquaporin 1

M400014620

M400014758

Chromodomain protein, Y chromosome-like 2
Zinc finger protein 524

Vesicle amine transport protein 1 homolog (T
californica)

Cyclin-dependent kinase 4

Glycoprotein 2 (zymogen granule membrane)
M400006237

Selenoprotein M

DEAD (Asp-Glu-Ala-Asp) box polypeptide 24
Lymphocyte specific 1

Feline sarcoma oncogene

ATPase, H+ transporting, lysosomal VO subunit D1

Coro1b
Psma4

Cops6

BC089597

A530016L24
Rik
Ehd4

Surf1

Ankrd40

Ybx1
Tomm22

Nme2
Scarf2
Aqgp1

Cdyl2
Zfp524

Vat1
Cdk4
Gp2
Selm
Ddx24
Lsp1
Fes
Atp6v0d1

22

1.8

1.8

Up

Down
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NM_175510  RIKEN cDNA C030018G13 gene - - - - - 3.2 Down
NM_146508  Olfactory receptor 959 OIfr959 - - - - 3.2 Down
NM_027015  Predicted gene, ENSMUSG00000050621 Rps27 - - - - 33 Up
M400016846 M400016846 - - - - - 3.3 Down
NM_009795  Calpain, small subunit 1 Capns1 - - 20 Up 33 Up
Nudix (nucleoside diphosphate linked moiety X)-type
NM_025839  motif 16-like 1 Nudt1611 - - - - 33 Up
M400008439 M400008439 - - - 28 Up 33 Up
M400009305 M400009305 - - - 26 Up 33 Up
NM_013549 Histone cluster 2, H2aa1 Hist2h2aa1 - - 20 Up 33 Up
NM_010398 Histocompatibility 2, T region locus 23 H2-D1 - - 26 Up 33 Up
M400008287 M400008287 - - - - - 33 Up
NM_009923  2,3-cyclic nucleotide 3 phosphodiesterase Cnp - - - - 33 Up
NM_011042  Poly(rC) binding protein 2 Pcbp2 - - 3.1 Up 33 Up
NM_177683  Vestigial like 4 (Drosophila) Vgll4 - - - - 33 Up
protein tyrosine phosphatase, receptor type, f
XM_133979 polypeptide (PTPRF), interacting protein, alpha 1 - - - 24 Up 3.3 Down
M400001344 M400001344 - 19 Up 34 Up 33 Up
M400016662 M400016662 - - - - - 3.3 Down
NM_010635  Kruppel-like factor 1 (erythroid) KIf1 - - - - 3.3 Down
NM_177882  Zinc finger protein 786 Zfp786 - - - - 3.3 Down
NM_016985  Myotubularin related protein 1 Mtmr1 - - - - 3.3 Down
M400017319  M400017319 - - - - - 3.3 Down
M400001124  M400001124 - - - - - 3.4 Down
XM_484142  M300002514 - - - 24 Down 3.4 Down
XM_486018 predicted gene, EG434253 - - - 2.7 Up 34 Up
XM_484271 predicted gene, EG432767 - - - 3.1 Up 34 Up
XM_489353  M300018823 - - - - - 3.4 Down
NM_145486  Membrane-associated ring finger (C3HC4) 2 3-Mar - - 29 Up 34 Up
NM_146307  Olfactory receptor 498 OIfr498 - - - - 3.4 Down
NM_010312  Guanine nucleotide binding protein (G protein), beta 2 Gnb2 - - 21 Up 34 Up
Elongation of very long chain fatty acids (FEN1/Elo2,
NM_019422  SURA4/Elo3, yeast)-like 1 Elovi1 22 Up 28 Up 34 Up
1700027D21
NM_029661 RIKEN cDNA 1700027D21 gene Rik - - - - 3.5 Down
M200014754 M200014754 - - - 29 Up 35 Up
M400016473 M400016473 - - - - - 3.5 Down
Proteasome (prosome, macropain) subunit, beta type
NM_013640 10 Psmb10 - - - - 35 Up
NM_019682  Dynein light chain LC8-type 1 Dynll1 - - 35 Up 35 Up
NM_177586 Eukaryotic translation initiation factor 5A2 Eif5a2 - - - - 3.5 Down
NM_007503,
NM_052823,
NM_052824  M200004498 - - - - - 35 Up
M400016376 M400016376 - - - - - 3.5 Down
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NM_009932
NM_026776
NM_009187
NM_021480
NM_013805
NM_010925
NM_007806
NM_024223
NM_019674
NM_011952
NM_009746
NM_009975
NM_080555
NM_011664,
NM_011664
XM_488111
NM_025827
NM_177068
M400015250
M300000821
NM_008788
M400002436
NM_172464
M400006308
M400014763
NM_010494
NM_010027
NM_008975
NM_007645
NM_009087
M400004930
NM_134079
NM_008675
NM_024170
M400008433
M400006868
XM_140042
NM_013502
NM_022314
NM_198190
NM_009373
M400017455
NM_011912
NM_016738
NM_027687

Collagen, type IV, alpha 2

Vacuolar protein sorting 25 (yeast)

Cytochrome ¢ oxidase subunit Vlla polypeptide 2-like
L-threonine dehydrogenase

Claudin 5

Ribosomal RNA processing 1 homolog (S. cerevisiae)
Cytochrome b-245, alpha polypeptide

Cysteine rich protein 2

Protein phosphatase 4, catalytic subunit
Mitogen-activated protein kinase 3

B-cell CLL/lymphoma 7C

Casein kinase 2, beta polypeptide

Phosphatidic acid phosphatase type 2B

M400000325

M400006455

Lon peptidase 2, peroxisomal
Olfactomedin-like 2B

M400015250

M300000821

Procollagen C-endopeptidase enhancer protein
M400002436

Dishevelled associated activator of morphogenesis 1
M400006308

M400014763

Intercellular adhesion molecule 2
D-dopachrome tautomerase

Protein tyrosine phosphatase 4a3

CD37 antigen

RNA polymerase 1-3

M400004930

Adenosine kinase

Neuroblastoma, suppression of tumorigenicity 1
CAAX box 1 homolog A (human)

M400008433

M400006868

Predicted gene, EG240110

C-terminal binding protein 1

Tropomyosin 3, gamma

Neurotrophin 5

Transglutaminase 2, C polypeptide
M400017455

Ventral anterior homeobox containing gene 2
Ribosomal protein L13

Calcium-binding tyrosine-(Y)-phosphorylation regulated

Col4a2
Vps25
Cox7az2l
Tdh
Cldn5
Rrp1
Cyba
Crip2
Ppp4c
Mapk3
Bcl7c
Csnk2b
Ppap2b

Lonp2
Olfmi2b

Pcolce

Daam1

lcam2
Ddt
Ptp4a3
Cd37
Rpo1-3
Adk
Nbl1
Cxx1a

EG240110
Ctbp1
Tpm3

Ntf5

Tgm2

Vax2
Rpl13
Cabyr

22

2.0

1.9

2.0
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M400016688
NM_016794

NM_025463
M200015711
M400005134
M400014138
NM_013535
M400015121
NM_019479
NM_007425
NM_010638
NM_028048
NM_008688
NM_009678
NM_011767
NM_013529
M400005551
NM_007497,
XM_204339
NM_008214
NM_175374
NM_008360
M400007350

NM_026928
NM_011818
XM_136663
XM_128627
M400004865
NM_007444
NM_145630
M300003149
NM_026175
NM_198886
NM_011926
NM_173402
NM_153166
NM_199449
NM_145823
NM_009447

NM_146115
NM_009825

(fibrousheathin 2)
M400016688
Vesicle-associated membrane protein 8

RIKEN cDNA 1810009A15 gene

M200015711

M400005134

M400014138

Gene rich cluster, C10 gene

M400015121

Hairy and enhancer of split 6 (Drosophila)
Advanced glycosylation end product-specific receptor
Kruppel-like factor 9

Solute carrier family 25, member 35

Nuclear factor I/C

Adaptor protein complex AP-1, mu 2 subunit
Zinc finger RNA binding protein

Glutamine fructose-6-phosphate transaminase 2
M400005551

M400005232

Histidyl-tRNA synthetase

Mitochondrial translational release factor 1-like
Interleukin 18

M400007350

RIKEN cDNA 1810014F10 gene

Germ cell-less homolog 1 (Drosophila)
predicted gene, OTTMUSG00000013920
RIKEN cDNA 2310061104 gene

M400004865

S-adenosylmethionine decarboxylase 2
Pyruvate dehydrogenase kinase, isoenzyme 3
M300003149

Splicing factor 3a, subunit 1

Zinc finger and BTB domain containing 12
CEA-related cell adhesion molecule 1
Regulator of G-protein signaling 12

Copine V

Zinc fingers and homeoboxes 2
Phosphatidylinositol transfer protein, cytoplasmic 1
Tubulin, alpha 4A

RIKEN cDNA A830007P12 gene
Serine (or cysteine) peptidase inhibitor, clade H,

Vamp8
1810009A15
Rik

Greec10

Hes6
Ager

KIf9
Slc25a35
Nfic
Ap1m2
Zfr

Gfpt2

Hars
Mtrf1l
1118

1810014F10
Rik
Gmcl1

Amd2
Pdk3

Sf3a1
Zbtb12
Ceacam1
Rgs12
Cpneb
Zhx2
Pitpnc1
Tubada
A830007P12
Rik
Serpinh1
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NM_026858
NM_008393

XM_129120
NM_026114
XM_354675
NM_017370
NM_009516
M400004994
NM_009742
XM_135146
M400009168
NM_008005

NM_145513

NM_197980
M400015826
M300005301
NM_012027
NM_019521

NM_021450
NM_016752
M400011184
M400008854
NM_026130
M400005791
NM_031375
NM_010849
NM_009794

NM_177640
XM_125538
M400010474
NM_016711
NM_025859
NM_178239
NM_183144
M400008179
XM_134711
NM_144804
NM_029673
M400003009

member 1

XRCCE6 binding protein 1

Iroquois related homeobox 3 (Drosophila)
eukaryotic translation initiation factor 1A domain
containing

Eukaryotic translation initiation factor 2, subunit 1 alpha
AT rich interactive domain 4A (Rbp1 like)
Haptoglobin

Wee 1 homolog (S. pombe)

M400004994

B-cell leukemia/lymphoma 2 related protein A1a
DnaJ (Hsp40) homolog, subfamily C, member 13
M400009168

Fibroblast growth factor 18

TIP41, TOR signalling pathway regulator-like (S.
cerevisiae)

COX19 cytochrome ¢ oxidase assembly homolog (S.
cerevisiae)

M400015826

M300005301

Myosin phosphatase Rho interacting protein

Growth arrest specific 6

Transient receptor potential cation channel, subfamily
M, member 7

Solute carrier family 35, member B1

M400011184

M400008854

Signal recognition particle receptor (docking protein)
M400005791

Neugrin, neurite outgrowth associated
Myelocytomatosis oncogene

Calpain 2

RIKEN cDNA D030056L22 gene

sestrin 1

M400010474

Tropomodulin 2

ADP-ribosylation factor-like 1

NADPH dependent diflavin oxidoreductase 1
Inositol polyphosphate-5-phosphatase A
M400008179

angiomotin-like 1

DEP domain containing 7

Inner membrane protein, mitochondrial
M400003009

Xrcc6bp1
Irx3

Eif2s1

Hp
Wee1

Bcl2ala

Fgf18
Tiprl

Cox19

Mprip
Gasb

Trpm7
Slc35b1

Srpr

Ngrn

Myc

Capn2
D030056L22
Rik

Tmod2
Arl1

Inpp5a

Depdc7
Immt
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NM_019827,
XM_489542

NM_029373
M400001063
NM_008355
NM_008892
NM_017472
XM_356935
XM_129951
XM_129803
M400010338
NM_133954
NM_018776
M400014919
NM_008846

NM_025961
NM_008826
XM_130138
NM_033588
NM_145995,
NM_178115
XM_127537
M400010452
NM_172782
NM_025450
NM_177684

NM_021897
NM_008784

NM_145401
XM_357381
NM_176849
NM_011636
M400008878
M400016066
NM_019468
NM_134017
M400003423
M400016507
NM_145470
NM_009473
M400003151

M300003521

RIKEN cDNA 1700025E21 gene

M400001063

Interleukin 13

Polymerase (DNA directed), alpha 1

Sorting nexin 3

Predicted gene, EG383229

alkaline phosphatase, intestinal

ring finger protein 149

M400010338

Expressed sequence AA960436

Cytokine receptor-like factor 3

M400014919
Phosphatidylinositol-4-phosphate 5-kinase, type 1 beta
Glycine amidinotransferase (L-arginine:glycine
amidinotransferase)

Phosphofructokinase, liver, B-type
speckle-type POZ protein-like

Protocadherin gamma subfamily A, 10

M300012454

RIKEN cDNA A930021C24 gene

M400010452

Nuclear transport factor 2-like export factor 2
Mitochondrial ribosomal protein S17

Zinc finger protein 637

Transformation related protein 53 inducible nuclear
protein 1

Immunoglobulin (CD79A) binding protein 1
Protein kinase, AMP-activated, gamma 2 non-catalytic
subunit

M400003302

Arginine and glutamate rich 1

Phospholipid scramblase 1

M400008878

M400016066

Glucose-6-phosphate dehydrogenase 2
Methionine adenosyltransferase Il, beta
M400003423

M400016507

DEP domain containing 6

Nuclear receptor subfamily 1, group H, member 2
M400003151

1700025E21
Rik

113

Pola1
Snx3
EG383229

AA960436
Crlf3

Pip5k1b

Gatm
Pfkl

Pcdhga12

Nxt2
Mrps17
Zfp637

Trp53inp1
Igbp1

Prkag2

Arglu1
Plscr1

G6pd2
Mat2b

Depdc6
Nr1h2

1.7
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XM_355777
M400012719

NM_008563
NM_010330
M400008404
M400004907
NM_009797
XM_485269
NM_017375
XM_355858
M200003942

NM_007875
NM_027352
NM_009321
M400012954
M400010274
NM_145434
XM_132633

NM_178702
NM_001003
950
NM_011343
NM_146378
NM_025527
NM_025338
NM_019566
NM_130860
NM_022993
M400008768
NM_023134
NM_183086
M300005151
XM_356077

NM_138745
XM_486685
XM_135707,
XM_485815
NM_010676
M400010282

gene model 1067, (NCBI)

M400012719

Minichromosome maintenance deficient 3 (S.
cerevisiae)

Embigin

M400008404

M400004907

Capping protein (actin filament) muscle Z-line, alpha 1
M400004754

Osteoclast stimulating factor 1

RIKEN cDNA 2310014L17 gene

M200003942

Dolichyl-phosphate (UDP-N-acetylglucosamine)
acetylglucosaminephosphotransferase 1 (GlcNAc-1-P
transferase)

Golgi reassembly stacking protein 2

Tubulin cofactor a

M400012954

M400010274

Nuclear receptor subfamily 1, group D, member 1
M400010432

RIKEN cDNA D930005D10 gene

RAB3A interacting protein

SEC61, gamma subunit

Olfactory receptor 794

Signal recognition particle 19

Aurora kinase A interacting protein 1

Ras homolog gene family, member G
Cyclin-dependent kinase 9 (CDC2-related kinase)
Low-density lipoprotein receptor-related protein 10
M400008768

Surfactant associated protein A1

Mitochondrial ribosomal protein S10

M300005151

M200014508

Methylenetetrahydrofolate dehydrogenase (NADP+
dependent), methenyltetrahydrofolate cyclohydrolase,
formyltetrahydrofolate sy

M400003640

M400003210
Keratin associated protein 8-2
M400010282

Mcm3
Emb

Capza1

Ostf1

Dpagt1
Gorasp2
Tbca

Nr1d1

D930005D10
Rik

Rab3ip
Sec61g
Olfr794
Srp19
Aurkaip1
Rhog
Cdk9
Lrp10

Sftpa1
Mrps10

Mthfd1

Krtap8-2

1.9

1.5

1.7
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M400000391
NM_020266,
NM_178055
NM_010550
M400008351
NM_029498
M400001952
NM_146571
M400013585
NM_010394
M400008166
NM_175416
M400005291
M400009196
M400003166

NM_008302
M400010585

NM_025529
NM_026911
NM_009320

NM_027342
XM_109683
NR_001592
NM_054057
M400004588
M400004770
XM_125178
XM_356059
NM_013721

NM_144838
NM_008321

NM_010545
M400004366
NM_010708
NM_010906
M400010174
XM_485358
NM_022417

M400000391

M200008553

Interleukin 11 receptor, alpha chain 2

M400008351

Zinc finger, MYM-type 2

M400001952

Olfactory receptor 1015

M400013585

Histocompatibility 2, Q region locus 7

M400008166

RIKEN cDNA C030007109 gene

M400005291

M400009196

M400003166

Heat shock protein 90kDa alpha (cytosolic), class B
member 1

M400010585

Nudix (nucleoside diphosphate linked moiety X)-type
motif 8

Signal peptidase complex subunit 1 homolog (S.
cerevisiae)

Solute carrier family 6 (neurotransmitter transporter,
taurine), member 6

RIKEN cDNA 2310056P07 gene

RIKEN cDNA 1810027010 gene

H19 fetal liver mMRNA

Proline synthetase co-transcribed

M400004588

M400004770

M400008608

myosin XVI

Ribosomal protein L7a

Small glutamine-rich tetratricopeptide repeat (TPR)-
containing, beta

Inhibitor of DNA binding 3

CD74 antigen (invariant polypeptide of major
histocompatibility complex, class Il antigen-associated)
M400004366

Lectin, galactose binding, soluble 9

Nuclear factor I/X

M400010174

predicted gene, OTTMUSG00000004481

Integral membrane protein 2C

I111ra2
Zmym2
Olfr1015

H2-Q7

Hsp90ab1

Nudt8
Spcs1

Slc6a6
2310056P07
Rik

Prosc

Rpl7a

Sgtb
1d3

Cd74

Lgals9
Nfix

Itm2c

3.9

1.9

3.1
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M400009721
NM_009696

M400001135
M400001650
M400003747

NM_026529
XM_130308
M400002073
NM_008350
NM_207239
M400018110
M400014367
NM_172122
M400017352
NM_023277
XM_129740
M400002211
M400008742
NM_172429
M400015370
NM_013777,
NM_013778
NM_023493
M400009910

NM_019725
NM_206869

NM_013616

M400014366
M200013290
M400005542
M400015631

NM_011969
NM_028976
NM_010169
NM_026325
XM_354644
NM_007417
NM_027450
NM_153788
M400015845
M400019365
M400009552

M400009721
Apolipoprotein E
M400001135
M400001650
M400003747

RIKEN cDNA 2700062C07 gene

low density lipoprotein receptor-related protein 2
M400002073

Interleukin 11

General transcription factor Il C 1
M400018110

M400014367

Ciliary rootlet coiled-coil, rootletin
M400017352

Junction adhesion molecule 3

RIKEN cDNA 4921511C04 gene
M400002211

M400008742

Survival motor neuron domain containing 1
M400015370

M300002624

Camello-like 5

M400009910

Transducin-like enhancer of split 2, homolog of
Drosophila E(spl)
Vomeronasal 1 receptor, D16
Olfactory receptor 65
M400014366

M200013290

M400005542

M400015631

Proteasome (prosome, macropain) subunit, alpha type

7

Golgi reassembly stacking protein 1
Coagulation factor Il (thrombin) receptor
Transmembrane protein 179B
gene model 884, (NCBI)
Adrenergic receptor, alpha 2a

GLI pathogenesis-related 2
Centaurin, beta 1

M400015845

M400019365

M400009552

Apoe

2700062C07
Rik

111
Gtf3c1

Crocc

Jam3

Smndc1

Cmil5

Tle2
V1rd16
Olfr65

Psma7
Gorasp1
F2r
Tmem179b

Adra2a
Glipr2
Centb1
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XM_489349,
XM_489372
M200008417
NM_008147
M400016299
M200011262
NM_139148
NM_138748
XM_355790
XM_143622
NM_001001
297,NM_177
588
M300000346
NM_021528

NM_021532
NM_146832
M400017182
NM_133199

NM_011400
NM_178932
NM_130883
XM_136108
M300004664
M400016857
M400019232
NM_177740
M400016147
M400015065
M400016838
NM_010678
M300014625
M300019645
M400015360
M300007598
M400016886
NM_199032
NM_025933
NM_153798
M300001943
NM_177302
NM_153568
NM_175149

M400015885

M200008417

Glycoprotein 49 A

M400016299

M200011262

Chloride channel calcium activated 4

Protein phosphatase 2A, regulatory subunit B (PR 53)

Exocyst complex component 6B
M400003506

M300019341

M300000346

Carbohydrate sulfotransferase 12

Dapper homolog 1, antagonist of beta-catenin
(xenopus)

Olfactory receptor 134

M400017182

Sodium channel, voltage-gated, type IV, alpha

Solute carrier family 2 (facilitated glucose transporter),

member 1

Amine oxidase, copper containing 2 (retina-specific)
M400007427

M300013050

M300004664

M400016857

M400019232

RGM domain family, member A
M400016147

M400015065

M400016838

AF4/FMR2 family, member 3
M300014625

M300019645

M400015360

M300007598

M400016886

Centrosomal protein 135

HIG1 domain family, member 2A
Polymerase (RNA) Il (DNA directed) polypeptide B
M300001943

RIKEN cDNA B530045E10 gene
Leucine rich repeat containing 66
RIKEN cDNA 2310022B05 gene

Gp49a

Clca4
Ppp2r4
Exoc6b

Chst12

Dact1
Olfr134

Scn4a

Sic2a1
Aoc2

Cep135
Higd2a
Polr2b

Lrrc66
2310022B05
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M400019333

NM_025465
XM_128030

NM_177645
NM_013467
NM_172623
NM_145506
M400018495
XM_354548,
XM_359256
M400012812
NM_172535
NM_016928
NM_177056

NM_013662

NM_026731
NM_172791
M400013199
NM_023850
NM_153787
M400002344
M300004372
NM_134012
M400000577
M400005095
M200008055
M400008518
M400018258

NM_018871

NM_008135
NM_008759
M400018969
NM_007392,
NM_183274
M400008735
M400004623
NM_026892
XM_145945

M400019333

RIKEN cDNA 1810029B16 gene
transmembrane 7 superfamily member 4

RIKEN cDNA 1110028C15 gene

Aldehyde dehydrogenase family 1, subfamily A1
Triggering receptor expressed on myeloid cells-like 4
Erythrocyte protein band 4.1-like 5

M400018495

M300014543

M400012812

1Q motif and ubiquitin domain containing

Toll-like receptor 5

Transmembrane protein 198

Sema domain, transmembrane domain (TM), and
cytoplasmic domain, (semaphorin) 6