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Summary

The mammalian pluripotent cell is a transitory cell type that lasts for only a day during in
vivo development, but can be cultured in vitro to form embryonic stem (ES) cells which
exhibit long-term self-renewal. This unique potential may have evolved in early
mammals and is likely to have co-evolved with the process of placental formation. My

thesis work focused on identifying the origins of this cell type at the molecular level.

Mutations that alter developmental genetic regulatory networks are thought to be an
important mechanism in evolution, thus I have focused my studies primarily on a single
transcription factor essential to the pluripotent cell regulatory network, namely Oct4.
From screening genomic BAC libraries and database searches, | have uncovered new

sequence information pertaining to Oct4, which is encoded by the Pou5f1 gene.

Notably, I identified a Pou5f1 homolog in platypus that is syntenic to eutherian Pou5f1.
Additional sequence information from non-mammal vertebrates indicates that the origin
of the genomic location of mammalian Pou5f1 predates the base of mammalian evolution,
and thus the presence of the gene itself is not a eutherian-specific change. However, from
a more detailed sequence analysis | found 12 amino acid positions within the Oct4 DNA
binding domain (DBD) to be completely conserved within all eutherians but differing in
platypus, opossum, and kangaroo. Experiments focused on identifying eutherian-specific
gene regulation mediated through the Oct4 DBD have been done. Oct4 DBDs of mouse,
human, elephant and platypus have been fused with a strong repressor (EnR) and a strong

activator (VVP16) of transcription and these transfected into ES cells to study alterations in

Vi



gene expression. In addition, full-length Oct4 chimeras containing the DBDs of mouse,
elephant and platypus have been constructed and tested for their ability to induce

pluripotency using the induced pluripotent stem cell (iPS) experimental system.

In sum, | show that there are only subtle cell-level phenotypic differences between
eutherian and platypus Oct4 DBDs, strongly suggesting that the pluripotent capability of
Oct4 already exists prior to the appearance of eutherian mammals. Current results point
towards the possibility that the eutherian-specific functions of the Oct4 protein did not
arise from the emergence of a newly evolved ability to induce or maintain pluripotency,

but may have occurred due to changes in its pre-existing pluripotent capability.
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Chapter 1: Introduction

1.1 Historical Background

When Charles Darwin first published On the Origins of Species in 1859, he proposed that
species were not fixed, but gradually evolve over geological timescales via the process of
natural selection, thus establishing the foundation for evolutionary biology. However,
right at the beginning there were two significant weaknesses in his theory of evolution

(Wilkins 2002).

One of them was the lack of a detailed mechanism for inheritance, which would later be
addressed in the early 1900s when Gregor Mendel’s work on pea plants was rediscovered.
Also missing was the precise relationship between embryonic development and the
development of morphological differences which result in the diversification of species,

an area of investigation that remains hotly debated today.

From the beginning, Darwin was already aware of the importance of embryological data
to the development of evolutionary theory, although he had very limited evidence

available to him at that time (Darwin 1859).

In Chapter 13 of the first edition, he concluded that: “Thus, as it seems to me, the leading
facts in embryology, which are second in importance to none in natural history, are
explained on the principle of slight modifications not appearing, in the many descendants

from some one ancient progenitor, at a very early period in the life of each, though



perhaps caused at the earliest, and being inherited at a corresponding not early period.
Embryology rises greatly in interest, when we thus look at the embryo as a picture, more

or less obscured, of the common parent-form of each great class of animals.”

As English poet William Wordsworth once wrote, “The Child is father of the Man”. To
understand the detailed mechanism of biological evolution, understanding embryonic
development is indispensable, because the phenotypic divergence of adult organisms

must be mediated via the developmental process.

I should also emphasize that natural selection does not wait until an adult animal is fully
formed before it begins to act. The opportunity for internal and environmental factors to
shape an organism starts right from the beginning of the developmental process, and thus
transitory embryonic characteristics are at least of equal importance to the terminally

differentiated characteristics of adult forms.

Despite Darwin’s early appreciation of the key role of embryology to evolution, the
rediscovery of Mendelian genetics caused the two fields to drift further and further apart
(Wilkins 2002). At that time, evolutionary biologists believed that evolution proceeded
via a series of small, virtually imperceptible steps, also known as phyletic gradualism,
whereas Mendelian geneticists believe that evolution proceeded through discrete “jumps”,

also known as saltationism or mutationism.



One vocal Mendelian was William Bateson, who lamented that: “By suggesting that the
steps through which an adaptive mechanism arises are indefinite and insensible, all
further trouble is spared. While it could be said that species arise by an insensible and
imperceptible process of variation, there was clearly no use in tiring ourselves by trying
to perceive that process. This labor-saving counsel found great favor.” (Orr 2005).
Since embryologists can only study developmental changes that are large enough to be

robustly observable, they shared very little common ground with evolutionary biologists.

This schism only worsened with the advent of the modern evolutionary synthesis in the
1930s by Fisher, Dobzhansky, Haldane and others. The new synthesis maintained that
natural selection is the chief driving force behind evolution and emphasized the
importance of phyletic gradualism. Ronald Fisher demonstrated using his geometric
model of adaptation that mutations of infinitesimal size have a 50% probability of being
beneficial, whereas larger mutations have a lower probability of being beneficial (Orr
2005). Such an interpretation effectively renders all developmental variations
investigated by embryologists and developmental biologists irrelevant to the evolutionary

process.

What Fisher and other prominent evolutionary biologists did not realize at that time was
that the smallest mutations may not necessarily play any role in adaptive evolution - they
needed to be large enough in order to escape accidental loss (Orr 2005). About 50 years
later, when Motoo Kimura proposed the Neutral Theory of Molecular Evolution, he

observed that the vast majority of individual mutations at the DNA and amino acid levels



had no effect at the organism level due to the redundancy of the genetic code (Kimura
1983). In addition, molecular-level mutations were predominantly fixed in a population
via neutral substitution rather than natural selection, and the substitution rate is so

uniform that it formed the basis of our current molecular clock dating technique.

The prevailing view on the centrality of natural selection to evolution was further
criticized when palaeontologist Stephen Jay Gould proposed a thought experiment where
he argued that life on Earth would look very different if we could turn back the clock and
replay the “tape of Life” (Gould 1989) - due to unpredictable historical contingencies
along the way. This was immediately countered by Simon Conway Morris, who argued
that natural selection would constrain organisms to a limited number of adaptive options,
and he used some striking examples of convergent evolution to support his stand. Of
course, it is impossible to test either of these views at the planetary scale, but a recent
study has investigated this by “replaying” the evolutionary process on frozen batches of
bacteria (Blount et al. 2008), and they show that the appearance of a key phenotypic
feature could be impossible or at least very delayed, without the random appearance of
some previous enabling mutations. Results so far suggest that no matter how powerful
natural selection is in the evolutionary process, the genetic history of the organism also

plays an important role and cannot be simply dismissed out of hand.

These challenges to the neo-Darwinian orthodoxy promoted a new view of mutations, not
merely as a non-descript and passive substrate for the environment act upon, but as the

genetic source of evolutionary novelty. With the emphasis in the evolutionary biology



community slowly drifting towards internal factors and perceptible mutations, the sort of
formative changes studied by developmental biologists became relevant once again,
opening up the possibility of investigations into the detailed genetic causes of biological

evolution.

1.2 Role of Genetic Regulation in Evolution

One important question about the role of internal factors to the evolutionary process is the
type of mutations that are involved. Do all mutations contribute equally, or are some
mutations more likely to result in significant phenotypic difference at the whole-organism

level?

In a classic paper thirty four years ago, Marie-Claire King and Allan Wilson observed
that despite substantial differences in the anatomy and behavior of chimpanzees versus
human beings, their protein sequences are nearly identical, at least in their limited
number of sequences they studied. They concluded that there was far more variability in
untranscribed DNA using a comparative DNA hybridization approach as this work
predates the development of DNA sequencing technologies. They then postulate that
regulation of gene expression may play the major role in organismal evolution (King and

Wilson 1975).

Their model was based on very little evidence at that time, but soon developmental
studies done initially on the fruit fly Drosophila melanogaster would lend support to their

ideas. A class of DNA-binding genes involved in the regulation of developmental



patterns, later called Hox genes, was independently discovered by Walther Gehring’s
group (McGinnis et al. 1984) and Thomas Kaufman’s group. Hox genes are transcription
factors with hundreds of downstream targets, thus any mutational change that occurs to
them has the potential for large phenotypic effects, particularly to the body form of the
animal. This was shown to be correct when mutations in the region of D. melanogaster
chromosome 3 containing the Antennapedia Gene Complex (ANT-C) resulted in
abnormal head development of the fly embryo (Wakimoto et al. 1984). Later studies
demonstrated a high degree of functional conservation of the Hox gene family, from the
nematode worm Caenorhabditis elegans all the way to complex vertebrates such as

mouse and human beings (Purugganan 1998).

The discovery of a highly conserved gene family that underlies the body plan formation
of such morphologically diverse animals was unexpected; phyletic gradualism in
conventional Darwinian theory would predict that their developmental mechanisms
should also be widely diversified. This apparently paradoxic discovery sparked off the
new field of evolutionary developmental biology (Wilkins 2002), and now that a specific
class of mutations has been identified to produce organism-level effects, they are

amenable to experimental study.

Since then, a number of research groups have been working out the role of gene
regulation at other loci to the evolution of various model animals. Eric Davidson’s group
has studied the development of the sea urchin Stronglyocentrotus purpuratus

comprehensively and has compiled a highly-detailed genetic network map (Davidson et



al. 2002). David Kingsley’s group works on the stickleback fish Gasterosteus aculeatus
and has recently uncovered regulatory changes to the skin pigmentation in the fish;
strikingly regulatory region changes in the orthologous gene in humans appear to account
for the rapid evolution of skin colour in people (Miller et al. 2007). Sean Carroll’s group
continues work on the Drosophila, focusing on the role of cis-regulatory sequences in the
evolution of morphological changes, such as wing pigmentation patterns (Gompel et al.

2005).

Carroll strongly believes that morphological evolution occurs primarily via mutations in
the cis-regulatory sequence of developmental gene loci and has recently proposed a new
genetic theory regarding this (Carroll 2008). His views on cis-regulatory evolution are
consistent with evidence from more complex vertebrates as well, such as limb
development in mice (Sagai et al. 2005) and wing development in bats (Cretekos et al.
2008). However, due to the difficulty of isolating the effects of purely cis-element
sequence changes, the overall importance of cis-regulatory changes relative to coding
sequence changes remain controversial today. Opponents such as Jerry Coyne and Hopi
Hoekstra point out that there is still insufficient evidence for Carroll’s assertion (Pennisi
2008). Whichever the case, more experimental data that directly links cis-element

changes to higher organizational level effects will be helpful to resolve this debate.

| should emphasize that all these previous works focuses predominantly on the terminally
differentiated morphological features of adult organisms. A complete account of

evolutionary novelty must include the elucidation of the developmental processes leading



to the appearance of such features. It would be very interesting to investigate if genetic
regulation also plays an important role in the evolution of transitory structures during
development, especially novel morphological features that are common only to a specific

class of animals - for example placental mammals.

1.3 Early Mammalian Development as a Model

Placental mammals are unique in their development in that the early embryo does not
include any nutritive yolk, thus its growth has to be supported by the mother via a
placenta. The need for the placental precursors to develop prior to embryo implantation is
thought to be one explanation of why eutherian body plan determination is delayed
relative to other vertebrates. This difference can be clearly seen when eutherian early

development is compared in detail to other vertebrate animals (Fig. 1).
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Figure 1. A phylogenetic tree of vertebrates relevant to my project.
Vertebrate species in phylogenetic positions that can provide relevant sequence
information to study the molecular evolution of the rounded epiblast cell type.
Divergence times (Springer et al. 2003) shown in millions of years.
To start, in the frog Xenopus laevis, fertilization and embryo development occurs
externally, so there is no implantation. Dorsoventral axis determining factors already
exist in the oocyte at the vegetal pole, ready to migrate to a new location opposite to the
sperm entry site after fertilization (Weaver and Kimelman 2004). This demonstrates that
there is asymmetry very early in Xenopus development; after the first zygotic cell

division, the two blastomeres are already different, and they are ready to develop further

without delay.

In chick, fertilization occurs internally, but like in frog, there is no placental formation.

Most of its embryonic development occurs externally in a hard-shelled egg. There is no



blastocyst, instead, their comparable blastula stage is a bilaminar blastoderm above the
yolk, which contains the epiblast and the hypoblast. Development then proceeds without
delay to gastrulation, which begins just 7 hours after fertilization (Hamburger and

Hamilton 1951).

Monotremes (also called prototherians) such as the platypus nurse their young with their
mammary glands and thus are considered mammals, but most of their development
occurs externally, after the leathery-shelled eggs are laid. The early development of these
animals is not well studied, however based on data obtained from a small number of

specimens, early developmental stages resemble those of birds (Hughes and Hall 1998).

Metatherian embryonic development is also not well studied, as they are not common
laboratory animals yet. Some metatherians appear to have a blastocyst stage similar to
eutherians; however it lacks the inner cell mass (ICM). Instead, a region of the unilaminar
blastocyst wall later becomes the epiblast that develops into the embryo proper.
Moreover, since the metatherian blastocyst contains a substantial amount of yolKk,
preimplantation development is supported well into somitogenesis (Yousef and Selwood
1993), a much later stage compared to eutherians. Embryos are only implanted briefly
before continuing development in the mother’s pouch. In the North American opossum
for example, implantation only occurs for the last three days of the 12.5 day gestation
period, when its yolk sac placenta establishes a tenuous relationship with the uterine wall
(Kumano et al. 2005). This suggests that metatherian early development has transitory

features between non-placental and placental mammals.

10



Finally, all eutherian mammals have blastocysts, well developed placentas and sustained

implantation in the uterus. In contrast to the frog, there is experimental evidence to show

that the eutherian body plan, in particular the anterior-posterior axis, is not determined

until the early egg cylinder stage at about E5.5 (Mesnard et al. 2004).

A summary of key features mentioned above in vertebrate early development is shown in

Table 1.
Fish / Chick / Metatherian | Eutherian
Amphibian Prototherian
Fertilization | External Internal Internal Internal
Implantation | No No Late, Early,
transient sustained
Placenta No No Small Well
developed
Source of Yolk Yolk Yolk Mother, via
nutrients placenta
Gastrulation | 5.3 hours 7 hours 7 days 6.5 days
onset (zebrafish) (chick) (opossum) (mouse)

e
A

Ao N

XY

S 4
S

Table 1. Summary of key features in vertebrates early development.
The blastula-stage early embryo of various animals shown as schematics below
the table. Green denotes cell population that will develop into embryo proper.

11



Since eutherian mammals have similar early development, | have selected the mouse as a
prototypic eutherian to be used as my experimental model species. Mouse
preimplantation development has been studied in detail. After fertilization, the 1-celled
zygote is formed, dividing into the two-cell stage at E1.5 (Embryonic day) when the
activation of the zygotic genome begins. The embryo then continues division until E3.5,
when it becomes a blastocyst, the most relevant stage to my project. After that the
blastocyst hatches from its zone pellucida, and on E4.5 it implants into the uterus. Next,
at E5.5 it becomes the egg cylinder stage. Gastrulation occurs at E6.5 resulting in the
formation of the three definitive germs layers — endoderm, mesoderm and ectoderm. As
the primitive streak forms, the node appears on the epiblast, and the anterior-posterior
axis of the embryo becomes apparent. The embryo then continues further growth and

development supported by nutrition from the mother.

Blastocyst
Polar
8-cell embryo )
r trophectoderm Inner

& cell mass
Primitive
endoderm

Mural

trophectoderm

Adapted from Tam and Rossant, Development 2003

Figure 2. A schematic of the eutherian blastocyst.

The mouse blastocyst (Fig. 2) forms at the 32-cell stage and once fully expanded contains

three distinct cell types. It contains a cluster of cells called the inner cell mass (ICM) of

12



about 20 cells, made up of two cell types, the rounded epiblast (ROE) and primitive
endoderm (PrE) cells. The rounded epiblast is my terminology and | use it to distinguish
this cell from the epithelialized epiblast of the egg cylinder stage, which is a slightly later
and transcriptomically distinct pluripotent cell population. The ICM is contained within
the trophectoderm (TE), the third cell type of the blastocyst. The TE is a functional
epithelium that generates the fluid-filled cavity of the blastocyst called the blastocoel.
Notably the blastocyst does not contain any yolk. The RoE is pluripotent and thus can
give rise to all cell types in the embryo proper. The trophectoderm on the other hand,
gives rise to placental tissue. Thus, it is a distinctly mammalian cell type that first appears

in the blastocyst, leading to the development of the placenta.

In addition to the TE, I argue that the RoE is also a mammalian-specific (possibly
eutherian-specific) cell type. In non-mammalian embryos, patterning occurs early in
development, often before the blastula stages. This is different from the mouse, where
embryonic stem (ES) cells can be derived from the RoE cells of a donor blastocyst, and
when injected into the cavity of a recipient blastocyst, these cells can contribute to all cell
types of the embryo proper, demonstating in vivo pluripotency (Evans and Kaufman
1981). These lines of evidence strongly support the view that RoE cells are of equivalent
developmental potential, and that eutherian patterning is delayed compared to other
animals, due to a need to set up placental precursors first. A prime example of this is the
armadillo, where a single ICM in a single blastocyst normally results in quadruplets
(Enders 2002). In addition, its blastocyst delays implantation for about 3.5 months in the

wild. Delayed implantation (embryonic diapause) is common among mammals - almost

13



100 mammal species undergo diapause (Renfree and Shaw 2000), including the mouse
where its blastocyst can remain in diapause for up to 30 days (Rinkenberger et al. 1997),
demonstrating its ability to maintain its developmental potential over a long period of
time. Since there is no direct equivalent of the RoE in metatherians or non-mammalian
vertebrates, the RoE is uniquely eutherian, likely co-evolving with the TE and placental

formation.

The focus of my thesis is on identifying the molecular changes that have led to the
evolution of the RoE. The most interesting molecular changes are those that are common
within all eutherians but different to all other vertebrates. Not only is this an interesting
evolutionary question, but it is also relevant to ES cell biology. All these are strong

reasons why | concentrated on the RoE cell type for my thesis.

So, what are the genetic changes that result in the evolution of the RoE? As mentioned
earlier, King and Wilson proposed that gene regulation may have a key role in

organismal evolution. It is now well accepted that alterations in the genetic regulatory
architecture are central features of the evolutionary process (Davidson 2001). Thus,
examining the transcriptional regulation of a developmental feature is very informative
because some important transcription factors are at the upstream position of their
respective gene networks. This allows them to regulate the expression profile of a number
of target genes, amplifying small sequence changes into large and observable effects. As

| argued that the RoE is likely to be a novel, eutherian-specific cell type in the early

embryo, it thus represents an interesting model system to investigate the importance of

14



gene regulation in the evolutionary process. This is why my interest is in studying the

molecular changes leading to the RoE genetic regulatory network.

1.4 Oct4-Sox2-Nanog Regulatory Network

In the RoOE, though there are likely many other transcription factors involved in the RoE
phenotype | am restricting my investigations to three well-characterized ones: Oct4
(encoded by the Pou5f1 gene), Sox2 and Nanog. Each of these three genes, examined
independently, play an important role in the normal development of a mouse. Oct4 null
embryos have the earliest phenotype - they do not develop a RoE, and are peri-
implantation lethal (Nichols et al. 1998). Sox2 knockouts fail to maintain an epiblast and
arrest development before the egg cylinder stage (Avilion et al. 2003). Nanog deficient
embryos do develop an epiblast but this was observed to differentiate immediately into
primitive endoderm, resulting in death at around implantation (Mitsui et al. 2003,
Chambers et al. 2003), however a recent study has shown that Nanog-negative
blastocysts have substantially fewer ICM cells and fail to develop a hypoblast, indicating
that it is developmental failure, rather than differentiation, that impedes Nanog-negative

cells from progressing to full pluripotency (Silva et al. 2009)

When examined together, these three genes interact as crucial components of the
transcriptional circuitry in the RoE (Fig.3). Oct4 and Sox2 proteins bind together to form
a complex that recognizes and binds to the composite oct-sox element in the enhancer
regions of a number of downstream targets. Some of these targets discovered so far

include Nanog, work which I was involved in (Rodda et al. 2005) and others (Kuroda et

15



al. 2005), in addition to Pou5f1 (Chew et al. 2005) and Sox2 (Tomioka et al. 2002)
themselves in an auto-regulatory loop. Nanog has also been shown to be in its own auto-

regulatory loop (Loh et al. 2006).

,_____________
¢
’
#
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.
5\
%
~
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vy ry v i :
Poubf1 ; Sox2 Nanog
P
Other target genes

Figure 3. Diagram of the Oct4-Sox2-Nanog regulatory circuit.

Sox2 expression and function is not restricted to the RoE, indeed Sox2 is known to be
essential to neuronal development. In this tissue it is known to partner with other POU
class transcription factors such as Octl or Brn-1/2 (Miyagi et al. 2006). In fact, the
structures of Oct1-Sox2-DNA ternary complexes have been solved (Remenyi et al. 2003,
Williams Jr. et al. 2004). Both Octl and Sox2 use part of their DNA binding domain to
interact with each other. The data emphasized the importance of this Oct-Sox protein-
protein interface, when bound to the oct-sox element, to the activity of the whole
complex. Using molecular modeling, knowledge gained from mutation studies on Octl

can be extended to Oct4.
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1.5 EC and ES Cell Culture System

To investigate cell-level effects, embryonal carcinoma and ES cell systems are used.
Historically, embryonal carcinoma (EC) cells were the first pluripotent cell type to be
isolated and used for long-term culture (Martin and Evans 1974). Derived from
embryonic germ cell tumours called teratocarcinomas, when EC cells are injected into a
mouse blastocyst, they can be regulated by the recipient environment and contribute to
the somatic tissues of the chimeric mouse (Brinster 1974). EC cells are easy to grow,
proliferate quickly and indefinitely (Martin and Evans 1974) without the need for feeder
cells. However, they have their limitations since they have an abnormal chromosome
complement and rarely contribute to the germ line (Bradley et al. 1998), weakening the

potential of EC cells for studying embryo development and gene function.

ES cells, on the other hand, are usually obtained from the inner cell mass of a 3.5 day
mouse blastocyst (Evans and Kaufman 1981) and cultured on a layer of inactivated
mouse embryonic fibroblast cells. They can also be isolated from a disaggregated 16-20
cell morula, or microdissected from the epiblast of a 4.5 day embryo. Like EC cells, ES
cells also can differentiate into all three embryonic germ layers when injected into mice
(Bradley et al. 1984). However, ES cells have an added advantage of higher germline
transmission efficiency and normal chromosome complement, thus making them a useful
tool for genetic studies. Moreover it is the closest in-vitro equivalent of the RoE, sharing

many morphological features and molecular markers with the endogenous cell type.
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1.6 iPS Cell Culture System

The advent of the induced pluripotent stem cell (iPS) system provides an excellent tool
for the direct investigation of the molecular factors that are crucial for pluripotency

(Takahashi and Yamanaka 2006).

Mouse embryonic or adult fibroblast cells are infected with retroviral vectors which
contain four key pluripotent factors, Oct4, Sox2, c-Myc and KIlf4. The overexpression of
these proteins reprograms the fibroblasts into iPS cells which have similar morphology
and proliferation ability as ES cells. With the iPS culture system, versions of the
pluripotent factors, such as Oct4, can be modified at the sequence level to resemble their
homolog in other species to find out if they can also induce pluripotency just like mouse

Oct4.

In this replacement approach, the Oct4 ortholog that fails to induce pluripotency would

come from the species whose ancestors diverged from eutherian mammals prior to the

evolution of pluripotent functions in the Oct4 protein.
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1.7 Project Strategy

The first step is to identify significant changes in protein coding and cis-regulatory
sequences that have occurred in at least some regions of Pou5f1, Sox2, and Nanog in the
proto-eutherian mammal. | hypothesize that some of these molecular changes contributed
to the uniqueness of the eutherian mammal preimplantation embryo. The goal of my
thesis is to characterize some of the more salient molecular changes that have occurred in
Pou5f1, Sox2 and Nanog and some of their cis-regulatory targets that were essential in

the evolution of the eutherian mammal RoE population of cells.

| begin my investigation of the transcriptional network in the RoE by performing
sequence analysis of both the protein coding sequence and the cis elements of Sox2,
Pou5f1 and Nanog. The goal is to identify eutherian-specific elements that may be
functionally important in the context of the pluripotent cell. Sequences are drawn from a
number of vertebrate species in relevant phylogenetic positions, to allow common
eutherian sequences to become apparent, while minimizing noise from possible species-
specific sequences. Many eutherian-specific changes are likely be found, so only some of
these with the most striking differences will be functionalized. To investigate the
importance of these elements, a number of mutation and chimeric constructs are to be
made, using a predominantly loss-of-function strategy. The effects of these modifications

are then evaluated using the EC, ES and iPS cell culture system described earlier.
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Chapter 2: Obtaining Sequence Data

2.1 Overview

To determine the selection of animal species where sequences should be obtained, it is
helpful to know the early evolutionary history of mammals. The earliest known
mammaliaform in the fossil record is the Hadrocodium wui which dates back to the Early
Jurassic period approximately 195 million years ago (Luo et al. 2001). Fossil specimens
with anatomical features that identify them as ancestral forms of prototherian,

metatherian or eutherian mammals start appearing around 124.6 million years ago (Fig.4).

, Eomaia scansoria
< (early eutherian)

124.6 mya

~210 mya Sinodelphys szalayi

(early metatherian)
124.6 mya

Akidolestes cifellii
(early prototherian)
124.6 mya

Hadrocodium wui
(earliest mammaliaform)
195 mya

Figure 4. Fossil Record of Early Mammals.

This data, together with molecular clock estimates, suggest that the base of mammalian

radiation occurred around 210 million years ago. Of course, there is currently no way of
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obtaining sequences from these fossil specimens - this information would have to be
obtained from modern vertebrate species. Since my model organism is the mouse (Mus
musculus), as a general guide any mammal species that diverged from their last common
ancestor with the mouse less than 124.6 million years ago would be categorized as in-
group organisms, whereas other vertebrate species that diverged more than 210 million

years ago would be categorized as out-group organisms.

Species Category Target Project Status BAC library
Mouse Eutherian Assembled Complete

Rat Eutherian Assembled Complete

Human Eutherian Assembled Complete

Dog Eutherian Draft assembly 8X Complete

Cow Eutherian Draft assembly 6X Complete

Elephant Eutherian Low coverage <2X Incomplete CHORI
Armadillo Eutherian Low coverage <2X Incomplete CHORI
Opossum Metatherian Draft assembly 7X Incomplete CHORI
Kangaroo Metatherian Low coverage <2X Incomplete AGI
Echidna Prototherian | Not in pipeline to be sequenced AGI
Platypus Prototherian | Draft assembly 6X Incomplete CuaGl
Chick Bird Draft assembly 6X Complete

Xenopus t. | Amphibian Draft assembly 8X Complete

Zebrafish Fish Draft assembly 7X Complete

Table 2. Availability of Sequence Information.

(Sources - http://www.genome.gov/10002154 and http://www.ensembl.org)

Target figures denote extent of genome coverage. CHORI = Children’s Hospital

Oakland Research Institute, AGI = Arizona Genomics Institute, CUGI = Clemson

University Genomics Institute
Table 2 represents the status of various genome projects at the start of my project in 2004.
In this table, genome projects in black were complete and at least had draft assemblies, so
that sequences can be obtained by searching online databases. Where the sequences were

not complete I performed a cross-species BLAST against their trace files and assemble

them using VectorNT] (Invitrogen).
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For the species indicated in red, there was limited online information, so | screened BAC
genomic libraries of these species by hybridization and performed de novo sequencing of
BAC clones that I pulled out. These species are in key phylogenetic positions with
respect to the base of mammalian radiation, and | have selected two species each of
distant eutherian, metatherian and prototherian mammals, so that there will be enough
sequence information to reduce noise from species-specific sequence changes. The
kangaroo (Macropus eugenii), for example, is 80 million years diverged from the
opossum (Monodelphis domestica), so common sequences between these two species are
more likely to be metatherian-specific. Similarly, the elephant and armadillo are the most
distantly-related eutherians to the mouse. Using this strategy, more sequence information

provides greater confidence to identify eutherian-specific sequences.

2.2 Materials and Methods

As mentioned earlier, if there was a genome sequencing project in progress for an animal
species then sequence data is directly obtained via database searches, primarily from
these four online sources:

1. Ensembl (www.ensembl.org) - European Bioinformatics Institute and the

Wellcome Trust Sanger Institute.

2. VISTA (http://pipeline.lbl.gov/cqgi-bin/gateway?) - Genomics Division of

Lawrence Berkeley National Laboratory.

3. NCBI (http://www.ncbi.nlm.nih.gov/) - National Center for Biotechnology

Information.
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4. UCSC (http://genome.ucsc.edu/) — University of California, Santa Cruz, Genome

Bioinformatics.
If the assembly of the sequences in the genome project was not complete, then |
performed a cross-species BLAST using trace files obtained from the Trace Archive

(http://www.ncbi.nlm.nih.gov/Traces/trace.fcgi?) and assembled currently available trace

files using the contig assembly tool in the VectorNTI programme.

Where trace file information was sparse, | have purchased BAC libraries from these three
sources:

1. CHORI (http://bacpac.chori.org/) - BACPAC Resource Center, Children’s

Hospital Oakland Research Institute.

2. AGI (http://lwww?2.genome.arizona.edu/welcome) - Arizona Genomics Institute.

3. CUGI (https://www.genome.clemson.edu/) - Clemson University Genomics

Institute.

Eutherian

\' Armadillo
Metatherian ) Elephant
\ Kangaroo
Prototherian
Opossum
Echidna
Platypus

Figure 5. Screening BAC libraries for key mammalian species
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This phylogenetic tree illustrates the relative positions of mammalian species where BAC

screening was necessary (Fig.5). Southern hybridization was used to obtain additional

sequence information for elephant, armadillo, kangaroo, opossum and platypus. Currently

there is insufficient trace file information for the echidna to do BAC library screening.

BAC libraries of elephant, armadillo, opossum, kangaroo and platypus were obtained.

Each library has 6 to 13 high density nylon filters, containing 18,432 clones spotted in

duplicate per filter, which were screened by southern blot using oligo probes that were

end-labeled with radioactive 3P ATP. I designed these oligo probes (~30bp) with limited

Pou5f1 or Nanog sequence information from trace files, from a unique region of the gene

such as the first 30bp of the coding sequence (Table 3).

Species Gene | Location | Sequence

Elephant | Pou5fl | Exonl | ATGGCGGGACACCTGGCTGCCGACTTTGCC
Armadillo | Pou5fl | Exon 1 ATGGCAGGACACCTGGCTCCGGACTTTGCC
Opossum | Pou5f1 | Exon 5 TCACCCCGGGAGGATTTTGAGGCAGCTGGC
Kangaroo | Pou5fl | Exon5 | TCACCTCGAGAAGATTTTGAGGCAGCTGGT
Platypus | Tcfl9 | Exon1 ATGCTGCCCTGCTTCCAGCTGCTGCGCATG
Elephant | Nanog | Exon1 ATGAGTGTGGATCTAGCTTCTCCCCAAAGC
Armadillo | Nanog | Exon 1 ATGAGTGTGGATCTAGCTTCTCCCCAAAGT
Opossum | Nanog | Exon 2 CAGAACAAGCCCAAGACCCATCAGGGAAAA
Kangaroo | Nanog | Exon 2 AACAAGCCCAAGATCCATCAGGGAAAAGAA
Platypus | Slc2a3 | Exon 6 CAGGACATCCAGGAGATGAAGGAGGAGAGT

Table 3. Sequence of the oligo probes used for BAC screening.
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Platypus library screening is more challenging since there were no trace files in mapping
to a putative Pou5f1 or Nanog at that time. Instead, a probe designed to Tcf19, a
neighboring gene just 2kb away from all currently known mammalian Pou5f1, was used.

Similarly, a probe to Slc2a3, a neighboring gene to Nanog, was used.

Potential positive clones were visualized as bright spots on autoradiographs, or on storage
phosphor screens which were then read by the Typhoon phosphorimager (GE Healthcare).
Radiochemical levels were optimized in order to read the spots clearly without

overexposing the filter (Table 4).

For X-ray film For phosphor screen

Pack size 250 uCi Gamma P ATP | 250 uCi Gamma P ATP
(10 pCi per pl) (10 pCi per pl)

Volume used 2.5 ul per filter 1.0 pl per filter

Radioactivity of labeled probe 2.0 x 10° cpm/pl Estimated ~ 1 x 10° cpm/ul

Radioactivity after hybridization | 30000 cpm at 1 cm distance | 10000 cpm at 1 cm distance

Optimized exposure time 1 hour for 30000 cpm 1 hour for 20000 cpm
3 hour for 10000 cpm
15 hours for 2000 cpm

Optimized exposure radioactivity | 1.8 x 10° counts in total 600000 counts in total

Table 4. Optimized radiochemical levels for autoradiographs and phosphor screens.

The BAC identity of these spots were decoded using a three-step protocol — this
information was recorded into an Excel file (see Appendix A) and the BACs were
purchased as agar stabs. Next, PCR screening was done using genomic primers. The
entire workflow in screening BAC libraries is summarized in Figure 6, and details of the

protocol can be seen in Appendix B.
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Design and order oligo probes

v

End-label the probes with 32P ATP

S

Hybridize with BAC genomic library high density filters

S

Capture radioactive spots with film/storage phosphor screen

S

Decode the identities of the positive BAC clones (three step process)

<

Order BAC clones, streak on plate, verify colonies using PCR

S

Grow BAC culture, isolate BAC DNA

v

BAC sequencing

Figure 6. Summary of BAC screening workflow (see Appendix B for details).

The DNA was then isolated and purified using a BAC DNA preparation kit. This DNA
can be used for sequencing or act as reagents for functional studies later. Finally relevant
regions of those BACs were sequenced. All sequencing was done using capillary
sequencing runs via BAC-end sequencing and primer walking. The difficulty of this
approach resulted in numerous failed reads but there was sufficient sequence obtained to

identify gene-specific sequence as well as pseudogenes.

All the raw sequence information from online databases, trace file assemblies and BAC

sequencing reads were converted to VectorNTI files for compilation and analysis.
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2.3 Results and Discussion

A total of 2 authentic Nanog clones were verified (elephant and opossum) and the rest

were pseudogenes (armadillo) with no intronic sequence, or failed reads.

A total of 3 authentic Pou5f1 clones were verified from elephant, opossum and platypus

in addition to a number of pseudogenes (armadillo, kangaroo). The platypus BAC clone
was first pulled out with an oligo to the Pou5f1 neighbouring gene Tcf19 thus sequencing
of the BAC first verified the presence of Tcf19 in this clone. When primers to the Pou5f1
gene were used to amplify the same clone, the PCR yielded a fragment of the appropriate
size. Subsequent BAC sequencing was able to read most of exon 4, intron 4 and exon 5

of platypus Pou5f1. This indicates the platypus Pou5f1 is in close proximity to Tcf19,
lying within the same BAC construct, therefore in the same genomic context (ie. syntenic)

as eutherian mammal Pou5f1 genes.

This discovery of platypus Pou5f1 is intriguing as prior to this a syntenically positioned
Pou5f1 had not been found in the chick (Soodeen-Karamath and Gibbins 2001),
suggesting that the location of the Pou5f1 gene might have been a uniquely eutherian
novelty. Finding it in the prototherian platypus thus rules out this possibility, and as the
platypus does not have a blastocyst stage, Pou5f1 is not specific to this eutherian

embryonic feature.

However, this discovery opened the possibility that changes within the platypus Oct4

protein, rather than the existence of the gene itself, could account for the differences
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between platypus and eutherian embryo development, which will be investigated in detail

in Chapter 4.
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Chapter 3: Sequence Data Analysis

3.1 Overview

The purpose of sequence analysis is to align and compare all the relevant sequence
information in order to identify significant eutherian-specific sequence changes that are

likely to have a large phenotypic effect on early embryo development.

In the simplest scenario, the mere appearance of a gene in a novel genomic context may
be a major factor. This is not the case for Sox2, since it is a gene that has existed for a
long time in vertebrate evolutionary history. Its coding sequence is highly conserved
from fish to mouse (Table 5). To verify if there are direct orthologs to mouse Sox2, the
synteny of surrounding genes, especially Fxrl, is examined. Here you can see that it has

been in the same genomic context since the fish (Fig.7).

Mouse Rat Human | Dog | Cow | Opossum | Frog Xt | Puffer fish | Zebrafish
Tr

Mouse 100 100 98 97 98 84 88 83 87

Table 5. Sox2 protein coding sequence identity (% of amino acids)
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Mouse
Chr 3

Human
Chr 3

Cow
Chr 1

Chick
Chr 9

Zebrafish
Chr 22

Fxrl

Fxrl

Fxrl

Fxrl

Fxrl

Sox2

Sox2

Sox2

Sox2

Sox2

Figure 7. Sox2 gene synteny map.

Atpllb

Atp11b

Orange dash denotes the boundary between mammals and non-mammals.

By comparison, Nanog appears to be a newer gene and its amino acid sequence is

certainly less conserved over evolutionary time (Table 6). Based on multi-species data,

the gene seems to have first appeared in its eutherian genomic context in the chick, since

the equivalent region in the frog does not have the Nanog gene (Fig. 8). This means that

the appearance of Nanog already predates the base of mammalian radiation, so the gene

itself is not a eutherian-specific change.

Mouse

Rat

Human

Dog

Cow

Opossum

Chick

Mouse

100

84

68

64

66

45

20

Table 6. Nanog protein coding sequence identity (% of amino acids)
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Mouse Aicda Nanog Slc2a3 FoxJ2

Chr 6
Human Aicda Nanog Slc2a3 FoxJ2
Chr 12

Cow Aicda Nanog Slc2a3 FoxJ2
Chr 5

Chick Aicda Nanog Slc2a3 FoxJ2
Chr1
Frog Xt Aicda Slc2a3

Figure 8. Nanog gene synteny map.

Pou5f1 also appears to be a newer gene and is not highly conserved over evolutionary
time (Table 7). Although there are non-mammalian homologs of this gene, they share
only limited sequence identity and seem to be at a different genomic context. Moreover at
the beginning of this project a chick homolog had not yet been found (Soodeen-Karamath
and Gibbins 2001). Thus I postulated that Pou5f1 could have appeared around the base of
mammalian radiation, which would be a significant discovery considering the vital

importance of Oct4 to pluripotent cell development (Fig 9.).

Mouse Human Cow Opossum | Chick | Frog Puffer fish | Zebrafish
(PousF1) | (PousF1) | (PousF1) | (PousF1) | (PouV) | (PouV) | (Pou2) (Pou2)
Mouse 100 87 86 Partial 46 3 27 26

Table 7. Oct4 protein coding sequence identity (% of amino acids)
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Mouse Hspail Pou5F1 "¢ Tcfl9
Chr 17

Human Hspadll Pou5F1 "¢ Tefl9
Chr 6

Platypus ?
(no hits)

Chick N
(no hits- published absence!)

Frog Xt Hspall Tcf19

Zebrafish Pou2 Zebrafish Tcf19
Chr 16 Chr 19

Figure 9. Initial Pou5f1 gene synteny map (2004)

However, after the BAC sequencing effort and with the availability of sequences from

more animal species, this postulate is no longer tenable.

Firstly, | was able to find platypus Pou5f1 in close vicinity to Tcf19, indicating that the
gene itself exists prior to the divergence with eutherian mammals. Next, a chick homolog
of Pou5f1, called PouV, was found in 2007 and has a 46% sequence identity with mouse
Pou5f1 (Latvial et al. 2007). While the researchers provided evidence that chick PouV
could support pluripotency in chick ES cells, cPouV is not located in the same genomic
context as mammals - indeed it is in the vicinity of the Fut7, more similar to fish Pou2.

PouV homologs that are located in this context are named Pou5f2 for clarity (Fig 10).
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Thus there still remained the possibility that the platypus Pou5f1 is the first homolog that

existed in the eutherian genomic context.

Eutherian

Opossum

Platypus

Chick

Lizard

Axolotl

Frog Xt

Zebrafish

Pou5f2

PouV

PouV

AmOct4

Pou9l

Pou2

Fut7
Chr1

Fut7
Chr 17

Scaffold 639 (fragment)

Pou25 Fut7

Scaffold 886

Fut7
Chr 16

Pou5f1l

Pou5f1

Pou5f1

PouV

Tcf19
Mouse Chr 17
Tcf19
Chr 2

Tcfl9
Contig22957

Tcf19
Scaffold 29

Tcf19
Scaffold 488

Tcf19
Chr 19

Figure 10. Latest Pou5fl gene synteny map (2009)

However, new sequence information from UCSC indicated the presence of lizard (Anolis

carolinensis) homologs of Pou5f1. While the assembly was not yet complete, there was

sufficient sequence to show that one such PouV homolog exists near Tcf19, placing it in

the same genomic context as eutherian mammals and thus pushing back the appearance

of Pou5f1 long before the base of mammalian radiation (Fig. 10).

From this broad overview of the evolutionary history of Pou5f1, Sox2 and Nanog, we can

see that the appearance of these three genes were not coincident with the emergence of

eutherian mammals. It is therefore necessary to perform more detailed multi-species

analyses - of the DNA regulatory regions at the nucleotide level, and protein coding
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sequences at the amino acid level - in order to uncover interesting eutherian-specific

changes.

3.2 Materials and Methods

VectorNTI (Invitrogen) was used for most of the in silico sequence analysis, such as

assembly and alignments.

Online tools such as EXPASy Proteomic Tools (http://www.expasy.ch/tools/) were also

used for protein analysis.

RasMOL (ver 2.6) was used for visualizing protein structures.

3.3 Results of cis-element Analysis

As mentioned in the introduction, Oct4 and Sox2 bind synergistically to form a complex
that binds to the composite oct-sox element in the enhancer regions of target genes. The
element is a core component of the pluripotent transcriptional network; it consists of 15
base pairs of which seven of them are bound by Sox2 and the adjacent eight, the octamer
sequence, are bound by Oct4. This element has been identified in a number of target
genes, for example in the cis-regulatory regions of Fgf4 (Yuan et al. 1995) and Sox2

(Tomioka et al. 2002) itself.
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More recently, using the chromatin immunoprecipitation (ChIP) and paired-end ditag
sequencing strategy, Loh and colleagues produced a genome-wide map of Oct4 and
Nanog binding sites in mouse ES cells (Loh et al. 2006). They were able to distill a sox-
oct consensus binding logo, which serves as a general guide of the prototypic sox-oct

binding site (Fig .11).
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Figure 11. Oct-Sox Consensus Binding Logo (Loh et al. 2006)

Next, | examined the sequence conservation of the sox-oct element in the Sox2 regulatory
region bound by the Sox2/Oct4 protein complex, this molecular interaction considered to
contribute to Sox2 auto-regulation. This element is found in a highly conserved region 1.2
kb downstream of the Sox2 mRNA’s 3° UTR. | used sequence in this region for multi-
species BLAST analysis in order to find the equivalent region in other mammal and non-
mammal vertebrate species. As shown, the sox-oct element is quite well conserved with
11 of the 15 positions invariant (shown in bold print) from chick to mouse (Fig. 12).
Since it is already present in the opossum and the chick, this finding precludes the
possibility that the simple presence of the element is a eutherian-specific change.

Focusing on the nucleotide level changes, the chick sox-oct element is the most divergent,
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differing from the eutherian consensus by three base pairs. To investigate if these changes
will result in an impairment of transcription factor binding, promoter assays were

performed. This is discussed in detail in Chapter 4.

Sox2
Binding site is ~1200bp downstream of Sox2 3'UTR.
Tomioka et al. 2002 NAR

Sox2 Oct4

Mouse CTCGGGCAGCCATTGTGATGCATATA-GGATTATT
Rat CTCGGCCAGCCATTGTGATGCATATA-GGATTATT
Human CCTGGCCAGCCATTGTAATGCATATACGGATTATT
Dog CCTGGCCAGCCATTGTAATGCATATACGGATTATT
Elephant CCCGGCCAGCCATTGTAATGCATATACGGATTATT
Opossum GCTGCCCGGCITTTGTAATGCATATA-GGATTATT
Chick GCTGTGCGGCGTTTGTAATGCATCTGGGGATTATT
Frog No sox-oct site

Figure 12. Alignment of sox-oct binding site in Sox2

In contrast, the sox-oct binding site of Nanog is not found in the chick or the opossum. It
is conserved only in eutherians and has remained unchanged for over 250 million years of
cumulative evolution (Fig. 13). This strongly suggests the functional importance of this
sequence. Experiments done by myself and others from our lab have shown that the sox-
oct element is important to drive Nanog expression in ES cells (Rodda et al. (2005); see
Chapter 4). This appears to be a striking example of eutherian-specific cis-evolutionary

change.
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Nanog
Binding site is ~181 bp upstream of TSS.
Rodda et al. 2005 JBC

Sox?2 Oct4

Mouse CCACCATGGACATTGTAATGCAAAAGAAGCTGTAA
Rat CCACCAAGGACATTGTAATGCAAAAGAAGCTGTAA
Human TCACCAAGG(CCATTGTAATGCAAAAGTAGCTGCAG
Cow TCACCAAGGCCATTGTAATGCAAAAGAGAGTTGCA
Elephant TCATCAAGTCCATTGTAATGCAAAAGTTCCTGAAA
Opossum No sox-oct site

Chick No sox-oct site

Figure 13. Alignment of sox-oct binding site in Nanog
Like Sox2, Pou5f1 is also auto-regulated by the Sox2/Oct4 complex. The enhancer
element is highly conserved and there are only three nucleotide differences from elephant
to mouse (Fig. 14). The opossum cis-region sequence is not available as the trace files do
not extend far enough in the 5’ direction; similarly there is no data for platypus as the
primer walking effort was unable to yield the first exon of the gene. There appears to be
no chick equivalent of this conserved region, which is understandable since chick PouV is

not located in the same genome context as its eutherian counterparts.

Oct4
Binding site is ~1992 bp upstream of TSS.
Chew et al. 2005 MCB

Sox2 Oct4
Mouse TATCATGCACCTTTGTTATGCATCTGECCGTCTGCC
Human ATCACGGCACCTTTGTCATGCATCTCTCTGCTGTC
Dog ATCACGGCACCTTTGTCATGCATCTATCTGCTGTC
Elephant ATCACAGCAC[ITTTGTCATGCACCTATCTGCTGTC
Chick Not found

Figure 14. Alignment of sox-oct binding site in Pou5f1
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3.4 Results of Coding Sequence Analysis

Sox2 has existed for a long time in vertebrate evolutionary history, present in ancient

lineages such as the fish. It is highly conserved from fish to mouse, the yellow blocks

showing identical sequence (Fig .15). In fact in its 79 amino acid DNA binding domain,

the HMG box, only two amino acids differ from fish to mouse. There is very limited

diversification in the N and C-terminal ends as well — most of these changes do not

conform to any phylogenetic pattern and are likely to be neutral substitutions. As such, I

can conclude that functionally important eutherian-specific amino acid changes do not

exist in the Sox2 coding sequence.

HMG box

1 10 20 30 40 50 60 70 80 90 100 114
MmSox2 (1) MYNMMETELKPPEPOGASEE-EEEEE-- - --- NRTARATEENOKN S JDRVKRPMNAFMVISRGORRKMAQEN PKMHNSET SKRLGAEWKLLSETEKRPF I DEAKRLRALHMKEH
Rn.Sox2 (1) MYNMMETELKPPGPQQASGG-GGGEG— -NATAAATGENQKNS FDRVKRPMNAFMVWSRGQRRKMAQENPKMHNSE I SKRL( {KLLSEZEKRPFIDEAKRLRALHMKEH
Hs.Sox2 (1) MYNMMETELKPPGPOQTS---GEGEE--—--- NSTAAAAGGNOKNS MVWSRGQRRKMAQENPKMHNSEISKRLGAEWKLLSEEREKRPFIDEAKRLRALHMKEH
Cr.Sox2 (1) MYNMMETELKPPGPQQTSGGGEEEEEGGGG--NSTAAAAGGNOKNS MVWSRGQRRKMAQENPKMHNSEISKRLGAEWKLLSEREKRPFIDEAKRLRALHMKEH
Bt.Sox2 (1) MYNMMETELKPPGPOQTSGGGEEEEE--——- NSTAARAGGNOKNS FMVWSRGQRRKMAQENPKMHNSEI SKRLGAEWKLLSEZEKRPFIDEAKRLRALHMKEH
Md.Sox2 (1) MYNMIET ILKPPGPOQTSGGGEEEEEGGGGGGPNET DRVKRPMNAFMVWSRGORRKMAQENPKMHNSEI SKRLGAEWKLLSEAEKRPFIDEAKRLRALHMKEH
Xt.Sox2 (1) MYNMMETBLKPPAPQQASGG-—----—----—- NEN| DRVMKRPMNAFMVWSRGQRRKMAQENPKMHNSET SKRLGAEWKLL: KRPFIDEAKRLRALHMKEH
TrSo@ (1) MYNMMETELKPP) PQTNIGGTG—— RVKRPMNAFMVIISRGORRKMAQENPKMHNSE I SKRLGAEWKLLSENEKRPF I DEAKRLRALHMKEH
Dr.Sox2 (1) IYNMMETELKPPEPOPNEGE——-—--—-—--- C RIKRPMI\'A:MVWSRGQRRKMAQENPKD’,}INSEISK?\LGAEWKLLSEIEKRPFIDEAKRLRALHMKEE

@s)fiis 120 130 ET 2 EY 0 2

Mm.S0x2 (108) [P DY K YRPRRKTHT LMKKDKY TLPGGLLAPGENSMASGVGVEAG- - LEAGVNQRMDS Y - AHMNGSN G YSMMOBOL G YBOHPGLNAH - - - - - -~ GARQMOBMHRYDVSALQ
Rn.Sox2 (108) PDYKYRPRRKTHT LMKKDKY TLPGGLLAPGGNSMASGVGVGAG- - LEGAGVNQRMDS Y - AHMNGWSNGS Y SMMOEQLGYPQHPGLNAH - --GAAQMOBMHRYDMSALQ
Hs.S0x2 (106) P DY K YRPRRKTHT LMKKDKY TLPGGLLAPGENSMASGVGVEAG- - LEAGVNQRMDS Y ~AHMNGWSNGS YSMMOBOL G YBOHPGLNAH -~ - == -~ GARQMOBMHRYDVSALQ
Cf.50x2(113) PDYKYRPRRKTHTLMKKDKY TLPGGLLAPGGNSMASGVGVGAG- - LGAGVNQRMDSY - AHMNGWSNGS Y SMMOBQLGYPQHPGLNAH-—--——---- GARQMOPMHRYDVSALQ
Bt.S0xX2 (109) [PDY K YRPRRKTHI LMKKDK Y TLPGGLLAPGGNSMASGVGYGAG - ~LEAGVNQRMDSY - AHMNGHSNGS Y SMMOBOLGYPOHPELNAH -~ == - === - GARQMOBMHRYDVSALQ

Md.Sox2 (115) P DY K YRPRRRTHT KK DKY TL.PGGLLAPGGNSMEGGVGVEAGG - LEEGVNORMDS Y -A

SLG----AGYNQRMDEY - AHMNGWENGG Y GMMOBOLEYBOHPELSAHN---------- APOMOBMHRYDVSALQ
GAGEEEGVNORMDS YARHMNGHENGGY GMMOBOL S Y -QHPGLNAHN - -~ - - -~ PIQMQSN}IRYDISALQ

GVGVGAG- - LEAGVNQRMDEY - AHMNGWENGGY GMMOBQLEYBOHP S LNAHN-----~---~ TROMOBMHRYD)

Xt.S0x2 (102) [PDYKYRPRRKT! TLMKKDKYTLPGGLLAPGINPML‘SG'JG[-—,
Tr.Sox2 (105) PDYKYRPRRKT TLMKKDKYTLPGGLLAPGGNCMIGVGVG.

Dr.Sox2 (103) PDYKYRPRRKTHT LMKKDKYTLPGGLLAPGGNGM|
(230) L 250 260 270

GWSNGGYSMMOEQLGY SQHPGLNAHNAAAAAAAAAIAAQMQPN}[RYDVSALQ

SALQ
280 290 300 310 320 330 343

Mm.Sox2 (210) NSMISSQTYMNGSPTYS-MSYSQOGHPG—~—~~~~~~-| MAT.GSMG--SVVKSEASSS-PPVVTSSSHSRA-PCOAGDLRDMI SMYLPGAEVPEPAAPSRLHP-:IQEYQSGP’JPGT

Rn.Sox2 (210) NSMTSSQTYMNGSPTYS-MSYSQQGTPG-~~~~~--~~] MALGSMG--SVVKSEASSS-PPVVTSSSHSRA-PCOAGDLRDMI SMYLPGAEVPEPAAPSRLHM

Hs.Sox2 (208) NSMESSOTYMNGSPTYS-MSYSQQGTPG-
Cf.S0x2 (215) NSMTSSOTYMNGSPTY S -MSYSQQGTPG-

Md.Sox2 (228) NSMISSQTYMNGSPTY SSMEY SO0
Xt.S0x2 (202) NSMBSSOTYMNGSPTYS-MSYSQ0GA
TrSox2 (209) NEMTSSOSYMNGSPTYS-MSYSQOTERG-

Dr.Sox2 (205) NSMENSQEYMNGSPTYS -MSYSQQSEPG-~------~~ MTLGSMG--SVVKSESSS-PPVVTSSSHSRAGQCQTGDLRDMI SMYLPGAE!

QHYQSGRVPGT

-MAT.GSMG--SVVKSEASSS-PPVVTSSSHSRA-BPCOAGDLRDMISMYLPGAEVPEPAAPSRL.HMSQHYQSGRVRGT
-MALGSMG--SVVKSEASSS-PPVVTSSSHSRA-BCOAGDLRDMI SMYLPG;
Bt.Sox2 (211) NSMTSSQTYMNGSPTYS-MSYSQQGTPG-—-—--—-—-| MALGSMG--SVVKSEASSS-PPVVTSSSHSRA-PCOAGDLRDMISMYL PG

VPEPAAPSRLHMSQHYQOSGPVPGT
PEPAAPSRLHMSQHYQSGPVPGT

GGGAGGGGGGAMALGSMG - SVVKSEASSS-PPVVTSSSHSRA-BCOAGDLRDMISMYL PEPARPSRLHMSQHYOGHPVEST
555-PPVVTSSSHERA-BCORGDLRDMI PEPARQSRLHMSQHYOSHSVAGT
SSSPPV\’TSSS}IRAAPGCQIGDLRDMI ",EQIAQIRLHMSGEYQS*TVPGT

0B0oBAOSRLHMSEHYOSEBVEGT

Figure 15. Sox2 protein alignment
Yellow denotes identical bases, blue and green are similar bases. White sections are
dissimilar and dash sections cannot be aligned (such as insertions and deletions). Species

abbreviations for this alignment: Dr = Danio rerio (Zebrafish), Tr = Takifugu rubripes

(Fugu), Xt = Xenopus tropicalis (Frog), Md = Monodelphis domestica (Opossum), Bt =
Bos taurus (Cow), Cf = Canis familiaris (Dog), Hs = Homo sapiens (Human), Rn =
Rattus norvegicus (Rat) and Mm = Mus musculus (Mouse).
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Nanog, on the other hand, appears to be a newer gene and is more variable. Only the
DNA-binding homeodomain is quite conserved, but even within this region there is
variability among eutherian species. There is a region where interesting changes have
occurred — the tryptophan repeat region (WR), which is highlighted in the red box (Fig.

16).

1 50 80 100 114
MmNanog (1) MSVGLPGPHSLESSEEASNSGNASSMPAVEHE - ENY LQGS TEMLCTERASP SSEDLP \A_SPDQSTSP QKLSIPE IKGPEE-EEN| KVLAIKQKMB\TVFQQAQLC AL
Rn.Nanog (1) MSVDLIGPHSLPSCEEASNSG SPMP; HLPEENY CL S - TEMLCTETAP SSGDLP /‘DSPDJSIIIP KLSGPE| EGPE [KEENKVLTKKOKMRTVFSQAQLEAL
Hs.Nanogl (1) MSVDPACEBQSLEC-FEASDC] SPMP V|

CGPEENY PSLOMS - SAEMPHTET

SSMDLLIODSPDSSTSPRGKQOP-MES KSV -KEDKVPVKKQKTRTVEFSSTQLCVL
Cf.Nanog (1) MSAIQL SAMPAG-POAPNSRB P SPMPE YGPRGNPISLP S-SAETPH.

SSMDLITODSPDSSTS PRMKL.PPESGEERTAR-KEBATQGKKOKMRTVFSQTOLYML

BtNanog (1) MSVGPACEOSHLG- PEASNSRESSPMP- - ---BESYvSLATS-SADTHDEDTVS PLESSMDLLTODS PDSSTS PRUKPL - PEVEESTE-KE \VPvKKQKlvasQTQch:
L APSSMDKCIODEPDSATSPT5NSLE80-NKPKTEQGKBOS PIKKPKMRTVESQAQLNYL
LaNanog (1) MSWDEASBOSEE - - -EAC DSRBHSEE S BE L £ AEENY 1 STOMS - SAEAL vBET SSTBGEIODSPDSSTSPofiRPS ALVGKSTVKKEgKGQGKKQKIRTVFSQMQLCIJ
GgaNanog (1) MS2AHLAMBSYGSVRCGHYYWPSPGSMDEASAAEAPANDLSEMTEQKTPCHPDASPASSSSCTLIQYMPDSATS PTADHPEHRPTFOKVEDKGES G- TRKAKSRTAFSQEQLOTL

(1s) 115 120 130 140 150 160 170 180 190 2Qo 210 228
MmNanog (112) KDRFQROKYLSEGOMOELS SELNLS YKQVKTWFONORMKEKRWOKN - B LK T ENCH 1 0x ESAPvEYRSEH CSY pOGYLVNASE S L s fi cBOTH T NPTWS SO - - - - - T TN N
Rn.Nanog (114) KDRFQRORYLSLOOMOBLS TILNLSYKQVKTWFONQRMKCKRWOKN - QLK TSNGETOK GSAPVEYPSTHCSY S OCYLMNASCN LB CSQTH T NPTHNNG - - - -~ THTNPEWS
Hs.Nanogl (111) NDRFQROKY LSLOOMOELSNILNLSYKQVK TWEQNQRMK SKRWOKN - NW PKN SN TQKI—IAPTYPS YSSYHOGCLVNP[EGN LPEWS N QTWNN S TWSNQ - - - —-! TONT! S
Cf.Nanog (111) NDR?QRQKYLSLQQMQELSHQ g @ AR PKESNS TQN.’:‘SATTmﬁi—CRQGYLINPSGNLP. s S0~wNNE: WWR -TWNSQSWS
Bt.Nanog (106) NDRFQROKY 1,5 LOOMOELSNT m%@ QMQN—NWPINSN POGP- AMAEY P ¥ - FHOGCLVNS - GNLPRWCNOTWNNBEWY NSOSWS
Md.Nanog2 (62) NSREVEQKYLSPOOERNVAENLNLEYKOVK TWFONORMK SKRWOK D TMWTKNGNRNVONESAL GEY 1 8H¥S » BHO DEMVSSSE T L BWS NOTWNNOFONSGE - - -GE¥OHO THO
LaNanog (111) KBREGROKYLSEQOMOELSEALNLEYKOVKTWEONORMKEKRWOKN TN SK TENSHiE Vs -vp 1 ERLDEYSS sSHOBCLP s - - BN L s JWSNOTHSNOTHNS@swSNHEWN S 02 WS
Gga.Nanog (114) HORFQSOKY LS PHOERELAAALGL) YKQVKTWF(}NQRMKFKRCOO-SIWV DKGIYHPENEFHOAAY L OMT PEBHOGEPIVENRNLOJ VEBAHOAY SEGOMYG--NGOGLY PFME

(228)[228 240 250 260 280 290 300 310 320 334
Mm.Nanog (219) i TNPIWS SQAWT A0S -WN----— GQPWNAAP AN FGEBFLOBYVOLOONFSASDLEVNLEATRESH------- AHFSTP-QABELFLNYSWTPPGEI-----—
Rn.Nanog (221)}5 TN PEWSNOANSHOS - WeToAWNSOTWNARAR JHNFGEDSLOB Y VPLOON FSAS DLEANLEATRE! Q fffffff AHFSTP-QABELFLNYSUNSPGEI-----~
Hs.Nanog1 (217)] SNHSWNIQTW&TQIWN}J ------------ SP CGEESLOSCMOFQPNSPASDLE! EGLNMIQOTTREFSTP-OTMDLELNYSMNMOPEDV----~—
Cf.Nanog(217)S~HSWNSQTWCPQAWN‘\I - ---------- NEJENCEEESLOBPEQ MGDLES T FET| E§HGYLOOSTKYFSTR-QIMDrEPNYSEHST----—---—
Bt.Nanog (211 wrPQAWN NQ PN NNYMEEFLOEG QL@:ZI_—VCDLE TLGTAGENYNWIQQTVK: FIIQQQITDLFPNY pEN1OPEDL-----
Md.Nanog2 (172)§0HS Y PASD L INNBGCAYSMKSQTSLSFN-TBYPMEYLPSY SMNMOLTHSKEEEDYHYRO. BOFEDPSVVPVEOS
La.Nanog (221)) SNHSWNSQ N QISWNSQSSWNNQVWNNQ (ONCGEEFLLEQVQFQONS - - ——----— DT‘E S—————m— QTIDLFLNYSINTQPEDVVTMGT
Gga.Nanog(ZZS) EDEGFFGKGGTECNBOOAMG -~ -———-——— LLsdoMNEYEGY STNVDY DSLOBEDTY SFOSTEDS IB0FSSSPVREOEOABWH THGTONGYE T- ==~ === ——~

Figure 16. Nanog protein alignment
Yellow denotes identical bases, blue and green are similar bases. White sections are
dissimilar and dash sections cannot be aligned (such as insertions and deletions). Species
abbreviations for this alignment: Gga = Gallus gallus (Chicken), La = Loxodonta
africana (Elephant), Md = Monodelphis domestica (Opossum), Bt = Bos taurus (Cow),
Cf = Canis familiaris (Dog), Hs = Homo sapiens (Human), Rn = Rattus norvegicus (Rat)
and Mm = Mus musculus (Mouse).
The tryptophan repeat region has previously been shown to be important for the
transactivation ability of Nanog (Pan and Pei 2005). The mechanism of its activity is not
yet known. There are at least 8 tryptophan repeats in eutherian mammals, but only two in

the opossum and none in the chick (Table 8). This suggests that the appearance of these

repeats occur at around the base of mammalian radiation (Fig. 17).
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Species | Mouse Rat Human Dog Cow Elephant | Opossum | Chick

No. of W | 10 11 8 9 9 12 2 0
repeats

Table 8. Number of Tryptophan repeats in Nanog transactivation domain

(202) 202 210 220 230 240 250 262

Mranog (198) TcEQTHTNBTHE 80—— ——— T T Bl MO 7 oS < QAR T A OR - N - - —— - GOPTNAAE
FnManog (200) IC80THT NETHHHQ—— ——— T TH PEWENOTHT I P TH SMOARN = T8 - Mo TQANNS QT MHAAD
HsManog! (198) i 8N QTWNN & THEHQ———— - TONT Q8 S NHSWNEQTH C T QSN Qi N - — —— ——————— Sp
F Nanog (196) T8 80AMNNENHE 80—— ——— TN = QB E S HEWN SQTH C PQARNN O~ - - —— —— —— ——— NE
Bt Manog (190) @ QT INNETHENQ—— —— — ST S QBT S NHS N S04 C PQARNNN QP - - - ————-———— NGO
La.Nanag (195) fEH QT = MO THN 80 S SN HEMN S QAN SNHE TN 80 A ENH S of W 50 8 SNNQVINNG
MdMNanog2 (149) W8N QTHNNQE QN 8GE- —- GEYQHOT EOHSY PABD LGATE GNNT CCAYSME SQTS LEFN-TR
GoaManag (201) VIS AH0AY S BeolY G- ~NGQGELY FEMAVEDECEE GREGT BCNTQOAMG—— ———————— LLS

Figure 17. Detailed alignment of the Nanog transactivation domain
Blue and green are similar bases. White sections are dissimilar and dash sections cannot
be aligned (such as insertions and deletions). Species abbreviations for this alignment:
Gga = Gallus gallus (Chicken), Md = Monodelphis domestica (Opossum), La =
Loxodonta africana (Elephant), Bt = Bos taurus (Cow), Cf = Canis familiaris (Dog), Hs
= Homo sapiens (Human), Rn = Rattus norvegicus (Rat) and Mm = Mus musculus
(Mouse).
Like Nanog, Oct4 is also not highly conserved outside of its DNA binding domain, which
is made up of two parts: the POU domain and the homeodomain. This is a functionally
important part of the protein, especially the POU domain which is crucial for protein

interactions with Sox2 and is highlighted in a red box (Fig. 18). More details about the

POU domain will be discussed later.
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@1 10 20 30 40 50 60 70 80 90 103

Translation of Mm.Oct4 cDNA (1) ———— ----MAGHLASDFASSPPPGGG-DGSAGLEPGWVDSRTWLSFOGPPG
Translation of Hs.Oct4 cDNA (1) MAGHLASDFAFSPPPGGGGDGPGGPEPGWVDPRTWLSEQGPPG
Translation of Bt.Oct4 mMRNA (1) MAGHLASDFAFSPPPGGGGDGPGGPEPGWVDPRTWMSEQGPPG

Translation of Tr.Oct4 cONA (1) MSEGSQSP-GGQSRPFDFSRANTCVQONVGQDHLGSPASFQFPHGVLPDPGLFYNKAAFGGITPGSAQTFFPFRTVTTDYREGSDPQAGDFGORPKHIWY PFAAPEY
Translation of Dr.Pou2 cODNA (1) MTERAQSPTAADCRPYEVNRA-MYPQAAGLDGLGG-ASLQFAHGMLODPSLIFNKAHFNGITPATAQTFFPFS---GDFKTNDLQGGDFTQRKHWY PFAAPEF

(104) 104 110 120 130 140 150 160 170 180 190 206

Translation of Mm.Oct4 cDNA (43) G-——————————————— PEIGPGSEVLEIS-—-——————————————————————————————————— PCPPAYEFCGCMAYCGPOVGLGLVP QVEV
Translation of Hs.Oct4 cDNA (44) GPGIG- PGVBPGSEVWGIP-————————————————————— -] PCPPPYEFCGGMAYCGSQVGVGLVP- -QGGL

Translation of Bt.Oct4 mMRNA (44) GSGIG-——————————— PEVVPGAEVWGLE PCPPPYDLCCGCMAYCAPOVGVGPVP PGGL

Translation of Tr.Oct4 cDNA (103) IGQVPGVAAATQPVNISPPIAETREQIKLP-EVKIEKDAGDDYSTDVK-IQQYPTPPASSAMSHGVFYSAAWNPSEWPGMTQTTRPGANNPNPPTPSASSPSH
Translation of Dr.Pou2 cDNA (99) TGQVAGATAATQPANISPPIGETREQIKMPSEVKTEKDVEEYGNEENKPPSQYHLTAGTSSVPTGVNYYTRWNPNEWPGLSQITAQANISQAPPTPSASSPSL

(207) 207 220 230 240 250 Nl ol ol o —
Translation of Mm.Oct4 cDNA (86) ETLQP-————-. EGOAGARVESNSEGTSSEPCADRPNAVKLEK--VEPTPEESQODMKALOKE LEQFAKLLKOKRITLGYTQADVGLTLGVLEGKVESQTTICRE
Translation of Hs.Oct4 cDNA (91) ETSQP—————— EGEAGVGVESNS DGAS PEPCTVTRGAVKLEKEKLEONPEESODIKALOKELEQFA L KRITLGMTQAD' TLGWLEGKVMEFSQTTICRE
Translation of Bt.Oct4 TRNA (91) ETPQP-- - EGEAGAGVESNSEGAS PDPCAAPAGAPKIDKEKLEPNPERSOD TKALOKDLEQF FL L@Lmzafﬁw; TICRF
Translation of Tr.Oct4 cDNA (204) SPEPPCSGLPGNVFFEGNATQAAGEPSGONPASSTRSTGSSSGGCSDSEEE -~~~ 1 LT TEBLEQFAKELRHKRL TLGF TOADVGLALGNL Y GKMESQTTICRE
Translation of Dr.Pou2 cDNA (202) SPSPPGNGFGSPEFFSGBTAONT PSHOAQS---ABRSSGSSSGGCSDSEHEE---TLTTEDLEQFAKELKHKRI TLGFTQADVGLALGNLYGKMFSQTTICRE

(31 asal il i vita) =il 360 370 380 390 400 412

Translation of Mm.Oct4 cDNA (181} EALQLSLKNMCKLRPLLEKWVEEADNNENLOEICKSETLVOAR{--KRKRTSIENRVRWSLETMFLKCPKPSLOQITHIANQLGLEKDV CNRROKGKR
Translation of Hs.Oct4 cDNA (: EALQLSFKNMCKLRPLLOKWVEEADNNENLOEICKAETLVOARY--KRKRTSIENRVRGNLENLFLOCPKPTLOQISHIAQQ VVRVWECNRROQKGKR
Translation of Bt.Octd TRNA (184} EALQLSEKNMCKLRPLLOKWVEEADNNENLOETCKAETLVOAR ] - -KRKR TS IENRVRGNLES! 8 @mael/n:wmmm
Translation of Tr.Oct4 cDNA (304 EALQLSEKNMCRLKPLLOKWLNEAETTENPODVNVOGGAGVRGYRKRKRRTSLEGAVRSALEAY F IKCPKPNTQE I FHISDD CNRROKGKR
Translation of Dr.Pou2 cDNA (299 EALQLSEKNMCKLKPLLORWLNEAENSENPODMYKIERVFVD-JRKRKRRTSLEGTVRSALESYFVKCPKPNTLEITHISDDLGLERDVVRVWECNRRQKGKR

18
18

(410) 410 420 430 440 450 460 470 487

Translation of Mm.Oct4 cDNA (278) GKRSSIEYSORE--EYEATGTPFPGGAVSFPLPPGPHEGT PGYGSPHEFTTLYS - VPFPEGEAFPSVPVTALGSPMHSN
Translation of Hs.Oct4 cDNA (285) GKRSSSDYAQORE - -DFEAAGS PESGGPVSFPLAPGPHFGAPGYGSPHFTALYSSVPFPEGEAFPPVSVITLGSPLHSN
Translation of Bt.Oct4 mRNA (285) GKRSSSDYSORE --DFEAAGSPETGGPVSSPLAPGPHEGT PGYGGPHETTL Y SSVPEPEGEVEPSVSVTALGSBMHAN
Translation of Tr.Oct4 cDNA (403) GKRLALPLDEDC-EGQYYEQSPSP-LNMVPSPITTQGYPAPGYPPAPPPILYMPQLHRADVLKQSLHPGLVGHLTG-~
Translation of Dr.Pou2 cDNA (398) GKRLALPFDDECVEAQYYEQSPPRPPHMGGTVLRPGQGYPGPAHPGG-APALYMPSLHRPDVFKNGLHPGLVGHLTS -~

Figure 18. Oct4 protein alignment
Yellow denotes identical bases, blue and green are similar bases. White sections are

dissimilar and dash sections cannot be aligned (such as insertions and deletions). Species

abbreviations for this alignment: Dr = Danio rerio (Zebrafish), Tr = Takifugu rubripes
(Fugu), Bt = Bos taurus (Cow), Cf = Canis familiaris (Dog), Hs = Homo sapiens
(Human), Rn = Rattus norvegicus (Rat) and Mm = Mus musculus (Mouse).

This initial protein alignment of Oct4 suggested there were eutherian-specific residues
within the DNA binding domain. To determine if this were true I did a more
comprehensive alignment of this region with multiple mammalian sequences: 15
eutherian sequences, two metatherian species, and the prototherian platypus. Strikingly,
this revealed 12 amino acid positions that are apparently under eutherian-specific
selection — these are marked by small arrows (Fig .19) — they are invariant in all the
eutherian species but differ in the non-eutherian mammals. Notably, there is a great
similarity between platypus and metatherian amino acid sequences in this region,

highlighted within the red box.
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Oa.Oct4
Md.Oct4
Me.Oct4
Dn.Oct4
Ch.Oct4
La.Oct4
Pc.Oct4
Cf.Oct4
Ee.Oct4
Bt.Oct4
Ss.Oct4
Ec.Oct4
Fc.Oct4
ML.Oct4
Tb.Oct4
Hs.Oct4
Rn.Oct4
Mm.Oct4
Consensus

ey o |

Oa.Oct4
Md.Oct4
Me.Oct4
Dn.Oct4
Ch.Oct4
La.Oct4
Pc.Oct4

MI.Oct4
Tb.Oct4
Hs.Oct4
Rn.Oct4

Mm.Oct4
Consensus

(Opossum), Me
(Armadillo), La

220) ICKAETL

o Bond, ] )

(136) 136

177 190 l l ll219

Exon 3

(1) F-QETPSREELEQFAKELKRKRITLGYTQADVGVTLGALEG
(1) PPOQENPSPEELEQFAKELKRKRITLGYTQADVGITLGALEG

(1) DPQETPSPERLEOFAKELKRKRITLGYTOADVGITLCALEG

KVFSQTTICRFEAQQLSEKNMCKLRPLLORWLEAADDNDRLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWLEAADDNDHLQE
KVESOTTICREFAQOLSERNMCKIRPLLOKWLEAADDNDHTLOE

(1) AODIKALOKELEQFAKLLKOKRITLGYTQADVGHTLGYLEG
(1) SODIKALOKELEQFAKLLKQKRITLGYTQADVGUTLGYLEG
(1) SODIKTROKDLEQFAKLLKQKRITLGYTQADVGLTLGVYLEG
(1) SODIKTROKDLEQFAKLLKQKRITLGYTQADVGLTLGVYLEG
(136) SODIKALOKDLEQFAKLULKQKRITLGYTQADVGLTLGVLFG
(1) SODIKELOKELEQFAKLLKQKRITLGYTQADVGUTLGVYLEG
(136) SODIKALOKDLEQFAKLLKQKRITLGYTQADVGLTLGVLFG
(136) SODIKALOKDLEQFAKLLKQKRITLGYTQADVGLTLGVLFG
(136) SODIKALOKDLEQFAKLLKQKRITLGYTQADVGLTLGVLFG
(136) SQDIKALQKDLEQFAKLLKQKRI TLGYTQADVGLTLGVLEG
(136) LONMRALQKDLEQFAKLL.KQKRI TLGYTQADVGLTLGVLFG
(134) SQDIEALQKELEQFAKLLKQKRITLGYTQADVGLTLGVLEG
(136) SODIKALOKELEQFAKLL.KQKRI TLGYTQADVGLTLGVLFG
(129) SODMKALQKELEQFAKLTL.KQKRI TLGYTQADVGLTLGVLFG
(129) SODMKALQKELEQFAKLLKQKRI TLGY TQADVGLTLGVLFG
(136) SQDIKALQKELEQFAKLLKQKRITLGYTQADVGLTLGVLFG

24 Exon 4

230

260

KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADSNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSLKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEALQLSEKNMCKLRPLLOKWVEEADNNENLQE
KVFSQTTICRFEAHQLSLKNMCKLRPLLEKWVEEADNNENLQE
KVFSQTTICRFEALQLSLKNMCKLRPLLEKWVEEADNNENLQE
KVFSQTTICRFEALQLSFKNMCKLRPLLOQKWVEEADNNENLQE

l . Egso(p 5 (partial)

274 297

@®3)
(85)
(85)

[ICNEETV LQOARKRKRT S I ENKVRGNLETMELOCPKPNLOOISS IAEELGLERD
LCRAETVLQOARKRKRT S IENGVRGNLETMELQCPKPELOOISNIAEELGLEKD
[L.CKAFTVLOOARKRKRTSTENGVRGNLETMELOC PRPILOQTSNTAEETL.GLEKD

VVRVWECNRRQKGKRGSGCSS-RE
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Figure 19. Detail alignment of Oct4 DNA binding domain

Yellow denotes identical bases, blue and green are similar bases. White sections are
dissimilar and dash sections cannot be aligned (such as insertions and deletions). Red box
highlights non-eutherian mammals. Arrows point to eutherian-specific changes. Species
abbreviations: Oa = Ornithorhynchus anatinus (Platypus), Md = Monodelphis domestica

Macropus eugenii (Kangaroo), Dn = Dasypus novemcinctus
Loxodonta africana (Elephant), Cf = Canis familiaris (Dog), Bt = Bos

taurus (Cow), Ss = Sus scrofa (Pig), Ec = Equus caballus (Horse), Fc = Felis catus (Cat),
Hs = Homo sapiens (Human), Rn = Rattus norvegicus (Rat) and Mm = Mus musculus

(Mouse).

From this identity table, it appears that the entire Oct4 DBD is under eutherian-specific
selection pressure (Fig. 20). Eutherians (red numerals) are highly similar to each other,

whereas non-eutherians (green numerals) are highly similar to each other. If changes in

this region were neutral the metatherian sequences should be more similar to the
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eutherians than to the prototherians as they last shared a common ancestor more recently.

The changes that led to the 12 eutherian-specific amino acids presumably appeared in the

eutherian line sometime between 160 and 80 million years ago at the base of eutherian
mammal evolution. Since Oct4 is essential for the formation of the inner cell mass, the
appearance of these changes correlates with the emergence of the inner cell mass. The
location of these changes, within the DNA binding domain, suggests they may affect
Oct4 DNA binding specificity and its interaction with other protein partners in the
pluripotency transcriptional network. | was intrigued with the possibility that these
eutherian-specific features of Oct4 coding sequence may play some eutherian-specific,

possibly pluripotency-related function.

Elephant
160

Kangaroo

210 80

'y Opossum

Platypus

Mouse

Human

Elephant

Kangaroo

Opossum

Platypus

Mouse

91 88 75 76 74
Human 92 78 79 76
Elephant 77 78 76
Kangaroo 98 91
Opossum 90

Platypus

Figure 20. Sequence identity of the Oct4 DBD
Red figures = comparisons among eutherians, green = comparison among non-eutherians.

One obvious interacting partner that may be influenced by these eutherian-specific
changes in the Oct4 DNA binding domain is Sox2. In 2003, Reményi and colleagues

solved the crystal structure of the Oct1-Sox2-DNA ternary complex (Reményi et al.
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2003). I used their structure to see where these eutherian-specific changes were
positioned with respect to Sox2 and its interaction with DNA. By doing a sequence
alignment of Octl and Oct4, | mapped the eutherian-specific amino acid positions onto
this crystal structure, and then displayed it using RasMOL. Here Oct1 is shown in yellow,
Sox2 in orange and DNA in blue, while eutherian-specific amino acid positions are
highlighted in red (Fig. 21). Some of these may be important for DNA binding specific,

and some of these may affect Oct-Sox protein-protein interaction.

ct1 (Pou S)

Oct1 (Pou H)

Figure 21. Eutherian-specific changes in Oct4 mapped onto Octl crystal structure
Octl is shown in yellow, Sox2 in orange and DNA in blue. Red denotes amino acid
positions mapped from Oct4.

As mentioned earlier, the POU domain of Oct4 is crucial because it is postulated to have
protein-protein interactions with the HMG box of Sox2 that allow them to bind together

and form a protein complex. A solution structure has been solved for Sox2 and Oct1,

which was applied to Oct4 using homology modeling (Williams et al. 2004). It can be
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immediately seen that the region of Sox2 HMG involved in this interaction is completely
identical from fish to mouse. For Oct4, | have filled in the blanks with sequence

information of the opossum and the platypus from my BAC sequencing efforts (Fig. 22).

RS- Oct4 (POV,)
[
Jlu';_ T g Other Oct
-:3 Octl KTFKQRRIKLGET
h“'r'ts.z- <1, Sox2 (HMG) Brn2 KQFKQRRIKLGET
| K3 Oct4 POUs
—RE3] sKB2 s, ARRLRALHMKEHPDYE Mm. KLLKQKRITLGYT
L4 121 _ Mm. AERLEALHMEEHEDYE Hs. KLLKQKRITLGYT
HeEs | h‘F}l Gg. AERLEALHMEEHEPDYE Bt. KLLKQKRITLGYT
M EE 18 |[X1. ARRLRALHMEEHFDYE Cf. KLLKQKRITLGYT
K7 ‘*‘.\\{"E Dr. AEKRLRALHVMEEHPDYE La. KLLKQKRITLGYT
rén kaz (T %KRLRALHMKEHPDYK e FE-F RR—TTCTT
H&% l_-j‘IEI | \ Md. KELKRKRITLGYT
Fig--| | b 58 73 Oa. KELKRKRITLGYT
L7114 Gg. KDLKHKRIMLGFET
¥ g Dr. KELKHKRITLGFT
K71 =—p—pARD | Qr WLK’{KRITLGFT/
oK POUg Williams et al. 2004 JBC 14| 26

By homology modeling

Figure 22. Comparison of amino acid variation in the Sox-Oct interface region
Red box highlights non-eutherian mammals. Arrows point to key differences between
fish and mouse. Species abbreviations: Tr = Takifugu rubripes (Fugu), Dr = Danio rerio
(Zebrafish), Xl = Xenopus laevis (Frog), Gg = Gallus gallus (Chicken), Oa =
Ornithorhynchus anatinus (Platypus), Md = Monodelphis domestica (Opossum), Me =
Macropus eugenii (Kangaroo), La = Loxodonta africana (Elephant), Cf = Canis
familiaris (Dog), Bt = Bos taurus (Cow), Hs = Homo sapiens (Human) and Mm = Mus
musculus (Mouse).

Here, there are two key amino acid differences between fish and mouse which may be
crucial in Sox2-Oct4 binding — a glutamate (acidic) to lysine (basic) change and a
histidine (basic) to glutamine (polar) — indicated with small arrows. The eutherian-

specific glutamine 18 residue of Oct4 is also conserved in mouse Octl and Brn2, two

other octamer proteins that are known to interact with Sox2. By zooming in on the
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structure, you can see that glutamine 18 (highlighted in red) is positioned at the Oct-Sox
interface. Thus, among all the other eutherian-specific changes, an amino acid

substitution in this position appears to have the greatest potential to affect protein binding

(Fig. 23).

Figure 23. Position of Glutamine 18 is near the Oct-Sox interface
Octl is shown in yellow, Sox2 in orange and DNA in blue. Glutamine 18 position shown
in red. The dashed line approximates the interface between Oct and Sox proteins.
With a number of eutherian-specific changes found, the next step was to prioritize and
select some of the most salient changes that have a good chance of playing a direct and
significant role in pluripotency. These changes were then functionalized using mouse
sequences as the raw material and then using molecular techniques to revert them into
non-eutherian sequences in order to reveal any interesting cell-level phenotype through a
loss-of-function approach. The details of these experiments are discussed in the next

chapter.
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Chapter 4: Functionalization At Cell Level

4.1 Overview

The pluripotent transcriptional network is likely to involve a large number of genes.
Within the Oct-Sox-Nanog core, Nanog alone already has dozens of direct protein
partners (Wang et al. 2006). Moreover all three transcription factors have pleiotropic
effects — both Oct4 and Nanog are also involved in germ cell development, whereas Sox2
is also involved in neuronal differentiation. As such it is beyond the scope of this project
to functionalize every interesting eutherian-specific change in this network. In order to
avoid chancing upon changes that are not involved in pluripotency, the focus is to select
some of the most promising ones that lie at the heart of the network — more precisely,

molecular changes that allow Sox2 and Oct4 to work together.

These include both cis-element changes that allow the Sox-Oct complex to target a
specific gene, and coding sequence changes that allow the formation of the Sox-Oct
complex in the first place. Based on sequence analysis the following three directions were
considered the highest priority to be pursued:

1. Promoter assays of Sox-Oct element changes.

2. Oct4 DBD-activator/repressor fusion protein experiments.

3. Oct4 Full-length chimera induced pluripotency experiments.

There were a few other experiments that also have a good potential to yield measurable

results but are not as high in priority or are plagued by technical difficulties.
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4.2 Sox-oct Element Materials and Methods

The Sox-Oct element identified in the Sox2, Nanog and Pou5f1 genes are conserved, but
with a few base pair differences when compared across a number of eutherian and non-
eutherian species. These specific base differences may affect its function as the binding
site for the Sox2-Oct4 heterodimer. To investigate this, the promoter regions of mouse
Sox2, Nanog (Fig. 24) and Pou5f1 are subcloned into a pGL3 Basic luciferase reporter
(Promega). The Nanog promoter is obtained by PCR from genomic DNA, the Pou5f1
promoter obtained by long PCR (Roche Expand) from a BAC clone provided by Dr.

Thomas Lufkin’s lab, and the Sox2 promoter is from Dr. Ng Huck Hui’s lab.

5’end TSS 3’end iMet
(-289) (*1) (+117) (+190)

406bp promoter Nanog >

406bp promoter

pGL3 Basic

Figure 24. Nanog promoter subcloning

Next the Sox-Oct elements are modified by mutagenesis (Clontech Transformer /
Stratagene QuikChange Il) to resemble homologous regions in a number of species (Fig.
25-27). Luciferase assays are performed in the FQ EC culture system, to see if there is any

significant reduction in reporter activity after these changes.
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Hs.
Md.

Gga.

Figure 25. Point mutations on the Sox2 sox-oct element

Sox?2
CATTGTGATGCATAT
CATTGT ATGCATAT
TTGTAATGCATAT
TTTGTAATGCATCT
CAGGTTGATT TGTAT
A 7

LY

A A4

SOX oct

Each colour denotes one successive round of site-directed mutagenesis. Green denotes a

drastic change to abolish sox-oct binding to the element, serving as a negative control.
Species abbreviations: Gga = Gallus gallus (Chicken), Md = Monodelphis domestica
(Opossum), Hs = Homo sapiens (Human), Mm = Mus musculus (Mouse).

Hs.
Bt.
La.

Figure 26. Point mutations on the Nanog sox-oct element

Nanog

CATTGTAATGCAAAA
CATTGTAATGCAAAA
CATTGTAATGCAAAA
CATTGTAATGCAAAA
CATTGTAATGCAAAA
CA TAAT TAVLY.Y

L A 7

h i ki
SOX oct

Species abbreviations: La = Loxodonta africana (Elephant), Bt = Bos taurus (Cow), Hs =

Homo sapiens (Human), Rn = Rattus norvegicus (Rat), Mm = Mus musculus (Mouse).
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Oct4

M. CTTTGTTATGCATCT
Hs. CTTTGT ATGCATCT
La. TTTGTCATGCACCT
PT T?%T TC?
Y v
SOX oct

Figure 27. Point mutations on the Pou5f1 sox-oct element
Each colour denotes one successive round of site-directed mutagenesis. Green denotes a
drastic change to abolish sox-oct binding to the element, serving as a negative control.
Species abbreviations: La = Loxodonta africana (Elephant), Hs = Homo sapiens (Human),
Mm = Mus musculus (Mouse).

4.3 Sox-oct Element Results and Discussion

The mutation constructs are then transfected into F9 teratocarcinoma cells, co-transfected
with the renilla luciferase control plasmid (Promega Dual Luciferase Assay). Luciferase
levels were read using the Centro LB960 luminometer (Berthold Technologies),
normalised and then expressed as a percentage of wild-type levels. These assays were

performed in triplicate.

In Sox2, the point mutations to change the mouse element to the chick sequence produced
no significant reduction in reporter activity, suggesting that the element is functionally
active in chick (Fig. 28). This was initially a surprise when the result was obtained
because there was a reported absence of chick Oct4, thus | postulated that the sox-oct
element could serve as a binding site for other protein complexes such as Brn1-Sox2.
With the discovery of chick Oct4 (Lavial et al. 2007) it is more likely that this element is

already used for Oct4-Sox2 binding in the autoregulation of Sox2.
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Sox2 enhancer Oct/Sox Site Modifications
160
2
S 140 :
S :
< 120 ——
% 00 {L
g s 80
o o
3 860
)
> 40 1
S
E 20 1
Sox2 Sox2 Sox2 Sox2 pGL3 pGL3Basic
mouse mouse to mouse to mouse to mSox2 vector
human opossum chick abolish
Mutation constructs

Figure 28. Sox2 promoter assay results.

Nanog promoter assays demonstrate the strong effect of point mutations on the activity of
the Oct-Sox site. A three nucleotide change to either the Oct or Sox element is enough to
reduce the luciferase activity to less than 20% of wildtype levels. A 6 base pair mutation
to both reduces the luciferase activity further to less than 10% (Fig. 29). This provides
strong evidence for the functional importance of this sox-oct element, which resides in
the proximal promoter, to drive pluripotent expression of Nanog. The presumption then,
is that this element is required to drive pluripotent expression of Nanog in all eutherian
mammals as its location in the proximal promoter and its sequence is conserved in all
eutherian mammals analyzed including the most distal, the elephant. It was then
intriguing that there was no evidence for this sox-oct element in the metatherian and

prototherian mammals nor in the chick Nanog.
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Mouse Nanog Oct/Sox Site Mutations
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Oct4 site Sox2 site both
OctSox

Mutation constructs

Figure 29. Nanog promoter assay results.

Luciferase assays in F9 EC cells also indicated a requirement for the sox-oct element
within the Pou5f1 enhancer to drive maximal expression, a six base pair mutation
resulting in the disruption of both the octamer and sox elements reduced promoter
activity to less than 40% of its wildtype levels (Fig. 30). That said, this was not as great a
drop as that seen for the similarly designed Nanog promoter perhaps suggesting the sox-
oct element plays a greater role in the expression of Nanog then it does of Pou5fl. With
this considerations it is interesting to note that the sox-oct element within the Pou5f1
enhancer was less conserved between eutherians than was the Nanog element (compare
Figures 26 & 27). There was no available sequence information on the cis-regions of the

opossum and platypus, and thus no out-group sequences to compare with.
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Oct4 enhancer Oct/Sox Site Modifications
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Figure 30. Pou5f1 promoter assay results.

4.4 VVP16/EnR Fusion Materials and Methods

As | detected 12 amino acid residues within the DNA binding domain of Oct4 to be
eutherian-specific | next sought to investigate the importance of these changes on the
ability of Oct4 to bind downstream targets. | chose first to use a strategy which involved
fusing the Oct4 DNA binding domain of various relevant species to either a strong
activator or repressor of transcription. The system used to test this is the VP16 activator/
EnR repressor system which is used extensively in developmental biology (Carsona et al.
2004). The principle behind this is that genes normally repressed by a transcription factor

of interest would remain repressed with the EnR fusion protein but activated by the VP16
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fusion protein. Thus, this is a brute force method to elicit the strongest possible response.
A number of expression constructs from relevant mammal species have been made,
transfected into ES cells and the changes in global gene expression studied using real

time PCR and Illumina BeadArray analyses.

Mouse

80 Human

210
Elephant

Platypus

Figure 31. Oct4 DNA binding domain constructs

The strategy was to study four species: mouse, human, elephant and platypus (Fig. 31).
Mouse and human data is useful for optimizing the protocol and checking expected Oct4
downstream targets. Elephant data is important because it is the most distant eutherian to
the mouse. | postulated that platypus Oct4 DBD should target different genes compared
to eutherian mammals, potentially through different binding partners or DNA recognition
sites, as a result of having different amino acid residues at the 12 positions previously

identified to be eutherian-specific.

The data can also be used to generate more interesting results. By comparing the pan-

mammalian DBD targets with eutherian-specific targets, | can check if we have binding
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site data for these genes, and find out how the platypus Oct4 binding elements differ from

eutherian-specific elements (Fig. 32).

Eutherian-specific
DBD target genes

Platypus

Elephant
Pan-mammalian

DBD target genes

Figure 32. Discover eutherian-specific functions of Oct4

The preparatory work for this set of experiments can be divided into two main parts: (1)

cloning the Oct4 DBD constructs and (2) optimizing the ES cell culture conditions.

1. The mammalian Oct4 DBD spans 4 exons (2-5) and thus making this part of the
construct should necessitate a multistep PCR cloning strategy (Fig. 33) as I did not have
access to mMRNA (or cDNA) of elephant and platypus material, only genomic DNA.
However, in the interest of time and to avoid PCR errors due to the numerous PCR steps,
in the case of Platypus and Elephant Oct4 DBD, the whole DBD was synthesized de novo

(Codon Devices) flanked with suitable restriction sites on both ends.
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For the mouse and human Oct4 DBD, the process is more straightforward since the

fragment can simply be obtained by PCR in one step from the cDNA stocks available in

the lab.

EcoR| EcoRI
EcoRl Kas| EcoRI BsrDI Aatll

Kasl BsrDl Aatll Miul

EcoRl Miul
:_E:

Figure 33. Cloning strategy for Platypus Oct4 DBD
(A) Initial strategy involving multistep PCR
(B) Actual strategy using synthesized DNA

The VP16 and EnR fragments were separately obtained by PCR from their respective
plasmids and cloned together with the Oct4 DBD fragments into the CAG-pIRES-EGFP
expression vector. A short, two amino acid long linker (Mlul = Thr-Arg) connects the

DBD to the VP16 or EnR to form a fusion protein (Fig. 34).
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EcoRI Miul BamHI

CAG promoter {1)
HSVTK polyA ™
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SV400ri/SV40 Pwmolel&/ GIRES 2R

k) \ IRES

1 origin Primer 2

SV40 polyA EGFP

Figure 34. Mammalian Oct4 DBD VP16 expression construct

This process was repeated in the same way for all four species (Fig. 35) and the

constructs were verified by DNA sequencing.

Mouse Human Elephant Platypus

Figure 35. Eight constructs made for the Oct4 DBD fusion experiments

2. The completed constructs were then transfected (Lipofectamine 2000) using a

suspension transfection protocol in E14 ES cells to optimize the cell culture conditions in
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a 6-well plate. By tweaking the conditions to minimize cell death, | was able to optimize

a reliable set of conditions for subsequent experiments (Table 9).

ES cell type E14 passage 31+
Medium Standard ES medium
Volume of Lipofectamine 10 ul

Amount of DNA 4 ug

Volume of cells seeded 500 ul (1.6 X of protocol)
Time point for cell harvest 24h

Table 9. Optimized E14 culture conditions

In the first set of experiments, the transfected cells were examined at 24h post-

transfection for robust proliferation and GFP expression (Fig. 36). Next, the cells were

collected and protein was extracted for Western blot verification.

Mouse
Human
Elephant &

Platypus §

Control

CAG only

No transfect

100X, exposure time - 10ms visible light, 1500ms UV

Figure 36. E14 (p33) transfections at the 24h time point
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To check that the Oct4 DBD fusion proteins were expressed in the ES cells in their
entirety, Western blot analysis was performed using antibodies to VP16 (total DBD-
VP16 size of 29 kDa) and EnR (total DBD-EnR size of 51 kDa). The results indicate

fusion proteins of correct size (Fig. 37 and 38).

Mouse Human Eleph Platy

CAG NoT
VP16 VP16 VP16 VP16

EnR EnR EnR EnR

35 —_— — — Expected size ~ 29 kDa

VP16 1:200 Mouse IgG 1:10000

Figure 37. Western blot verification using VP16 antibody
CAG = CAG vector only, NoT = No transfection control
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Mouse Human Eleph Platy
CAG NoT
VP16 VP16 VP16 VP16
EnR EnR EnR EnR

250

130
100

70

55 Expected size ~ 51 kDa

35

2

EnR 1:200 Mouse IgG 1:10000

Figure 38. Western blot verification using EnR antibody
CAG = CAG vector only, NoT = No transfection control

4.5 VP16/EnR Fusion Results and Discussion

Next, an experiment was done in triplicate and RNA was extracted from the transfected
ES cells to be used for real time PCR analysis. Details of the real time PCR (BioMark)

protocol are in Appendix C.

This real time PCR format can analyze the expression of up to 48 genes in a single run,

thus a selection of 48 real time probes of genes relevant to pluripotency and early embryo

development were analyzed (Table 10).
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Gene name

Function

Actb

Normalization control

Ascll (Mashl) Neural development

Bmp4 Bone and muscle development

Cdhl Cell-cell adhesion, tumour suppressor

Cdx2 Placental development

Dil1 Haematopoiesis

EGFP Fluorescent marker

Elavi3 Neural development

Eomes Trophoblast development

Esrrb Placental development

Fbox15 Pluripotency marker

Fgfd Cell proliferation, oct-sox target, bone development
Fgfr2 Fgf receptor, bone development

Gadd45g Placental marker, tumour suppressor

Gata3 Mesoderm differentiation, T lymphocyte development
Gatab Endoderm differentiation

Gdf3-exonl Mesendoderm development

Hand1 Trophoblast development, heart development
Hes6 Neuronal differentiation

Irx3 Neural development

KIf2 Pluripotency maintenance

Klf4 Pluripotency maintenance

KIf5 Pluripotency maintenance

Lfng Mesoderm development, Notch signaling
Mfng Mesoderm development, Notch signaling
Nanog Pluripotency, germ cell development

Nes Neural development

Nrarp Blood vessel formation, Notch signaling
Pax6 Eye development, neural development
Pecam Inner cell mass marker, endothelial marker
Pou3fl Neural development

Pou3f2 (Brn2)

Neural development

Pou5f1

Pluripotency, germ cell development

Rax Eye development

Rest Neural development

RhbdI3 Membrane protein, signal transduction

Sall4 Pluripotency

Sox11 Neural development

Sox15 Placental marker, skeletal muscle regeneration
Sox17 Endoderm formation

Sox2 Pluripotency, neural development, tumourigenic
Sox21 Neural development, hair formation

Sox3 Neural development

Sox4 Apoptosis

Sox7 Endoderm formation

Tubb3 Microtubule component, control

utfl Pluripotency marker

Zfp42 (Rex1)

Pluripotency marker

Table 10. Real time PCR probes and some of the gene functions
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The real time PCR raw data is first displayed as a heat map (Fig. 39) and then the data is
processed to show gene expression differences as fold change on a bar chart. Genes that
have increased expression level in response to the Oct4 DBD VP16 fusion protein and
corresponding decreased expression in response to the Oct4 DBD EnR fusion protein are

considered to be strong direct targets of Oct4 (Fig. 40).

Assay (48 genes)

VP16
EnR

VP16 [5
EnR

Samples VP16
(30) EnR

VP16

EnR
CAG

NoT

Figure 39. BioMark Real Time PCR — Raw Data (Heat Map)
Red = high expression, Blue = low expression
Meanwhile, genes with the converse response are considered to be strong indirect targets,
while genes that display unidirectional response to both VP16 and EnR are likely to be
abnormally regulated due to the aggressive treatment in this experimental strategy. Genes
with abnormal regulation responses are not such interesting candidates compared to the

strong direct or indirect targets.
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Direct targets Indirect targets
Abnormal

Strong regulation Strong
VP16 VP16 EnR EnR
Fold change
EnR VP16 VP16 EnR
Abnormal
regulation

Figure 40. How to interprete the real time PCR results

In the first set of experiments, the gene expression response of known Oct4 targets
involved in pluripotency are shown in Figure 41. As can be clearly seen, the levels of
Oct4 itself appear to be very high for both Mouse Oct4 VP16 and EnR fusion
experiments, because the real time PCR probes are designed to Mouse Oct4 and cannot
distinguish between endogenous Oct4 and the transfected Oct4 fusions proteins. For the
other species, Fgf4 and Sox2 respond normally while other Oct4 targets display abnormal
regulation. Contrary to expectations, there is no qualitative difference in response

between the platypus Oct4 DBD fusions and the eutherian Oct4 DBD fusions.
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Comparing overexpression of Oct4 DBD of different
species
1.2
'Y
1
)
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8’ O 6 B Mouse EnR rep3
= . O Human VP16 rep:
(] B Human EnR rep3
% 04 O Eleph VP16 rep3
O Eleph EnR rep3
g 02 O Platy VP16 rep3
o 0 _| B Platy EnR rep3
(o} ! Q 2 B CAG-EGFP rep3
= _O 2 {li M No transfect3
) Fbox15 Fgf4 Nanog  Pou5fl Sox2 utfl
-0.4
-0.6
Gene name

Figure 41. Real time PCR results of pluripotency-related genes

The strongest responses are not from genes involved in pluripotency, but those involved
in other aspects of early embryo development. Mash1, DII1 and Pax6 present as strong
direct targets of all the Oct4 DBD fusions, while Gata3 and Gata6 are clearly strong
indirect targets (Fig. 42). Again, there is no distinct difference in response between
platypus and the eutherians; indeed, for DII1 and Pax6 the quantitative difference is
greater between the human and the mouse, compared to between the platypus and the
mouse. The direction of the response is practically identical for all the species in this

experiment.

64



Other results also indicate the similarity of response direction and magnitude (Fig. 43)

between the platypus and the eutherians. An unexpected but consistent finding is the

species

Comparing overexpression of Oct4 DBD of different

Fold change (log 10)

Gene name

Mouse VP16 rep3
Mouse EnR rep3
Human VP16 rep3|
Human EnR rep3
Eleph VP16 rep3
Eleph EnR rep3
Platy VP16 rep3
Platy EnR rep3
CAG-EGFP rep3
No transfect3

EREIO0DCOENOEN

Figure 42. Real time PCR results of genes with strongest response

difference in response between the mouse and the human, exemplified here by Cdx2 and

Hand1.

Comparing overexpression of Oct4
DBD of different species
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Mouse VP16 rep3
Mouse EnR rep3
Human VP16 rep3
Human EnR rep3
Eleph VP16 rep3
Eleph EnR rep3
Platy VP16 rep3
Platy EnR rep3
CAG-EGFP rep3
No transfect3

Figure 43. Real time PCR results of other genes with normal response
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Due to the fact that some pluripotency related genes displayed abnormal regulation, |
postulated this could be due to excessively high levels of Oct4 competing for binding

sites, since endogenous Oct4 expression remained intact in this set of experiments.

To address this, a second set of experiments was done where an Oct4 RNAI vector was
co-transfected with the fusion protein vectors in order to knockdown the endogenous
Oct4 expression. The results show a normal response for Nanog, suggesting that Nanog
may be abnormal regulated when Oct4 levels are too high (Fig. 44), while other genes

now appear to be abnormally regulated.

Comparing overexpression of Oct4 DBD of
different species

0.4 m Mouse VP16 rep3
B Mouse EnR rep3

o]
= @ Human VP16 rep3
> mHuman EnR rep3
E O Eleph VP16 rep3
g O Eleph EnR rep3
E mPlaty VP16 rep3
B Platy EnR rep3
i B CAG-EGFP rep3
Gene nhame W No transfect3

Figure 44. Real time PCR of pluripotency genes with Oct4 RNAI co-transfection.
When the result for all 48 genes was analyzed, once again there was no qualitative
difference between the response to platypus and eutherian fusions, just like in the first
experiment. Thus there is a strong possibility that interesting gene expression changes lie

outside this selection of 48 genes.
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To broaden the search for potential targets differentially regulated by platypus Oct4 DBD
compared to the eutherian Oct4 DBDs, | utilized mouse Illumina BeadArrays to achieve a
more global readout of gene expression changes resulting from the above over-expression
experiments. An initial cut-off of two fold change or less from normalized levels yielded
only a handful of genes that have expression level differences, suggesting that the

responses are highly similar for all four Oct4 DBD fusions.

In order to avoid missing any subtle change, a lower cut-off of 1.5 fold or less was used,
and the complete list of these genes is available in Appendix D. This list of several
hundred genes was then manually analyzed to shortlist those genes that have directionally
different responses between the platypus and the eutherian group. Only six genes fulfill
this condition, and none have been previously implicated in playing a role in pluripotency
(Table 11). Three of these genes have unknown function, whereas two (NIrp3 and Irf1)
play a role in the immune response. It is interesting to speculate, as they are
downregulated in eutherians in contrast to the platypus, that the down-regulation of these
two immune response genes is functionally related to the requirement for the maternal

immune system to be suppressed upon eutherian embryo implantation..
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Gene name Function Expression Level Change

2010002N04Rik | Small membrane protein Upregulated in eutherians, unchanged

(Nid67) (unknown function) in platypus

BC055811 Immunoglobin, Downregulated in eutherians,

(1gsf21) extracellular (unknown unchanged in platypus
function)

Nlrp3 Apoptosis, inflammatory Downregulated in eutherians,

(Ciasl) response, NALP3 unchanged in platypus
inflammasome complex

Fbxw5 Ubiquitin cycle (unknown | Downregulated in eutherians,
function) unchanged in platypus

Herpudl Unfolded protein response, | Downregulated in eutherians,
stress response unchanged in platypus

Irfl Transcription factor, Downregulated in eutherians,

inflammatory response,
tumour suppression

unchanged in platypus

Table 11. Genes with the greatest gene expression difference between Platypus and
the eutherian group

4.6 Oct4 Full-length Chimera iPS Materials and Methods

The use of strong modulators like VP16 and EnR produce Oct4 expression levels that far

exceed the levels found in an endogenous setting. To create a closer approximation of
endogenous conditions, full-length mouse Oct4 chimeras containing the elephant and

platypus DBD were constructed (Fig. 45) to be tested in the iPS cell culture system to
find out if the platypus chimera will lack the ability to reprogramme mouse fibroblasts
into iPS cells, in contrast to mouse Oct4. The elephant was chosen for in-group

comparison because it is the most distantly related eutherian relative to the mouse.
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Mouse — Eleph Oct4 Chimera

Mouse — Platy Oct4 Chimera

N/

Figure 45. Full-length mouse Oct4 chimeras containing elephant or platypus DBD

The initial plan was to construct the entire chimera at one go using a fusion PCR strategy
(Fig. 46). The mouse Oct4 sections (1&3) were obtained by PCR from a full-length
mouse Oct4 expression vector, while the elephant and platypus sections (2) were
obtained by PCR from the Oct4 DBD fusion constructs made in the previous VP16/EnR

experiments.

Mouse — Eleph Octd4 Chimera

CAG rmouge head f
Sacl

’ S/ B DED 5

4—’— 4—’— IRESTroTEs tail r

Mouse eleph joint1 r Eleph mouse joint2 r

Mouse eleph joint1 f Eleph mouse joint? f Xmal

Mouse - Platy Oct4 Chimera
CAG mouge head f Mouse platy joint1 f

Platy mouse joint2 r
Sacl — 4’_“.’ J Xmal

”

Mouse platy joint1 r Platy mouse joint2 r

IRESHousE tail r

Figure 46. Fusion PCR strategy for construction of Oct4 chimeras
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Unfortunately, a PCR product fused from 3 sections could not be obtained in one step. A
two-step fusion strategy also did not work as only 2 sections of any combination could be

fused together in total (Table 12).

Attempt Combinations tried Does it work?
Single PCR Mouse 1 Yes
Eleph 2 Yes
Platy 2 Yes
Mouse 3 Yes
One-step fusion PCR HMouse-Eleph 1+2+3 No
Mouse-Platy 1+2+3 No
Two-step fusion PCR Mouse-Eleph 1+2 Yes
(@) Mouse-Eleph 2+3 Yes
Mouse-Platy 1+2 Yes
Mouse-Platy 2+3 Yes
(b) Mouse-Eleph (1,2) + (2,3) |No
Mouse-Eleph (1,2) + 3 No
Mouse-Eleph 1 + (2,3) No
Mouse-Platy (1,2) + (2,3) No
Mouse-Platy (1,2) + 3 No
Mouse-Platy 1 + (2,3) No

Table 12. Exhausting all fusion PCR permutations to produce Oct4 chimera

A new hybrid strategy was adopted that combined fusion PCR with two additional
cloning steps (Fig. 47). These fragments were to be cloned into the pMXs-gw-Oct4 viral
expression vector, which already contains full-length wild-type mouse Oct4 (Takahashi
and Yamanaka 2006). Although the pMXs vector uses Gateway cloning technology, |
decided to select restriction sites within the Oct4 coding sequence in order to keep the
sequence between the coding sequence and Gateway clone sites identical, eliminating any

functional variability that may result from the cloning process.
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Figure 47. Hybrid PCR-cloning strategy and use of internal RE sites to avoid
disturbing Gateway clone sites

The modified plasmids were sequence verified to be error-free. Then, they were
transfected into Platinum-E cells in 10-cm dishes for retroviral production. In total seven
plates of Plat-E cells containing different viral vectors were prepared: Yamanaka’s mouse
Oct4, Sox2, Klf4, c-Myc, and an empty pMX vector and my two chimeric platypus DBD-
mouse Oct4 and elephant DBD-mouse Oct4 constructs. Finally the viruses were isolated,
concentrated and used to infect BL6 embryonic fibroblast cells plated on 6-cm dishes.

For details of the iPS protocol, please refer to Appendix E.
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The first set of experiment consisted of six conditions including controls and was done in
triplicate (Table 13). In the two experimental conditions, wild-type mouse Oct4 was

replaced by either the platypus or elephant Oct4 chimera.

Plate Identity | A B C D E F
Positive No infect
control Platy Eleph No Octd Empty vector cortrol
Constituents | Sox2 Sox2 Sox2 Sox2 Empty vector | FP medium
{In1ml Kif4 Kl Kl KIf4 Empty vector | FP medium
portions) c-Myc c-Myc c-Myc c-Myc Empty vector | FP medium
mOctd pOctd e0ctd Empty vector | Empty vector FP medium
Triplicate
e e e @© @

Table 13. iPS experimental setup

4.7 Oct4 Full-length Chimera iPS Results and Discussion

On the 5th day of the protocol, the viral-laden media on the 6-cm dishes was aspirated
away and replaced by fresh ES cell media. Each dish was closely monitored daily for the
appearance of induced cell colonies. Some of the early colonies stopped growing a few
days after they appeared, while others grew very rapidly. Curiously, well-defined

colonies started to appear on the platypus plates (Fig. 48).
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+ Ctrl Platy Eleph — Octd4 Empty - Ctrl

ERAETE T

Figure 48. A selection of photos of induced colonies
“Day” denotes the number of days post-infection
Red boxes highlight colonies that failed to continue growing - alternate
colonies (eg. Day 12 on +Ctrl plate) were then monitored
Purple colouration on Day 15 due to AP staining

On the 15th day post-infection, one set of plates was treated with alkaline phosphotase
(AP) which stains for rapidly proliferating cells. Interestingly, the platypus experimental
plate had the largest number of AP+ colonies, relative to the elephant and the mouse

plates (Fig. 49). No AP+ colony was detected in the other three control plates.
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Figure 49. Alkaline phosphate staining on Day 15 post-infection

This result does not indicate that the platypus Oct4 chimera is the most effective at
colony induction, since viral titres were not directly measured and so there may be
variability in the viral infection efficiency. Nonetheless it is unexpected since the
platypus Oct4 DBD does not have the eutherian-specific amino acid changes initially
thought to be involved in the pluripotent function of Oct4, and thus should have no ability

to induce any colony at all.

To find out if the induced colonies have long-term proliferation ability and maintain ES
cell-like morphology, eight colonies (large and medium-sized) were picked for each of

the mouse, elephant and platypus and seeded into a 24-well plate for growth monitoring.

74



Once a colony grows to confluency, it is then re-seeded into a 6-cm dish and stored for

future analysis.

Platy Eleph Mouse
Col1 Col5 Col8 | Col1 Col$ Col7 Col2 Col3
Day

22

23

24

25

29

37

Figure 50. Monitoring the re-seeded iPS cells

In all three conditions, there were colonies that robustly proliferated after re-seeding (Fig.
50). However they did not uniformly display ES cell-like morphology with clearly
defined colony edges. Some of the fast growing cell populations did not grow in colonies,
or exhibited a flatter, EC-like morphology (Fig. 51). These variations could have been
caused by incomplete induction of pluripotency in some of the plates, leading to partially

reprogrammed iPS cells that are significantly different from ES cells.
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Eleph Col 7 Mouse Col 3

Figure 51. Three main types of morphology

Thus, there is a possibility that the platypus Oct4 chimera could only induce cells to a
partially reprogrammed state, where the other two eutherian Oct4 chimeras could fully
reprogramme cells into true iPS cells. To further validate the endogenous activation of
pluripotency genes, | derived fibroblast cells from mice containing an EGFP reporter
knocked into the Sox2 locus (Ellis et al. 2004). In these mice, EGFP recapitulates
endogenous Sox2 expression and this has been used to visualize and identify fully
reprogrammed cells (Stadtfeld et al. 2008). These mice were available from Sohail

Ahmed’s lab (IMB, A*Star, Singapore).

I prepared adult fibroblasts from these mice by dissection to obtain lungs and a short
section of their tails, which contain a large proportion of fibroblast cells (Fig. 52). These
tissue samples are rinsed several times, finely minced and then plated onto T75 tissue

culture flasks for continuous expansion until they reach sufficient cell numbers to be used
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for the iPS experiments. Due to their faster doubling time and homogeneity of the cell

population, tail fibroblasts were selected for this purpose.

From tail From lung

Figure 52. Primary culture of Sox2-EGFP fibroblast from adult mouse lung and tail
Green box indicates that tail fibroblasts were used for subsequent iPS experiments

The exact same iPS protocol was repeated using these Sox2-EGFP adult fibroblasts
instead of BL6 embryonic fibroblasts. This time the colony induction process seemed to
be slower, with distinct colonies appearing from Day 23 post-induction onwards, but they

then proceeded to proliferate quickly as in the previous experiment.

Here again the platypus plate yielded a surprise when EGFP+ cells started to appear from
Day 25, shining brightly within some of the induced colonies, similar to the eutherian

plates (Fig. 53). This data indicates that the platypus Oct4 chimeric construct has the
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capability to fully reprogramme, based on morphology and the induction of endogenous
Sox2 expression, adult fibroblast cells into iPS cells further validating the my previous

finding with embryonic fibroblasts.

Day 25

Day 26

Day 29

Figure 53. A selection of photos of Sox2-EGFP expressing colonies

In some of the colonies, the EGFP+ cells make up the majority of the cells, and the
boundary of the colony is clearly demarcated under visible light and UV light (Fig. 54).

Later, alkaline phosphate staining confirmed that many of these colonies are AP+ (Fig.

55).
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Mixed Brightfield GFP
10 ms 2000 ms

Figure 54. Close up of a Sox2-EGFP positive colony on the platypus plate, Day 31
post-infection

Figure 55. Alkaline phosphatase staining of Sox2-EGFP iPS plates
[+] = mouse Oct4, LH1 = elephant Oct4 chimera and LH2 = platypus Oct4 chimera

Although the platypus Oct4 chimera appeared to be capable of fully inducing
pluripotency in the Sox2-EGFP fibroblasts, a possibility remains that the timing of the

induction process might be delayed or slower relative to the eutherian Oct4.
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To investigate this, all the experiment dishes in triplicate were examined daily and a
colony scoring method was devised. Once the first green colonies begin to appear, all
colonies are marked and the total number of EGFP+ and EGFP- colonies was counted
daily for each dish. These figures are then averaged over the three replicates to minimize
the variation of infection efficiency in each dish. The mean figures are then compiled and
presented as an area chart to show the absolute growth in the number of colonies over

time, and the relative growth of the green colonies vs non-green colonies (Fig. 56)
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Figure 56. Increase in EGFP positive colonies over time
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Once more the platypus had a surprise in store; instead of the delayed appearance of
green colonies or a slower proliferation rate of the green colonies, the exact opposite
occurred. Right from the beginning, the platypus dishes had proportionally more EGFP+
colonies and more in terms of absolute numbers than the mouse or the elephant. The
elephant and the platypus had a higher rate of increase of EGFP+ colonies than the mouse.
The overall rate of increase in the number of colonies, however, is fairly similar among

all three species. While a single triplicate experiment is not enough to conclude that the
platypus Oct4 chimera is better at inducing pluripotency than the eutherian Oct4, results

so far strongly suggest that it is at least not deficient in this capability.

Finally, there was one last surprise. Of the 46 EGFP+ colonies on one of the platypus
plates (LH2 platel), six of them contain a differentiated cluster of cells that contain
cardiomyocytes, despite the high LIF concentrations in the ES medium to maintain
pluripotency. These EGFP+ cells beat spontaneously like a tiny heart at about 30 beats
per minute and are only seen in that one plate, not on the plates of any other species (Fig.

57).

Figure 57. EGFP positive cardiomyocyte cluster in platypus dish
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Chapter 5: Conclusion and Suggestions

5.1 Key Conclusions

Results from the functional studies so far do not show any major cell-level effects caused
by the coding sequence difference between the platypus Oct4 DBD and that of eutherian

mammals.

Subtle differences were revealed in the VP16/EnR real-time PCR experiments in the
magnitude of downstream target responses, but no directionally different responses were
seen. In the microarray experiment, the expression profile after the VP16/EnR treatment
was highly similar between the platypus and the eutherians, and the handful of genes
which did respond slightly differently are not known to be involved in the Oct4-Sox2-

Nanog regulatory network, or pluripotency in general.

Likewise in the Oct4 chimera iPS experiments, the platypus Oct4 DBD chimera was fully
capable of inducing both mouse embryonic and adult fibroblasts into iPS colonies. In fact,
current results hint towards the possibility that the platypus Oct4 DBD may be more
effective at inducing pluripotency than its eutherian counterparts, which seems
counterintuitive. Either way, my data provides useful structure-function data with respect
to Oct4 and its ability to reprogramme. Of the four original Yamanaka reprogramming
factors Oct4 is the only one that was not replaceable by a homolog. Sox2 could be
replaced by Sox1, 3, 18 and others, KIf4 with KIf2, 5 and others, while Myc is now

known not to be an essential component. In contrast, Oct4 could not be replaced by Octl
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or Oct6 (Nakagawa et al. 2008). It will be interesting to see how far the reprogramming

potential of Oct4 orthologs extends into the non-mammalian vertebrates.

During the early stages of this project, two assumptions were made. It was believed that
(1) the early embryonic development in the platypus was in a discrete category separate
from the eutherians, and that (2) significant amino acid changes in the Oct4 protein near
the oct-sox interface is likely to have a significant effect on pluripotency. Based on these
assumptions, a loss-of-function strategy was designed in anticipation of qualitatively

different results between the platypus and the eutherians.

1. Halfway through my iPS experiments a research study was published that
revealed the platypus has a simple placenta, formed from trophectoderm-like cells, that
supports the embryo in the egg (Niwa et al. 2008). This observation suggests that
platypus early development may not be as discretely different from eutherian
development as first thought — the eutherian placenta may be an elaboration of a simple
placenta in early mammals, rather than an outright evolutionary novelty. In that case, the
platypus would not be a suitable out-group species. In addition, if this had been known
earlier, an experimental strategy that is more sensitive to the quantitatively different

results between the platypus and the eutherians would have to be employed.

The study also reported that the full-length platypus Pou5f1 is able to restore self-renewal

in an ES cell line with its endogenous Pou5f1 expression conditionally repressed by

tetracycline treatment (Niwa et al. 2008), while zebrafish Pou2 and opossum Pou2
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homologs are unable to do so. Mouse ES cells maintained using platypus Pou5f1 were
morphologically indistinguishable from untreated ES cells, expressing Sox2 and Nanog.
This result contrasts with a similar complementation assay done using the chick PouV,
where stem cell colonies were generated, but expressed low levels of Sox2 and Nanog,
had limited capacity to be passaged and exhibited a differentiated morphology (Lavial et
al. 2007). The researchers also did mutation experiments in the mouse Pou5f1 on amino
acid positions that differ between Pou5f1 orthologs and Pou?2 orthologs in an attempt to
abolish its pluripotent function, but were unable to do so. Their findings are consistent

with my experimental results that the platypus Oct4 DBD is capable of pluripotent

function.
Eutherian Pou5fl ¢ Tcfl9
Mouse Chr 17
Opossum Pou5f2 = Fut? Pousf1 { Tcfl9
Chr 1 Chr 2
Platypus Pousf1 ¢ Tefl9
Contig22957
Chick PouV Fut7
Chr 17
Lizard PouV PouVv { Tcfl9
Scaffold 639 (fragment) Scaffold 29
Axolotl AmOct4
Frog Xt Pou91 Pou25 Fut7 Tcf19
Scaffold 886 Scaffold 488
Zebrafish Pou2 Fut7 Tcfl9

Figure 58. Emergence of Pou5f1 in a mammalian genomic context predates the
evolution of mammals
Yellow = orthologs of Pou5f1l
Blue = orthologs of Pou2
Grey = uncertain due to insufficient surrounding sequence data
Open block arrows = gene not found
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Moreover, when we revisit the Pou5f1 gene synteny map, it can be seen that lizard PouV
gene is already syntenic with the Tcf19 gene, just like in the mammalian genomic context,
predating the later divergence between reptiles and mammals (Fig. 58). This suggests that
the earliest opportunity for functional novelty in Oct4 via differences in cis-regulatory

regions already exist before the platypus.

The gene synteny map is then used to create a reconstructed history of the evolution of
Oct4. A recent study has found an additional Pou5f2 ortholog in the platypus (Niwa et al.
2008) and latest research suggests that the axolotl AmOct4 is more similar to mammalian
Pou5f1 than to Pou2 related homologs (Frankenberg et al. 2010). These findings have
been incorporated in my reconstruction of Oct4 history (Fig. 60). As you can see, Pou5f2

is likely the ancestral gene, found in the same genomic context in the fish and the frog.
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Figure 59. Reconstructed evolutionary history of Oct4
Yellow = orthologs of Pou5f1l
Blue = orthologs of Pou5f2
Grey = uncertain due to insufficient sequence data
Dashed line = possible gene death
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The gene duplication event that led to the emergence of paralog Pou5f1 most likely
occurred before the divergence between amphibians and other tetrapods. Pou5f1 is
already in the mammalian genomic context in the lizard. Notably, both Pou5f1 and
Pou5f2 exist in the non-eutherian mammals shown here, suggesting that the loss of

Pou5f2 occurred at the base of the eutherians.

2. Based on the multi-species alignment, eutherian-specific amino acid changes in
the Oct4 DBD were identified as having the potential to affect oct-sox binding, and thus

affect the pluripotent functions of the protein.

These highly-conserved coding sequence changes are most likely to be important to
eutherian mammals. However, Oct4 is not only involved in pluripotency — it also plays a
crucial role in the maintenance of the germline (Kehler et al. 2004) and the differentiation
of cardiomyocytes (Zeineddine et al. 2006). Since the focus of the current project is on
pluripotency, any importance of the sequence changes to these other functions were not
evaluated. For example, the unexpected propensity for the platypus Oct4 chimera to
induce cardiomyocytes even under ES media conditions with high LIF, hints to the
tantalizing possibility that platypus Oct4 DBD may have an enhanced ability to direct the

differentiation of heart muscle compared to its eutherian counterpart.

Moreover, it is not clear whether the absence of eutherian-specific changes actually

inhibit oct-sox binding at the molecular level. Gel shift experiments done by a

collaborator Ralf Jausch indicated that the platypus Oct4 DBD binds even more strongly
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to the canonical oct-sox element with mouse Sox2 compared to the binding between
mouse Oct4 DBD and mouse Sox2,. This result, in conjunction with my results from the
iIPS experiments strongly suggests that the direction of the change is opposite to my

initial postulation.

5.2 Cis-evolution of Critical Genes

Some developmental biologists believe that mutations to the cis-regulatory regions of
genes are relatively more important to the evolution of morphological features than
coding sequence mutations (Carroll 2008). In the early stages of this study, it was
believed that coding sequence changes to transcription factors are essentially as important
to cell-type evolution as cis-regulatory changes, since transcription factors bind to
specific DNA binding sites and thus the cis-acting and trans-acting changes operate in a

continuum.

However, all three core members of the Oct4-Sox2-Nanog regulatory network are critical
genes for pre-implantation development and also have important functions in other
aspects of development, such as neural and germ cell development. Thus, the potential
for lethal mutations is high, and the whole network as a system needs to maintain
robustness against small changes at the molecular level just to survive the developmental
process. So although these genes have many downstream targets, the cell-level effects of
small coding sequence changes may be masked instead of amplified — via compensatory
mechanisms between the members of the network to prevent the whole network from

disintegrating due to a small number of replication errors.
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As such the coding sequence of highly-interconnected, critical genes is not really the
most optimal target if one wishes to look for small mutations that can result in large
phenotypic effects. Another approach is to target the cis-regulatory regions. For example,
in the Nanog promoter assays discussed earlier in Section 4.3, point mutations of only 3
base pairs could significantly reduce the promoter activity of the Sox2-Oct4 site.
Moreover, there is no evidence of a Sox2-Oct4 binding site in non-eutherian mammal or
chick Nanog. In a similar vein, in the Niwa paper the researchers examined the CR4
region of the platypus Pou5f1 promoter and found that the auto-regulatory element
involved in the reciprocal inhibition between Pou5f1 and Cdx2 is missing (Niwa et al.
2008). This is important because high Cdx2 expression is essential for placental
formation. When promoter assays were performed on the CR4 region they found that it
had no enhancer function. They postulate that this difference may result in the simpler

placenta of the platypus in contrast with the sophisticated eutherian placenta.

5.3 Future Work

Since the platypus Oct4 can maintain pluripotency, while the zebrafish paralog cannot,
one way forward is to study the PouV gene in the Anolis carolinensis to find out if the
pluripotent capability of the Oct4 protein itself already exists in the lizard. The gene
vicinity can also be compared with the mouse and the platypus to see if there are any

differences in the cis-regulatory elements.
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Apart from the study of pluripotency, from a purely technical perspective it would be
interesting to perform more quantitative experiments to find out how much more efficient
the platypus Oct4 chimera is in the induction of iPS relative to mouse Oct4, and to
characterize the specific amino acid changes that lead to improved efficiency. The use of
platypus Oct4 chimera as a supplement for the directed differentiation of cardiomyocytes

can also be further investigated.
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Appendix A

BAC Library Screening Database

S/No Species Filter Set  Filter No. Panel/Field Grid Location Vector/Position Plate range Plate Il BAC Clone ID
1 Elephant  WMRC-15 7E 5/C6 E 313318 7 WMI5-317CE
2 367 C 301-308 303 WM15-303G7
3 3 E7 B 295-300 297 WM15-297E7
4 aE 2019 A 337-342 338 WM15-33818
i 21011 G 373-378 374 WM15-274011
B 207 C 343-354 350 WM15-35007
7 2 A3 A 337342 338 VM15-3384A9
g 5 P G 373-378 378 WM15-378P8
9 5 P C 343-354 354 WM15-354P8

10 B.J23 D 355-360 360 WM15-360023
1 5/ C3 D 355-360 360 WM15-360C3
12 BAlT E 361-366 366 VM15-36BA11
13 3 E2 A 337-342 339 WM15-335E2
14 9E 2H8 B 391-396 392 WM15-392H8
15 5C23 B 391-396 395 WM15-395C23
16 3F2 F 415-420 417 WM15-417F2
17 10E 40113 A 433-438 436 YM15-436013
18 2/C6 o] 451-458 452 WM15-452CE
19 1E1 G 4B9-474 469 WM15-468E1
20 ME 2/M19 B 457-492 435 VM15-488M13
Pl 12E 4/L18 C 541-548 544 WM15-544L16
2 4115 H 571-576 574 WM15-574115
23 4/F1 D 547852 550 WM15-550F1
24 317 B 535-540 537 WM15-837117
25 13E 6 F9 A A77-682 582 WM15-582F3
26 3mMia A A77-682 579 WM15-579M18
g 3N A A77-582 579 WM15-675NT
28 304 C 589-594 591 Vh15-69114
29 Opossum  WMRCE gk 1F3 B 343-348 343 WMB-343F3
30 10K 5 D5 F 463-468 468 WMB-46805
i 1K 4/C11 C 493-498 496 WMB-496C11
32 12K 4418 E 553-558 556 WVMB-556A18
33 13K G E12 B 5583-588 5358 WMB-555E12
34 14K 5 P22 F B55-660 GE0 WMB-BRIPZ2
35 Kangaroo  ME_KBa A 6 B11 7 Plate 42 Flate 42 426811

36 A 365 1 Plate 3 Plate 3 3G5

7 A 168 E Plate 31 Plate 31 3168

] A 111 1 Plate 1 Plate 1 1411

39 A a k2 8 Plate 47 Plate 47 4712

40 =] 2/M10 3 Plate 14 Plate 82 82M10

4 =] 4810 1 Plate 4 Plate 52 52810

42 =] 1F19 1 Plate 1 Plate 43 49F13

43 =] 1024 4 Plate 13 Plate 57 67024

44 c 2/A18 1 Plate 2 Plate 33 38A16

45 c 5 B3 3 Plate 45 Plate 144 14453

46 c 6 PG 4 Plate 24 Plate 120 120P6

47 c 3E15 3 Plate 15 Plate 111111E15

45 o 3/M20 5 Plate 27 Plate 123 123020

49 o 405 E Plate 34 Plate 130 13005

a0 c 4 K8 1 Plate 4 Plate 100 100KS

51 c 5 ka 5 Plate 28 Plate 125 125K8

52 ] 3420 3 Plate 15 Plate 159 159420

a3 ] 148 3 Plate 13 Plate 157 157 A8

54 E 3K20 3 Plate 45 Plate 237 237K20

55 F 3F3 3 Plate 45 Plate 285 285F3

56 F 3M22 3 Plate 15 Plate 255 255N22

57 F 3F24 3 Plate 15 Plate 255 255F24

58 F 4620 8 Plate 45 Plate 286 28620

59 G 3C12 5 Plate 27 Plate 315 315C12

B0 H 6 MN18 2 Plate 12 Plate 348 3468M18

51 H 3K23 3 Plate 15 Plate 351 351K23

52 | B A2 g Plate 48 Plate 432 43249

B3 | 402 4 Plate 22 Plate 405 40602

B4 | 1F13 1 Plate 1 Plate 385 385F13

=) | 1618 5 Plate 25 Plate 409 403G15

=53 J 1018 7 Plate 37 Plate 469 453015

57 K 3.2 5 Plate 27 Plate 507 5072

=] K 101 1 Plate 1 Plate 431 481011

=] K 1120 7 Plate 37 Plate 517 517120

70 L 401 8 Plate 45 Plate 574 57401

kil L 1018 4 Plate 18 Plate 547 547118

72 L 5 P2 2 Plate 11 Plate 539 539P9

3 i 2G5 5 Plate 25 Plate 602 60265

74 il 188 B Plate 31 Plate 07 80789

7a il 1G22 1 Plate 1 Plate 577 577522

76 Platypus  |OA_Bh =] 5 H4 2 Plate 11 Plate 53 55H4

7 c 3Ha8 2 Plate 8 Plate 105 105H3

78 c 1/E20 1 Plate 1 Plate 97 B7E20

79 c 5119 5 Plate 23 Plate 125 125119

a0 o] 210 1 Plate 2 Plate 146 14610

a E 3M7 3 Plate 15 Plate 207 207M7

g2 J 4 M2 5 Plate 28 Plate 450 450M12

g3 J 4415 B Plate 34 Plate 456 466A15

84 Armadille WMRC-S 1 2/F16 E 2530 Plate 25 WME-26F16
) 2 20K17 F 7984 Plate 80 YMS-80K17
a6 4 G|La E 162-174 Plate 174 VM5-174L8
a7 4 5/C10 F 175-180 Plate 180 WMS-180C10



Nanog

S/No Species Filter Set  Filter No. Panel/Field Grid Location Vector/Position Plate range Plate ID BAC Clone 1D
1 Elephant  W¥MRC-15  7E 1E22 E 313-318 313 ¥M15-313E22
2 1623 B 2595-300 295 WM15-295G23
3 216 F 319-324 320 vM15-32006
4 3 A3 H 331-336 333 vM15-3334A3
a GE 2/C5 D 355-360 356 vh15-356C5
5 2611 G 373378 374 V15-374G11
7 9E 5 E1g H 427-432 431 vM15-431E16
g aF19 H 427-432 431 %¥M15-431F19
] 282 E 409-414 410 vM15-41082

10 B A2 F 415-420 420 %M15-420A21
11 6 L3 B 391-396 396 vh15-396L5
12 10E 121 B 433-444 438 h15-439M21
13 2.A10 H 475-480 476 VM15-478A10
14 6 C4 G 469-474 474 Vi15-474C4
15 11E 4C24 B 4587-492 490 VM15-490C24
16 12E 6 G146 [ 541-546 546 Vh15-546G15
17 Armadille WMRC-S 1c a/G7 D 19-24 23 WMe-23G7
18 5021 D 19-24 23 Whis-23J21
19 224 H 43-43 44 %Whio-441 24
20 2C 1618 H 91-96 91 vM5-91618
21 2 A4 F 75-84 80 wh5-a04A4
22 2 E5 H 91-96 92 WME-92E5
23 3c 5B14 c 109-114 113 %Ma-113614
24 5 E19 F 127132 131 vME-131E19
25 3 L3 B 103-103 105 *ha-105L3
26 4C 417 H 187-192 190 ia-12017
27 1P19 E 169-174 165 vME-169P 13
28 2013 G 131-186 182 WME-182013
29 6 B13 B 151-156 156 "vMa-156613
3o 3623 B 1321-156 153 W¥ME-153G23
31 ac 2FN A 193-193 194 Va-184F 11
32 4 F20 B 199-204 203 vh5-203F20
33 558 D 211-216 215 vME-215G8
34 2/C4 G 229-234 230 vME-230C4
35 6C 2013 A 241-246 242 VIE-242013
36 1615 E 265-270 265 VhE-265615
37 3.5 H 283-288 285 VME-28515
36 Opossum | WMRC-B Gl 4 M14 A 337-342 340 'vhB-340M14
39 2 E1 C 349-354 350 %MBE-350E1
40 6 L20 F 367-372 372 WhB-372L20
41 5013 E 361-366 365 vhEB-365013
42 3 K7 E 361-366 363 VME-363K7
43 aK 209 c 357-402 398 vMB-39809
44 12K 102 [ 541-546 541 vMEB-541D2
45 13K 2 P20 B 583-585 584 vIMB-584P20
46 14K 4623 F B55-660 B55 vME-B58G23
47 209 F G55-660 656 vhE-B5603
48 Kangaron  ME_KBa c 202 5 Plate 26 Plate 12212212

49 [ 3 N7 2 Plate 9 Plate 105 105N7

50 Platypus 0A_Bb K 6 L4 7 Plate 42 Plate 522 52214
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Appendix B
BAC Screening Protocol
This protocol has three parts:
l. Radioactive Work Protocol
. BAC High-density Filter Screening

II. Protocol for reading BAC IDs

Part I. Radioactive Work Protocol

This information is to be used as an introduction to basic procedures and safety in
research work involving radioactive materials. It is specific to Robson Lab, Genome

Institute of Singapore, and reflects the recommended procedures in Jan 2007.

For further details and clarifications please consult the current radiation work committee.

General Procedures

1. Please be suitably attired prior to entry into radiation room.

Attire:
- Long-sleeved lab coat
- Plastic goggles (if not wearing spectacles)
- TLD Badge (the black dosimeter tag, to be worn on the collar/lab coat
chest pocket)

- Covered shoes.
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2. Enter using access pass.

3. Please put on double-gloves after entering the room.
The outer layer is to be discarded into radioactive waste box immediately when
contaminated (or suspect to be contaminated). The inner layer, if not contaminated, can

be worn until the end of the experiments.

4. Turn on the Geiger counter and begin checking the work area.

Turn the Geiger counter’s dial to*“X1”. Turn audible to “On”. It should start clicking
randomly and sparsely (on average about once a second). Free the pancake scanner arm
and scan yourself and the work area by hovering the pancake over the area of interest.
The wire mesh detector must face the direction you want to scan. Do not let the detector
touch anything - it may become contaminated. To verify that the counter is working,
simply open the radioactive waste box and hover the pancake over it — the counter should
click vigorously (several clicks per second). Close the waste box when done, and check

your gloves with the counter.

It is recommended to check other areas such as: Door handle, light switch, fridge/freezer

handle, outside of radioactive waste boxes and heating blocks. This is to verify that the

previous user did not leave any contamination behind.

5. Set up the Geiger counter to monitor your work area.
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Rotate the pancake to face the work area. Hover your gloves or other items over the

detector to check for contaminations.

6. Proceed with radiation work.
Guidelines:

- Be very sure of your protocol. If possible, rehearse the procedure
without the radioactive material first.

- Minimize exposure time. The radio-material should be in its lead
container or in the acrylic housing box almost all of the time. You
should be behind the acrylic shield whenever the radio-material is not
covered adequately. If you must raise the tube into the air, work
quickly (but do not rush!) and return the tube into container.
Remember that your fingers are still absorbing the radiation even
though your body is behind the shield. The clattering counter will
encourage you to work quickly.

- Handle the material confidently and cautiously. Avoid accidental
splashes and spills. If these occur, clean up promptly. Check often with
counter.

- Check your gloves often. Change when in doubt. Err on the side of

wastefulness.

7. Clean up any contaminations promptly.
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Use the Radiac detergent solution to wipe up the spill. Throw the contaminated paper
towels into the large radioactive waste box. Repeat until the counter reads only

background levels.

8. When the experiment is complete, scan the entire work area again.

This practice protects the next user, who could be you.

9. Scan yourself.
Check gloves, coat sleeves, your lab coat, pants and don’t forget your shoes as well. This
practice protects you and lab members outside the radiation room. Also scan any items or

reagents that you are taking out of the room, such as film cassettes or buffer bottles.

10. Throw away your gloves.

Into appropriate bins.

11. You can now leave the radiation room. Turn off the lights and lock the room if

there are no further users.

Handling 32P
1. The radio-material will come in a yellow lead container. It is cylindrical and very

heavy.
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2. When first delivered, bring it into the radiation room. Open the box and remove the
packing material and notes. Be aware that the lead container is heavy, do not let it drop!

Store the lead container at 4 deg C.

3. Once you are ready to use the 32P, take the lead container out of the fridge and place

behind the acrylic shield. Set up the Geiger counter as usual.

4. Break the paper seal on the side holding the cap of the lead container. Turn anti-
clockwise to loosen the cap until it stops turning. Now lift the cap away. Note: The cap is

heavy!

5. Loosen the internal plastic cap by turning anticlockwise. Lift the cap and place it inside
facing up. You will see a splash-guard with a depression in the middle. The Geiger

counter will start to clatter.

6. Now use a short 10ul filter-tip (only use the short one! The long one may splinter) and
jab it firmly (not too hard) into the depression to loosen the splash guard. Lift vertically,
and shoot the tip+splash-guard into radioactive waste bin. Note: The Geiger counter will

scream like mad. Be prepared for the sound.

7. Prepare your sample tubes on acrylic box and open their caps. Draw the required

amount of 32P (red color liquid) and transfer into your sample tubes. Work quickly to

minimize exposure. Close caps and cover the acrylic box.
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8. Re-cap the plastic cap and lead cap on the yellow container. Check the lead container

and work area for any splash contamination with the Geiger counter.

9. If completely used up, put the lead container into the radiation waste area. Otherwise,

return the container to 4 deg C.

Part 1. BAC High-density Filter Screening

Overview

Here are the recommended reagent amounts:

Number of filters per library = 8 or more
Amount of initial [Gamma32P]-ATP needed per filter = 1.0ul (10uCi)
Exposure time = 1-3 hours using storage phosphor screen and Typhoon phosphoimager.

Approx. 1 hour exposure per 10 000 cpm (measured 1 cm above the filter).

1. 5’ End Labeling reaction

Dilute the oligo probes (~30bp desalt quality) to 5 uM (usually 1:20 dilution).

Reaction Mix
Per 10ul

Nuclease-free water (Ambion) 2
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Probe (5 uM) 1
[Gamma-32P]-ATP 5
10X Kinase Buffer (NEB) 1

T4 Polynucleotide Kinase (Ambion) 1

(inside the radioactive room)
- gently mix

- incubate at 37C for 1 h

2. Preparation of NucAway spin columns

- tap column to settle dry gel

- hydrate using 650ul nuclease-free water

- cap, vortex, tap out air bubbles and leave at room temperature 5 — 15 min
- can be stored up to 3 days at 4C if needed

- spin column at 750g for 2 min (put into elute tube)

- check orientation

- discard elute tube

- apply sample directly to centre of gel bed (don’t touch sides or gel surface)
- place column in collection tube, using the same orientation as the first spin
- spin column at 750g for 2 min

- discard spin column into radioactive waste container

- store sample at -20C (radioactive room freezer)
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3. Scintillation counter (optional step)

- 1ul of labeled probe + 1ul of scintillation fluid in an eppendorf tube
- go to level 4 scintillation counter, select 32P option

- obtain 1 minute average

- typical readings about 1 million counts per minute (cpm)

4. Hybridization using UltraHyb-Oligo (Ambion)

- preheat a 125ml pack to 55C for 5 min to dissolve precipitated materials

- take the BAC high-density filters and separate with a piece of nylon mesh between 2
filters

- up to 4 filters (+3 mesh) can fit into one long hybridization bottle

- add a minimum of 50ml of UltraHyb into bottle (for 4 filters, add 80ml)

- set hybridization oven to 42C, prehyb the blot for 30 min with low rotisserie speed

- decant the hyb solution into a 50ml falcon tube

- add ~1 million cpm/ml (final conc) of labeled probes from Step 2 into falcon tube

Usually 10ul for 8 filters, 15ul for 13 filters (at least 1ul per filter)

- cap the falcon tube and invert a few time to mix

- add the hot mixture back into the hyb bottle.

- hyb overnight in the oven at 42C for 14-24h

5. Washing and mounting the hot filters
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- pour away the hot hyb buffer into liquid radiowaste bottle

- immediately add 50ml 1xSSC (+0.5%SDS) and wash in hyb oven 42C for 1 hour
- (optional) pour out and repeat the wash step

- pour out the 1xSSC and place on paper towels to absorb excess hot solution

- when sufficiently dry, prepare transparent plastic sheets

- mount the filter between two transparent plastic sheets

- store the mounted filters in an acrylic container at 4C.

6. Visualizing labeled filters in phosphoimager

-Collect large storage phosphor screens from Level 4

- Place hot filter on the velvet side of the X-ray cassette, with pencil marks/printed
numbers facing up

- Position the phosphor screen between the enhancer (white surface) and the hot filter,
with the white part of the phosphor facing the filter.

- Close the cassette and leave it for a duration dependent on this formula:

1 hour exp per 10 000 cpm at 1 cm distance.

Eg. A 3000 cpm hot filter must be exposed for at least 3 hours 20 minutes

-open cassette, wipe clean and return the hot filter back into 4C.

- bring the phosphor screen down to Level 4 inside its cardboard box to use Typhoon

Part I11. Protocol for Reading BAC IDs
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The protocols for reading BAC clone identity are different for BACPAC or AGI/CUGI

resources. Please refer to the company documentation for specific details.

BACPAC Protocol For Reading BAC IDs

Vectar Sheet
e e S ARG TS Ve afermation
® o | °
v ® L 3 i e o L4
o e o L

A 8 < ) £ 3 c. u
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AGI/CUGI Protocol For Reading BAC IDs
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Filter No., Exact plate No.

Serial Number
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Appendix C

Real-time PCR Protocol

This protocol has three parts:

V.

V.

VI.

Preparing RNA
Preparing cDNA

BioMark operation

Part I. RNA preparation

Harvesting cells

1.

2.

3.

4.

Wash the cells in 1 x PBS.
Add 1ml Trizol to dish/well. Pipette up and down to disperse cells.
Transfer into a 1.7ml microfuge tube.

Proceed to RNA extraction or store at -80C immediately.

RNA Extraction (adapted from Kevin’s protocol)

1.

2.

Incubate at room temp for 5 min.

Add 200ul chloroform. Shake vigorously for 15 sec.

Incubate at room temp for 3 min.

Spin at 13000 rpm, 4C for 15 min.

The liquid will separate into two phases. Carefully pipette ~450ul of the top phase
into a new tube, avoiding the protein interface.

Add 450ul 70% ethanol. Mix by inverting tube.

Apply 700ul to RNA kit column (from Qiagen RNeasy Mini Kit).

Spin at 13000 rpm, 15 sec (this and subsequent spin steps at room temp). Discard

flow-through.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Add remainder from step 7 to column.

Spin at 13000 rpm, 15 sec. Discard flow-through.

Add 700ul buffer RW1 to column.

Spin at 13000 rpm, 15 sec. Discard collection tube.

Transfer column to new collection tube (provided by Kkit).

Add 500ul buffer RPE.

Spin at 13000 rpm, 15 sec. Discard flow-through.

Add 500ul buffer RPE.

Spin at 13000 rpm, 15 sec. Discard collection tube.

Transfer column to clean centrifuge tube (not provided by Kkit)

Dry the column by spinning 13000 rpm for 1 min. Discard tube.
Place column in a new microfuge tube for elution (provided by kit)
Add 30ul RNase-free water directly to the membrane. Let it stand for 1 min.
Spin at 13000 rpm, 1 min.

Repeat steps 21-22

Quantitate by Nanodrop

Store at -80C.

Check RNA yield and quality

1.

Use 1.5ul per sample in the Nanodrop machine. A good yield of RNA should be ~

100 — 1000 ng/ul depending on cell number.

For RNA, optimal 260/280 ratio is around 1.9

For RNA, optimal 260/230 ratio is around 1.6
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4. Check the UV spectrum, if it there is a smooth curve peaking at 260 nm, the RNA
quality is good.
Part I1. cDNA preparation

Reverse Transcription
(Using ABI High-capacity cDNA Reverse Transcription Kit (4368813)

1. Prepare reactions on ice and remember to use filter tips.
2. Two sets of reactions to be made: RT mix and RNA mix.

3. For the RT mix, prepare a master mix using the below ratios:

10X RT Buffer 2.0
25X dNTP Mix (100 mM) 0.8
10X RT Random Primers 2.0
MultiScribe™ Reverse Transcriptase 1.0
Nuclease-free H20 4.2
Total per Reaction 10.0 ul

4. For the RNA mix, prepare individually the below:

RNA sample (1 ug equivalent volume)
Nuclease-free H20 Top up to 10 ul
Total per Reaction 10.0 ul

5. Pipette 10 puL of RT master mix into each well of 8-tube PCR strip or 96-well
reaction plate.

6. Pipette 10 uL of RNA sample into each well, pipetting up

and down two times to mix.

7. Seal the plates or tubes.

8. Briefly centrifuge the plate or tubes to spin down the

contents and to eliminate any air bubbles.

9. Place the plate or tubes on ice until you are ready to load the

thermal cycler (set rxn volume to 20ul):
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Temperature (°C) 25 37 85 4
Time 10 min 120 min 5 sec o0

10. Store the cDNA at -20C.
Pooling TagMan assays
1. Combine equal volumes of each 20X Tagman Gene Expression Assay, up to 100
assays (max. 48 for BioMark).For BioMark, add 10ul of each assay in a
microfuge tube.
2. Dilute the pooled TagMan assays using TE buffer such that each assay is at final

concentration of 0.2X. For BioMark, add 520ul TE for final volume of 1ml.

Pre-Amplification

1. Prepare the preamplification mix using the below ratios:

TagMan PreAmp Master Mix (2X) 5.0
Pooled assay mix (0.2X) 2.5
cDNA sample 2.5
Total per Reaction 10.0 ul

2. Place the 8-strip or plate into PCR machine with these cycle conditions:

Temperature (°C) 95 95 60 4

Time 10 min (hold) 15sec 4 min 0
L—& 10 cycles —

3. Upon completion, immediately place on ice.

4. Dilute 1:5 using TE buffer (Add 40ul TE buffer to each reaction)

5. Store at -20C.

Part I11. BioMark operation
Assay and Sample Preparation

1. Remember to use filter tips.
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2. Two sets of reactions to be made: Assays and Sample mix
3. For the Assays, prepare individually using the below ratios:
20X TagMan Gene Expression Assay 2.5

DA Assay Loading reagent 2.5

Total volume per Reaction 5.0

4. For the Sample, prepare a master mix using these ratios:
TagMan Universal PCR Master Mix 2.5

DA Sample Loading reagent 0.25

cDNA sample(from preAmp step) 2.25

Total volume per Reaction 5.0

5. Vortex briefly, spin down and place these reactions on ice while priming the chip.

Priming the Chip

1.

2.

3.

9.

Open a new pack.

Caution! Use the chip within 24 hours of opening.

Using the syringe provided, inject control line fluid into each of the two
accumulators on the chip.

Remember to insert the needle all the way into the gasket. Fill up to the lowest
mark on the accumulator well.

Caution! Do not spill control line fluid on any other part of the chip.

Place the chip into NanoFlex IFC controller. Note the Al position.

Press “Admin”, the password is admin.

Select 113x Chip Prime script to run (approx 10 min to complete)

Caution! Load the chip within 30 min after priming.

Loading the Chip

1.

2.

Remove primed chip and peel the protective blue film from bottom of chip.

Place the chip on the black-coloured work station.
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3. Load the Assays using a short 10ul filter tip. Assay inlets are on the left side of
the chip. Do not go pass the first stop on the pipette, avoid introducing bubbles.
It’s OK to load slightly less than Sul.

4. Load the Samples in the same manner. Sample inlets are on the right side of the
chip.

5. Place the chip into NanoFlex IFC controller.

6. This time select the sample loading script to run (approx 1 hour to complete)

7. Caution! Start the run within 4 hours after loading.

Power Up the BioMark Instrument

1. Press the big round button (jacketed by octagonal plastic) on the left side of the
instrument.

2. Press the square button on the right side.

3. Press the green switch on the left side.

4. Click the BioMark Data Collection Software icon to launch the software.

5. Check the status bar to make sure that the cooling process has started (approx 1
hour to complete)

6. Instrument will be ready when it is cooled to -5C. Begin the run within an hour of

that.

Starting the run
1. Remove loaded chip and remove any dust over the top of chip centre using a
small piece of tape.
2. Place the chip into the BioMark Instrument loading tray. Note the Al position.

3. Click Start
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8.

9.

Click Load Chip

Type the barcode number

Browse to file location for saving data.
Application type: Gene Expression
Assay: Single probe

Browse to find thermal protocol file (only one available)

10. Select Auto Exposure, Passive Reference ROX, Probe Type FAM-MGB.

11. Verify chip run info.

12. Start Chip Run (approx 3 hours to complete)

Data analysis

1.

2.

3.

4.

5.

6.

Click the BioMark Real-Time PCR Analysis software icon to launch software.
Click Open Chip Run

Analysis setting is Auto (Detectors). Click Analyze.

Select Sample Setup to label your Samples.

Select Detector Setup to label your Assays.

Export data as a .csv file. Transfer file out using a thumbdrive.

Copy and paste wholesale into Cell Al of the “BioMark_16x48_version2” Excel
template made by Andrew and Lee Thean.
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Appendix D

Oct4 DBD VP16 / EnR Microarray Results

List of genes altered by 1.5 fold either up or down

Mouse VP16 up

Gene Name
scld1083.21_226-5
scl083456.10_6-5
scl0B7106.7_0-5
scl0004065.1_58-5
scld70581.7_458-5
scl013627.1_210-5
scl0018044.2_32-5
sci0003013.1_B6-5
5cl37811.6.1_5-5
scl0077771.2_16-5
scl0001589.1_43-5
scl51379.4 394-5
G|_27370425-3
scl0003642.1_1-5
scl54335.5_728-5
scl24282.10_504-5
scld9235.7_589-5
scl63716.6_16-5
scl000025.1_30-5
G|_52421325-5

Comrnon

htrrird

hov10l1

Arch

Abhd1

2610019 15Rik
Eeflal

Nfya
9530090G24Rik
Gsitl
A330102K23RIk
Prpo
2010002N04Rik

Ercch
2430034017 Rik
Lth4dh

Arhgdia
DxBwiyl396e
4930584 N22Rlk

Genbank

Nh_133215
Mh_031260
Mh_025970
Mh_021304
MNM_178612
Ah_203509
MK_010913
NM_145537
NM_008185
NW_153409
134021
Nh_134133

Mhd_025042
Mhd_028651
Mh_026965
Mh_133756
Mh_029836
Ih_026654

Mouse VP16 down

Gene Name
scl0017289.2 279-5
scl31601.4.1_51-5
scl41600.10.1_4-5
scl0165652.1_68-5
scld74580.4_53-5
scl0020563.2_80-5
scl0021826.1_235-5
G|_75677455-5
sci0001310.1_38-5
scl012696.5_98-5
G|_60678283-3
scl023886.1_155-5
scld7445.7 14-5
scl21852.2.1_81-5
scl0056068.2_195-5
scl000155.1_43-5
scl63162.3.1_182-5
scl0230868.3_5-5
GI_B5702174-A
scl0002693.1_3-5
sci0003546.1_11-5
scl23469.10.1_15-5
scld2956.7_401-5
scl54930.9.1_1-3
scli21809.2 58-3
scl24121.41_71-5
scl2B371.6_22-5

Comrnon
Mertk
1
Cias1
Kifc3
HoxcB
Slit2
Thbs2

Ceng1
Cirbp

Gdf1s

Copz1
1110055J05Rik
Ammecr]
Lin7b

Gpri20
BCOs5811

Mutyh
Scotin
Hki3
Jundrn2
Hprt1
Tgfb3
Cdkn2a
Cxell0

gi_7305154_ref_NM_{Hprt1

scl0001034.1_861-5
5cl0321000.2_14-3
5cl33485.7_10-5
sci0002582.1_20-5
sci0103889.1_67-5
scl19424.2.1 755
scl074761.10 0-2
scl019073.1_109-3
scl24606.5 24-3
scl37309.10_320-3
scl0016998.2_125-2
Gl _22129490-3
5cl0003434.1_158-3
scl38273.6_263-5
sci0003597.1_24-5
5c(37305.10.1_B-5
sci030839.9_291-5
scl18060.2_106-2
scld2842.7.1 0-3
scl053606.2 17-2
scl020296.2_11-2
scl37307.6.1_29-3
scl016145.6_111-3
scl0001526.1_22-3
scl28654.6.1_30-5

Crbn
4933421E11Rik
Herpudi1

Hoxh2

1200013A08RIkK
Pry1
1200013408Rik
Mmp13

Ltbp3

Mrrp13
Lgals3bp
Mrrp3
Mrrp10
Fhiws
Grem!
D12ErdE47 e
G1p2
Cel2
Mmp3
lgtp

Irf1
Lsp18

Genbank

Nh_008587
Mk_005350
Mh_145627
Mk_010631
MNh_010465
Mh_175604
Mk_011581

Mii_009831
Mi_007705

Nh 011819
Nk 019617
Mhd_026354
Mhd_019456
Mh_0116595
Mh_181745
Mh_198610

Mh_133250
Nh_026351
Nh_133679
Nk 030087
Nh_ 013556
kA 009365
MhA_O09677
Mhd_021274
Mh_013556
Mh_021443
Mh_177309
Ihd_022331
Nh_178718
Mh_134032
MM _149113
i 024263
Mk 011157
Mhd 024263
MhA_O0S607
Mhd_005520

h_005607
IhA_011180
Nh_010803
Nhd_ 019471
NK_013908
i 011624
Nh_ 026790
Mk 015783
Mk 011333
Mhd_010809
Mh_015735
Mh_005350
Mh_011909

Product

myotubularin related protein 4

Moloney leukemia virus 10-like 1

zinc finger and BTE domain containing 8 opposite strand
abhydralase domain containing 1

hypothetical protein LOCEE455

eukaryotic translation elongation factor 1 alpha 1
nuclear transcription factor-Y alpha

putative alpha-mannosidase

glutathione S-transferase, theta 1

TGF-beta induced apotosis protein 2

pyridoxine S-phosphate oxidase

putative small mermbrane protein MIDET

excision repaiross-complementing rodent repair deficiency, complel

hypothetical protein LOCT7286

leukotriene B4 12-hydroxydehydrogenase
Rho GDP dissociation inhibitor (GD0) alpha
nuclenlar TGF-betal target protein isoform a
TOET homolog

Product

c-rmer proto-oncogene tyrosine kinase
interleukin 11

cold autoinflammatory syndrome 1 homolog
kinesin family member C3

homeobox CB

slit homalog 2

thrormbospondin 2

cyclin G1
cold inducible RMA binding protein

growth differentistion factor 15

coatomer protein complex, subunit zeta 1
hypothetical protein LOCE7528
AMMECRT protein

lin 7 homalog b

5 protein-coupled receptor 120
irmmunoglobin superfamily, member 21

rutY hormolog

scotin isoform 1

GLI-Kruppel family member HKR3

Jun dimerization protein 2

hypoxanthine guanine phosphoribosyl transferase 1
transforming growth factor, beta 3
cyclin-dependent kinase inhibitor 24

chemokine {C-¥-C motif) ligand 10

hypoxanthine guanine phosphoribosyl transferase 1
cerehlon isoform 1

receptor-interacting factor 1

RefSeq

Nh_133215
Mk_031260
Mk_025970
Mh_021304
MNK_178612

MK_010913
Mk_145537
MkA_005185
Mh_153409
Mi_134021
Mh_134133

Mhd_025042
Ihd_025651
Ihi_025965
Mhd_133756
Mhd_029636
Ihd_026654

RefSeq

Nh_008587
Mk_005350
Mh_145627
Mk_010631
MNh_010465
Mh_175604
Mk_011581

Mki_009831
MK_007705

Mkt 011819
Mkt 019817
Mhd_026354
hd_019456
Mhd_011655
Mk _181743
Mhd_195610

Mh_133250
Nh_025655
Nkt _133679
ki 030087
bt 013556
Ikt 009365
Mhd_009E77
Mhd_021274
Mhd_013556
Mhd_021443
Mhi_1773039

homocysteine-inducible, endoplasmic reticulum stress-inducible, ub Mk _022331

homeo box B2

lirnitrin

protenglycan 1, secretory granule

limitrin

matrix metalloproteinase 13

latent transforming growth factor beta binding protein 3

matrix metalloproteinase 13

lectin, galactoside-binding, soluble, 3 binding protein
mattix metalloproteinase 3

mattix metalloprateinase 10

F-box and WD-40 domain protein 5
grermlin 1

hypothetical protein LOCS2668 isoform 1
interferon, alpha-inducible protein
chemokine (C-C motif) ligand 2

matrix metalloproteinase 3

interferon garmma induced GTPase
interferon regulatory factor 1

ubiguitin specific protease 18

Mk_134032

hht 024263
Mkt 011157
bt 024263
Mhd_0OS607
Mhd_005520

Ihd_OOS607
Ikt _011150
Nh_010803
Mk _019471
NK_013908
Mkt 011624
bt 026790
Mkt 015783
Mht_011333
Mhd_0108039
Mhd_015733
Ihd_0OS350
Mhi_0119039
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Mouse EnR up

Gene Mame
scl2B197.25 374-5
scl0B83456 10 B-5
scl0018044.2 32-5
scl0901.16 B9-5
scl013176.2 9-3
scld1083.21_226-5
scl0077771.2_16-5
5cl28889.10.1_70-5
scl018642.4 28-5
sclO004085.1_58-5
5cl013532.4 B2-5
scl0003023.1_B84-5
scl51379.4_394-5
scl54338.5 728-5
5cl0039375.1_136-5
scl0003019.1 _BB-5
scl0093742.1 83-5
scl0003972.1_558-5
scl0003712.1 12-5
scl017354.18_45-5
sclE0141.7.1_283-5
sclO004106.1_50-5
scl0002386 1 172-5
scl0193.3.1 118-5
5cl00234736.1 B3-5
5cl0003331.1_104-5
scl000914.1_84-5
scl0001298.1_25-5
scl014697 10 _11-5
scl54853. 6 573-5
scl00102423.2 7-5
scl0001399.1 22-5
scl00209318.1 9-5
sclE0934.8.2 2-5
5cl38890.17_310-5
sclOBS24E 3 B2-5

Mouse EnR down

Gene Name
scl5754.91 26-5
scl0003434.1_18-5
scl25019.5.1_161-5
scl00013.1_82-5
scl21680.4 B31-5
5ci39973.2001 51-5
scl0014664.2 299-5
scl7644.2.1_29-5
scl42842.7.1_0-5
scl0001660.1_2-5
scl1BAH3.23.1 93-5
scl29554 6.1 30-5
scl0054635.2 40-5
5cl32353.2.4 40-5
scl072185.1_8-5
Gl_71274129-5

Gl 22129490-5
scl0053382 2 104-5
scl0003597 .1 _94-3
scl37305.1001 B-5
scl19424.21 75-5
scl18860.2_108-5
5cl37309.10_320-5
scld7a07 8.1 29-5
scl030839.9 291-5

Cornrnon Genbank  |Product RefSeq
Rutbc2 M_172718 |RUN and TEC1 domain containing 2 MNM_172718
how 1011 MM_031260 Moloney leukermnia virus 10-like 1 Mh_031260
Nfya MM 010313 nuclear transcription factor-¥ alpha Mh_010913
Statha MM_011483 signal transducer and activator of transcription 54 Mh_011483
¥ _147280
htrmed Mi_133215 |myotubularin related protein 4 M 133215
AIF30102K23Rik MW_153409 TGF-beta induced apotosis protein 2 M_153409
MECE9076 MW_178413 hypothetical protein LOC232075 Mivi_001033S
Pfkm MM 021514 phosphofructokinase, muscle MM 021514
Abhd1 MM 021304 abhydrolase domain containing 1 Mh_021304
Dub2 MNh_010039 | deubiguitinating enzyme 2 MK_010083
Frbp4 Mi_018328 |formin binding protein 4 Md_018328
2010002M04RIk MM _134133 putative small membrane protein NIDET M_134133
9430034017 Rik NM_029891 hypothetical protein LOCY 7286 Mivi_029891
Culda hhi_146207 cullin 44 146207
9530090 G24Rik Mh_145537  putative alpha-mannosidase MM 145537
Pard3 MM 033620 partitioning-defective protein 3 homolog isoform 2 MR 0010135
Ankrd17 MM 030536 ankyrin repeat domain protein 17 isoform a MNh_030536
Trmdsf17 M 028341 [tetraspanin 17 M 028341
rAlit10 Mi_010804 |myeloid/lyrphoid or mixed lineage-leukemia translocation to 10 hotN_010804
Bak1 M_007523 BCLZ-antagonist/killer 1 Mivi_007523
lspdB MM_177561 (ubiguitin specific protease 458 Mh_177561
Hs1bp3 hhi_021429 H51-binding protein 3 i 021429
Hand1 MM 0058213 heart and neural crest derivatives expressed transcript 1 Mh_005213
Rfwd3 N 146213 ring finger and YO repeat domain 3 Mh_146215
Bcl2I1 Mivi_009743 Bel2-like 1 Mivi_009743
Cyp20a1 129747 cytochrome PAS0, family 20, subfamily A, polypeptide 1
1300013J15RIk | MMW_026183  hypothetical protein LOCG7 473 MIv_026133
Gnhb5 fM 010313 [guanine nucleatide-binding protein, beta-5 subunit isoform 1 Mh_010313
Ifp275 MM 031494 Zinc finger protein 275 nh_031494
AA553451 MNW_172162 MBD2 (methyl-CpG-binding protein)-interacting zinc finger protein | MN_172162
Prpsap2 MM 144806 phosphoribosyl pyrophosphate synthetase-associated protein 2 Mh_144506
Gpsl Mi_145370 |G protein pathway suppressor 1 M_145370
Pacsini Mi_011861 |protein kinase C and casein kinase substrate in neurans 1 Mr_011861
P4hal M_011030 |procollagen-proline, 2-oxoglutarate 4-dioxygenase (proline 4-hydrox NM_011030
Hpo? hhi_023045 exportin 7 hhi_023045
Common Genbank Product RefSeq
Rcord M 144814 |REST corepressor 3 M 1445814
fmp13 MA_008607 | rmatrix metalloproteinase 13 Mi_005607
Edn2 MIv_007902 endothelin 2 Mivi_007302
Arfip2 Mh_029302 | ADP-ribosylation factor interacting protein 2 M 029302
Kened MM 145522 potassium voltage gated channel, Shawe-related subfamily, member f_145522
4533427 D14Rik NM_028963 hypothetical protein LOCT 4477 Mhi_028963
Slchad Mi_008135 |solute carrier family B member 9 Mid_005135
Twist2 MIv_007855 twist homalog 2 Mivi_007355
D12Edded7e  |NM_026790 hypothetical protein LOC52663 isofarm 1 M_026720
JmjdzZb M_172132 |jumanji domain containing 2B M_172132
Ptprn MM 005335 protein tyrosine phosphatase, receptor type, M nh_005335
Usp18 MM 011309 ubiguitin specific protease 158 Mh_011503
Pdgfc MNh_019971 platelet-derived growth factor, C polypeptide Mi_013571
Mdufe2 M 024220 |NADH dehydrogenase (ubiguinone) 1, subcomplex unknown, 2 M 024220
2810427 104Rik  NM_028146 hypothetical protein LOCY2185 Mivi_028146
Txnl hhi_016792 thioredoxin-like 1 hhi_016792
Wrmp3 Mh_010509 matrix metalloproteinase 3 Mr_010803
Mmp10 MN_019471 'matrix metalloproteinase 10 Mi_013471
149113
Grem1 MI_011824 gremlin 1 Mivi_011524
Mmp13 M_003607 | matrix metalloproteinase 13 M_005607
hirmp3 MM_010309 matrix metalloproteinase 3 nh_010303
Fhiowd MM_013308 F-box and WD-40 domain protein 5 Mh_013503
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Human VP16 up

Gene Narme Cornrnon Genbank

sclI0BE7106.7_0-5 Arch Mhd_025570
sci013627 1 210-5  Eeflal Whd 03909
5ci017354.18_45-5 MI10 M_010504
sci018715.2 20-5 Pim2 k138505
5cI083456.10_6-5 Movi0N Mh_031260

scl39640.3.1 127-5  1700001P01Rik %M 126645
5cl20206.6 190-5  Dstn N 019771
scl0D180442 32-5  Nfya N 010913
scll0N267.1 62-5 | Ascc? NI 029291
scl0001399.1 225 Prpsap? NIT_144806
SCI24967.27.1 45 InppSb NI 008365
scl016574.1 135 Hus N 008316
schE1147.81 465 T NI 009309
5cl0214987.1 149-5 530457 010Rik NMW_145412
ScM3E16.1.2 266-5  1700024P04Rik XM 1274685
scl0D03019.1 66-5  9530080G24Rik NM_148537
scl013176.2 85 ¥M_147280
Scl7267.9.10 125 Myl2 NI 010851
SclDDM707.1_32-5  Axind ¥M_128515
scl074143.9 445 Opal N 133752
scl0001589.1 435 Prpo NI_134021
ScE2T96.6.1 45 Acyd NI 027867
scI0B0365.6 119-5  Rbmia NI 025875
sclF4336.5 726-5 9430034017 Rik MM 029891
scl020969.4 55-5  Sdcf N 011519
5cl0399676.1 18-S Tdpozd NI 207272
5cl0026442.1_ 3155 Psmas N 011967

Human VP16 down

Gene Name Commaon Genbank

5cl0002109.1_724-5 Dnajbd Mh_025926
scl0E7412.7_37-5  B330407J23Rik  MWW_026138
scl42955 7 401-5 Jundm2 h_0308587

scl00015595.1_53-5 | 9530058B02Rik | MNW_026633
scl47963.9.1 65-3  Fzds Mh_008056
scl00170582.1_132-5 111 Mh_010743
scl0014165.1_114-5 Fyfl0 Mh_008002
5cl000096.1_251-5  1600012H0GR K | MNh_026451

scl00108086.1_95-5 Ubcedip! Mh_080561
scl053606.2_17-5 G1p2 Mh_015783
scl16260.3.61_18-5 EI3 Mh_007521
scl0230868.53 5-5  BCOS5E11 Mh_198610
scl16598.23.1_93-5 Ptprn Mh_0089585

5cM2430.2 236-5  Foxal NI 006259
scl39634.14 2085 Plxdc! MM 026199
5cl25795.24.1 95 2210010ND4Rik XM 1459712
scl17475.2.1 264-5  4930429020Rik NM 029025
5clI0446.19.0 20-5  9130012E15Rik MM 030221
5cl0020698.1 299-5  Sphki NI 011451
scl016145.5 111-5  lgtp NI 016738
gi 7305154 ref NM_[Hprt1 NI 013556
scl00020411 2-5  SE304171O0RiK %M 194592
5cl5276.7.1 115 Dnajdl NI 025354
5cl0003523.1 1-5 | BCO21436 NI 145416
5cl00265462.7 212-5Kt1-12 NI 010651
5cl33485.7 10-5  Herpud NI 022331
5cl39273.6 2635 Lgals3bp N 011150
5cl37305.10.1 65 Mmpl0 NI 019471
5c[39973.20.1 &1-5 4933427 D14Rik NMW 028953
5c139344.12.1_117-5 Felr NI 007997
5cl00224014.1 30-5 Fgdd NI 139232
5cl37309.10 320-5  Mmpl3 NI 008607
5cl00024511 30-5  6730502D15Rik NM 026455
scM7450.4 935 Hoxch NI 010465
G31_4R909570-5 Gatah NI 010258
SclI7307.8.0 295 Mmp3 NI 010809

5cl0003514.1_175-5 FPml Mh1_008554
scll001526.1_22-5 Il Mh_008350
scld2542.7.1 0-5 D12ErtdEd7e  NW_026790

scl17780.6_86-5 Stk16
5cl030835.9_291-5  Fhxws
scl18860.2_108-5  Gremd
scl29554.6.1 30-5  Uspif

M1 011454
Mh1_013508
M 011524
Mh1_011509

Product

zinc finger and BTE domain containing 8 opposite strand

eukaryotic translation elongation factor 1 alpha 1

RefSeq
M_0255970

myeloid/lymphoid or mixed lineage-leukemia translocation to 10 horM_010504

serine-threanine protein kinase pim-2 isoform 1
Moloney leukemia virug 10-like 1

hypothetical protein LOCY2215

destrin

nuclear transcription factor-Y alpha

ASC-1 complex subunit P100

phosphoribosyl pyrophosphate synthetase-associated protein 2

inositol polyphosphate-5-phosphatase B
Hus1 hornolog

brachyury

hypothetical protein LOC214987
hypothetical protein LOCE9352

putative alpha-mannosidase

myosin, light polypeptide 2, requlatory, cardiac, slow
axin 1

optic atrophy 1 homolog

pyridoxine 5-phosphate oxidase

aspartoacylase-3

RMA binding motif protein Sa

hypothetical protein LOCY7256

syndecan 1

TD and POZ domain containing 4

proteasome (prosome, macropain) subunit, alpha type 5

Froduct

Dnad (Hepd D) homolog, subfamily B, member 4
hypothetical protein LOCE7 412

Jun dimerization protein 2

hypothetical protein LOCES241

frizzled B

interleukin 1 receptor-like 1 isoform a

fibroblast growth factor 10

hypothetical protein LOCE7912

ubiguitin conjugating enzyme 7 interacting protein 1
interferon, alpha-inducible protein

E74-like factor 3

immunoglobin superfamily, member 21

protein tyrosine phosphatase, receptor type, N
farkhead box Al

plexin domain containing 1

hypothetical protein LOC70351 isoform 1
hypothetical protein LOCY 4626

NAD synthetase 1

sphingosine kinase 1 isoforrm 1

interferon gamma induced GTPase
hypoxanthine guanine phosphoribosyl transferase 1
hypothetical protein LOCTE022 isoform 1

Dnad (Hspd0) homalog, subfamily D, member 1
hypothetical protein LOC215154

keratin complex 1, acidic, gene 12

Mh_138606
M_031260

M_019771
M_010913
M_029231
M_144506
M_0033585
Mh_008316
M_009309
Mh_145412
KM _127485
M_145537

Mh_010561

MM _133752
M_134021
M_027857
Mh_025575
Mh_029551
Mh_011519
MM_207272
Mh_011967

RefSeq
Mh_0255926
Mh_026138
HW_0308587
M_026633
HM_008056
M_001025€
KW_008002
Mh_026451
HM_0B05E1
MM_015783
KM_0075921
MW_198610
MW_008985
Mh_008259
MM_028199
WM _149712
MM_029025
M_030221
MM_011451
Mh_018738
MM_013556
HM_194592
MW_0253584
Mh_145416
MW_010561

homocysteine-inducible, endoplasmic reticulum stress-inducible, utNM_022331

lectin, galactoside-binding, soluble, 3 binding protein
matrix metalloproteinase 10

hypothetical protein LOCT4477

ferredoxin reductase

F¥WE, RhoGEF and PH domain containing 4 isoform alpha

matrix metalloproteinase 13
hypothetical protein LOCE7976
homeobox CB

GATA binding protein B

matrix metalloproteinase 3
promyelocytic leukemia isoform 1
interferon regulatory factar 1
hypothetical protein LOCS2668 isoform 1
sefinefthreonine kinase 16

F-box and WD-40 domain protein 5
grernlin 1

ubiguitin specific pratease 158

rk_011150
Mk_019471
Mh_028963
Mh_O07997
M_139232
Mh_O08607
M _0264535
Mh_010465
_010258
Mh_010509
M_O03554
M_008350
M_026750
Mh_011454
r_013508
Mh_011524
_011209
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Human EnR up

Gene Mame
scl004206.1_0-5
scl51379.4 394-5
scls37166_16-5
scl013627.1_210-5
sci1083.21_226-5
scl003520.1_0-5
scl072139.1_117-5
scl27081.7_488-5
scle4853 5 573-5
scl2351.23.1_41-8
scl03959675.1_18-5
scl0002074.1_21-5
scl7780.6_86-5
scl003316.1_B5-5
scld1295.13.702_25-¢
scl17438.3_636-5
scls0952.10_536-5
scl0000117.1_15-5
scl0E7845.2_211-5
sc7241.11_30-5
scl7475.2.1_264-5
scl071275.2_75-5
scl027B672.2_B6-5
5cl083456.10_6-5
scl0022070.1_31-3
scl36160.67 1_2-5
scli014972.1_210-5
scl003155.1_68-5
scl015371.3_18-5
scl0B7106.7_0-5
scl021974.1_250-5
scMEE32.17_232.5
scl0268482.1_212-5
scl0070373.1_243-5
sclD001660.1_2-5
sclD0230269.2_267-5
5cl33556.12_71-5
scM0982.2.1_13-5
scl159956_195-5
scl0018378.2_220-5
scM5217 221 _37-5
scl00B7475.1_B5-5
scl020510.12_56-5
scl00103537.2_139-5
scls0188.17 10_115-¢
scl227634.1_319-5
scl26657 15_206-5
scl39991 5_43-5
scl001234.1_2-5
5cl0003019.1_B6-5
5cl00108686.2_43-5
sclB771.16.1_41-5
scl020843.2_126-5
scl2B197 25_374-5
scl0026442.1_315-5
scl00319.1_7-8
scl077771.2_16-5
scl0098733.2_280-5
scl0B8149.1_319-5
sclD0244891.1_136-5
scl050505.11_70-5
scl0015519.1_14-5
scl002804587 1_157-3
scl)109154.1_152-5
scl00209318.1_9-5
scl222368_4-5
scl001329.1_22-5
scl53480.23_479-5
scM7278.57_323-5
scl29111.14_3-5
scl0012928.2_B0-5
scl0012958.1_25-5
scl39505.28.1461_10,
sc19043.4.1_203-5
5cl53821.10.1_71-5
scl24103.5_0-5
scl30446.19.1_20-5
scl0232821.5_303-5
scl011532.9_123-5
scl8712.18.1_54-5
scl0093762.1_285-5

Common Genbank Product RefSeq
BCO34507 AM_131888 claudin 12
2010002M04Rik MM_134133 putative small membrane protein NIDE? Mhd_134133
D¥Bwyg1396e MM 029836 nucleclar TGF-betal target protein isoform a M 029536
Eeflal Hh_203909 eukaryotic translation elongation factor 1 alpha 1
Mtrrrd MM_133215 myotubularin related protein 4 M _133215
Dibd1 M_133981 disrupted in bipolar disorder 1 homolog Mh_1335981
2610044015Rik MM_153780  hypathetical protein LOC72133 Mr_153780
2610012P18RIk NM_178612 hypathetical protein LOCEE455 Mr_178612
Tp27a M_031494 Zinc finger protein 275 Phd_031494
4930447 CO4Rik MM_029444 Sixb opposite strand transcript 1 M _0259444
Tdpozd MNM_207272 TD and POZ domain containing 4 M _207272
Bhipl MM _134253 BMIP-2 similar M _134253
Stk16 MiA_011494 serinefthreonine kinase 16 IMi_011494
1810020C19Rik XM_130317 hypothetical protein LOCE3113 isoform 1 #h_130317
P2rz5 Mhd_033321 purinergic receptor P25 Mkl 033321
Limad1 Mh_053106 leiomadin 1 (smooth muscle) Mh_053106
Trnema MM_021793 transmernbrane protein 8 (five membrane-spanning dormains) Mh_021793
Taf M_009315 TAFE RMA polymerase |, TATA box binding protein (TEP)-associat Mh_009315
Zfna64 MM_D26406 Rabring 7 Mrd_026406
4921532K09RIk MM_026149 chronic myelogenous leukemia turmor antigen 66 Mh_026149
4830429020Rik NM_D29025 hypathetical protein LOC7 4626 MK _029025
4833437 FOSRIk XM_127023  hypothetical protein LOC7 1275 HM_127023
1110051B16Rik MM_183389 hypothetical protein LOCZ78672 MK_183389
Mov10l Mi_031260 Moloney leukemia virus 10-like 1 Mil_031260
Tpt1 MiA_009429 tumar protein, translationally-controlled 1 Ii_009425
Col5ad Mi_016519 procollagen, type v, alpha 3 Mi_016519
Hz2-K1 Mh_001001E histocompatibility 2, K1, K region Mkd_001001€
Hrnx1 MM_010445 HE homeo box 1 Md_010445
Arch M_025970 zinc finger and BTE domain containing 8 opposite strand M_0255970
TopZb Mi_009409 topoisomerase (DNA) I beta Mk_005409
Trm9sf2 M _080556 transmernbrane 9 superfamily member 2 Mh_080556
Krt1-12 M_010661 |keratin cornplex 1, acidic, gene 12 Mh_010661
1700020003Rik NM_027405 hypothetical protein LOC70373 MK _027405
Jmjdz2b MNM_172132 jumonji domain containing 28 MM _172132
E1303058A19Rik NM_153158 hypothetical protein LOC230253 isoform 2 Mr_001015€
Gpt2 MiA_173866  glutamic pyruvate transaminase (alanine aminotransferase) 2 Mi_17 3866
Hoxb1 MM_D08266 homeobox B1 Mrd_005268
C130085G02Rik ¥M_136364 dual specificity phosphatase 27 (putative)
Omp Mid_ 011010 olfactory marker protein M 011010
2810026M01RIk MM_D28315 |RIKEN cDNA 2810028M01 Mh_028315
1300013E24Rik MM_026184 endoplasmic oxidoreductase 1 beta Mh_026134
Sletal M_009199 solute carrier family 1 (neuronalfepithelial high affinity glutarnate traiNh_009199
btd1 M_134012 mbt dormain containing 1 Mh_134012
1200003M02Rk MM _027880 hypothetical protein LOC71718 Mr_027580
Camsap1 HM_129375 | calmodulin regulated spectrin-associated protein 1 isoform 1 HM_128375
ChfaZt1h MM_009522 CBFA2TT identified gene homaolog M _009522
Spag/ MM_172561 sperm associated antigen 7 MM _172561
Sle37a3 Mi_028123 solute carrier family 37 (glycerol-3-phosphate transparter), member Nh_028123
9530090G24Rik MM_145537 putative alpha-mannosidase IMi_145537
A430106012Rik MM_1765841 Hook-related protein 1 M _176841
Pms1 Mhd_153556 postmeiotic segregation increased 1 153556
Stag2 Mh_021465 | stromal antigen 2 Mh_021465
Ruthc2 MM_172718 RUM and TBC1 domain containing 2 MW _172718
Psmab MM_011967 proteasome (prosome, macropain) subunit, slpha type 5 M_011967
Acini M_019867 apoptotic chromatin condensation inducer 1 isofarm 1 M_0159567
A330102K23Rik MM_153409 TGF-beta induced apotosis protein 2 Mh_153409
AWE22216 MM_178884 hypaothetical protein LOC28733 MrA_178534
OtubZ2 M_026580 OTU domain, ubiguitin aldehyde binding 2 Mhd_026530
MNM_175536
Erced MiA_015769 excision repair cross-complementing rodent repair deficiency, comg N_015769
Hspca MiA_010480 heat shock protein 1, alpha Mi_010450
M _133299
2410014A08Rik NM_175403 hypathetical protein LOC109154 Mhd_175403
Gpsl MiA_145370 |G protein pathway suppressor 1 Mid_145370
Cena2 MM _D02828 cyclin A2 Md_009928
Prpsap2 Mi_144806 phosphoribosyl pyrophosphate synthetase-associated protein 2 Mh_144806
Pacs1 #M_283545 phosphofurin acidic cluster soring protein 1
4432411E13Rik ¥M_196130 | extraembryonic developrment protein isoform 1 #M_196130
Sle37al MM_028123 solute carrier family 37 (glycerol-3-phosphate transporter), member Mh_028123
Crk M_133656 v-crk sarcoma wirus CT10 oncogene homolog Mh_133656
1300013J15Rik  MNM_026183 hypothetical protein LOCE7 473 MK _026183
Sledal MM_011403 solute carrier family 4 (anion exchanger), member 1 M _0171403
Pramel? MiA_175250 preferentially expressed antigen in melanoma like 7 Mi_175250
1700008105Rik  *M_136071 t-complex 11 protein
5830433M19R1k NM_D26368  hypothetical protein LOCEF770 Mhd_026365
9130012B15Rik NM_030221 MAD synthetase 1 Mhd_030221
BCO18462 MM_146178 hypothetical protein LOC232821 Mh_146178
Adhd M_007410 alcohal dehydrogenase 5 (class Il chi polypeptide Mk_007410
Brm1 Mi_144813 barren hormolog Mh_144818

Srnarcab M _053124

SWIISNF related, matrix associated, actin dependent regulator of cMM_053124
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scl36222 4 425-5  MydfE Mh_010851

scl0001405 1_534-5 | Spagd NM_2T569
sclA0156 16_539-5 NM_153140
scl00761 1 685 Ki2lh NI _{119962
5cl017156 2_32-5  Manib NM_010763
scl267269.1_113-2 |Rbks NM_153196
5cl0BE260.6_0-5 Xh_131169
scl000041.1_12_REV Radd NM_011237
scl00267019.1_256-5 Rps15a NM_170669
scl0277333.1_200-5 MGCBE32S | NM_199472

scl50308.26_413-5  Map3kd Mhd_011945
scldd299.4.1 276-5  Chrm3 Nht_033269
5cl38890.17_310-5  P4hal Mht_011030
5cl0022420.2_231-5 WntB Mhi_D09526
5cl077574.1 0-8 3321401 G04RIk XM_133096

scl063886.1_142-5  Cdkl2 MK _177270
scl494491 769 0-5  Abat MK _172961
scl00170460.2_242-5 Stardh Mh_023377
scl202066_190-5  (Dstn Mhd_019771
5cl20194.20.1_79-5  Sec23h Mhi_019787

scl0B9612.1_312-5 2310037 124Rik  NM_133714
5cl28880.12.1_23-5 0610039MT9RIk NK_026159

sci059014.1_86-5 (Rrsl Mhd_021511
scl0016619.1_79-5 | KIK27 Mhi_020265
scl37811.6.1_5-8 Gettl Mhi_005185
scl36871.20.1_240-3 Parpb Ah_134863
scl0140580.16_119-5 Eya3 Mhi_010166
scl0075302.2_295-5 Asxl2 Mh_172421
scl0018008.1_ 3-8 Mes Mkt 016701
scl000935.1_50-8 | LOC217536 AM_122407
5cl00213464.2_151-5 Rbbpd Mh_172517

scl31678.22.1_32-5  Sfrell Mi_01B680

5cl38985.26_288-5 | Usp2d Mi_175482
scl02075852 78-5 Spri2a MK_011468
scl53989 26 681-5 | FfplB1 Mh_019831
scld1204.567 14-5 Uncl19 Mhi_011676

5cl0230846.1_316-5 BCOSS77 Mhi_195248
5cl34926.9_67-5 J110010F15Rik | MK _026067

scl11767 115-5  Apbh2 NM_(D9RER
scl194257 1_176-5 | BOOS7371 NM_177572
sclB7963_20-5  |Lyfighc NM_023463
scl2363110_10-5 | Creldi NM_133930
scl0024061.1_292-8 |Smelll NM_015710
scl47063.13.1_72-2 | Toplmt Whi_128145
scl0002244.1_36-5 KM_1 20857
scl0072961,1_191-5 | Prrir NM_026410
scl7783.4 2065 Zfp? NM_145916
scl0073197 1_297-5 D19End703e | NM_029456

5cl38652.23.1463_24- Kpnb1 Mh_008379
5cl083178.1_5-8 Shd Mi_024225
scl248189 190-5  AS30082C11RIk MM_177186
scl18851.3_427-5  B430601A21RIk MW _175466

5ci0004065.1_56-5  Abhdl Mhi_021304
sclBd338.5_726-5 9430034017 Rik | Mh_029591
5cl30789.23.1_30-5  Copbl Mhi_033370
5cl29845.16.1_26-5  Rtkn Mhd_133641

5cl34187.26.1_95-5 ‘Mupl33 Mhi_172268
scldg775.5_265-5 Emp2 Mhi_007929
5cl37831.9_401-5 Tfam Mhd_009360
scl017079.3_80-8 | Ly78 Mhi_005533
scl018382.13_13-5  Hnrpal Mhd_010447
scl30495.11.1_B4-3 An_148151

scl072313.2 0-5 2510002A474Rik Nh_025194
scl019654.2 30-8  RbmB Mht_ 011251

sclBEB49 588-5  Lancll NM_021295
scl0003028.1_66-5 NM_026568
5cl38274.14.1 B35 Si Ni_021882
scl011702.3 204-5 | Amdl NM_0OD96ES
50128557 1 516-5 | Srgap3 NW_153070
scl004152 1 41-5  Chfr NM_172717
scl0224619 1 310-5 Traf? NM_153752
5cl31153.10.1_27-3 | Ribp N _120599
scI25667 3_320-5 | CA3004BLIRRIK XM _355471
scl7620 15_302-5  Apgdb NM_174674
sclA0R92E.1_111-3 |Lat NM_1105G9
5cl002133911_239-5 Rassi NM_176045
scl027418.18_28-5  Miinl NM_013791
scl074143.9_ 445 | Opal NM_133752
scl33E70.4.1 258 Kl NM_010635

scl000571.1_203-5  Cklifsfd Mhi_153552
scld2191.8.1_132-5 | 4930534B04Rik XM_127104
scld7211.15_135-5  Rad21 Mht_0090039
5cl000738.1_3831-5 | Mfatd Mh_133957
5cl00140917.1_97-5 | Dclrelb Mi_133865

5cl38761.18.1_172-5 Got1 Mi_005116
scl33426.15 229-5  D230025016RIk M _145604
scl00208421_B4-5  Stagl Mh_O09252
5cl33321 20.266_29-5 Cogd Mh_133973

scl0064164.1_275-5 [ rg15 Mhi_022529
5ci00231360.2_31-5 | 5730469DZ3Rik NM_172712

5cl39235.7 _65-5 Arhgdia Mhi_133796
5cl62780.10_0-5 Slc3a2 Mh_00B577
5cl0213498.14_294-5 Arhgefl 1 An_189702
scl0017925.1_325-8 Myodb Mhi_015742
sclB2961.19_173-3  Add3 Mhi_013755
scl078541.1_180-3  1700019G17Rik Mh_029331
scld0379.30_407-5  Ranbpl? Mhi_023146
scld3778.7_54-5 Sh3glht Mhi_013664
scl186833.10.1_180-5 Pecr Mht_023523

scl019574.1_13-5 [Husl Mh_00S316

myeloid differentiation primary response gene 68
sperrn associated antigen 9 isoform 2

kinesin family member 218
mannosidase, alpha, class 1A, member 2
tibokinase

RADY homolog
ribosomal protein S15a

glyceraldehyde-3-phosphate dehydrogenase (phosphorylating)-like

mitogen activated protein kinase kinase kinase 4
cholinergic receptor, muscarinic 3, cardiac

procollagen-proline, 2-oxoglutarate 4-dioxygenase (proline 4-hydrox

wingless-related MMTY integration site B
hypaothetical protein LOCT7E74

cyclin-dependent kinase-like 2 (COC2-related kinase) izofarm 1

A-aminobutyrate aminotransferase
StAR-related lipid transfer protein &

destrin

SECZ3B

hypothetical protein LOCE612
allHtrans-13,14-dihydroretingl saturase

RRS1 ribosome hiogenesis regulator homalog
kallikrein 27

glutathione S-transferase, theta 1

poly (ADP-ribose) polymerase family, member & isoform 1
eyes absent 3 homolog isoform 2

polycomb group protein ASKHZ2 homolog
nestin

similar to transcription factor B2, mitochondrial
retinoblastoma binding protein 5

splicing factor, argininefserine-rich 16 isoform L
ubiguitin specific protease 28

small proline-rich protein 24

zinc finger protein 261

UNC-119 homolog

zine finger and BTE domain containing 40
histone mRMNA 3' end-specific exonuclease

amyloid beta (Ad4) precursor protein-hinding, family B, member 2

hypothetical protein LOC194237

lymphocyte antigen b complex GBC

cysteine-rich with EGF-like domains 1

SMC1 structural maintenance of chromasomes 1-like 1
DNA topoisomerase 1, mitochondrial

NIl 010851
Nhd_0010254

Nhi_019962
Nh_010763
Nh_153196

Nhd_011237
Nh_170665
Nh_199472
Nhi_011948
N 033263
N 011030
N 0095268

NM_016912
N_172961
N 023377
Nk 019771
Nh_019787
Nh_133714
Nh_026153
N 021511
Mhi_020268
Nhi_005185
Ah_134863
Nhi_010166
Nhd_172421
N 016701
122407
N_172517
Ni_0168680
Ni_175482
Ni_011468
Nl 019831
N 011676
Nh_196248
Nh_026067
Nh_009666
Nh_177572
Mh_023463
Nh1_133930
Nhd_0159710

interferon-inducible, double stranded RMNA dependent inhibitor, prote Nk_028410

zinc finger protein 7

SAPS domain family, member 3
karyopherin (importin) beta 1

s0ring nexin 5

solute carrier family 35, member E2
hypaothetical protein LOCZ28491
abhydralase domain containing 1
hypothetical protein LOC77286

coatomer pratein complex, subunit beta 1
thotekin isofarm 1

nucleoporin 133

epithelial membrane protein 2
transcription factor A, mitochondrial
CD180 antigen

heterogeneous nuclear ribonucleoprotein Al

hypothetical protein LOC72313
RMA binding motif protein B isoform a
Lan (bacterial lantibictic synthetase component Cl-like 1

silvar

S-adenosylmethionine decarboxylase 1

brain stress eatly protein Ghi isoform 1
checkpoint with farkhead and ring finger damains
Tnf receptor-associated factar 7

retinaldehyde binding protein 1

hypothetical protein LOC77E04

autophagin 1

linker for activation of T cells

Ras association (RalGDS/AF-6) domain family 4
muskelin 1, intracellular mediator containing kelch matifs
optic atrophy 1 homalog

Kruppeklike factor 1 (erythroid)

chemokine-like factor super family 4
hypothetical protein LOC75216

RADZ1 homaolog

nuclear factor of activated T-cells 5 isoform b
DMA crogs-link repair 1B, PS02 homolog isoform b
gamma-glutamyltransferase 1

lin-10

stramal antigen 1

component of aligoreric golgi complex 4
interferon alpha responsive

hypothetical protein LOC231380

Rho GOP dissaciation inhibitor (GDI) alpha

solute cartier family 3 (activators of dibasic and neutral amino acid 1

Rho guanine nucleotide exchange factor (GEF) 11
myosin [Xb

adducin 3 (gamma)

hypothetical protein LOC75541

RAMN binding protein 17

SH3-domain GREZ-like 1

peroxisomnal trans 2-enoyl CoA reductase

Hus1 homolog

Nh_145918
N 029458
Nh_008379
NI 024225
NM_177186
NM_175466
N 021304
Nhd_029651
Nh_033370
Nh1_009106
Nh_172268
Nhi_007929
Mh1_009360
Nhi_005533
Nhd_010447

Nhl_025194
N1 011251
N1 021295

N 021882
Ni_009665
NM_080448
NW_172717
Nh_153752
Nhi_0205559

Nh_174674
Nh_010689
Nh_178045
Nk 013791
Nh_133752
Nhd_010635
Nh_153582

K1 009003
Nh_018823
N 001025
Ni_005118
NM_145604
N 009282
NM_133973
Nh_022329
Nh_172712
Nh_1337596
Nh_008577

Nhl_015742
Nhi_013758
Nhd_029331
Nhl_023146
Nh_013664
N _023523
Nh_005318
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scl00207213.2_277-5 Tdpoz1 Mh_145949

scl0057247 1_172-5 | Ffp276 Mhi_020457
5cl0074143.1_234-5  Opal Mhi_133752
5ci03681944.2 B4-5  Dubla Mhd_201409
5cl36628.16.6_108-5 Txnrdl Mhi_015762

5cl83939.16_446-5  Abcb? Ah_356348

scld0252.14.1_42-5  Phf1S Mh_199299
scl0020466.2_206-5 | Sin3a Mhi_011375
scl30801.18.1_150-3 Tps3is Mh_178351
scl0013171.2_124-5 Dbt Nhd_010022
scl28327.6.1_41-5 Mhi_010156
scl070737.1_285-5 AM_131052
5cl00241520.2_184-5 DA30033N0SRIk MM _175514

5cl38886.15_179-5  Charal Mh_144522
5cl38333.7.174_81-5 Cdk4 Mi1_009570
scl53368.5_483-5  5730409F24Rik MM _181403
scl01707341_214-5 | 7fp371 MK_133204
scl18683.9.1_140-5  Zc3hdel Mh_020554

scled409.6_0-5 Tetedl Mhi_026975
5cl083921.9_127-5  TmemZ Mhi_031997
scl0004041_21-5 | Cph2 Mhi_019775
5cl0001563.1_69-5  elfl; elf3; SPTBZNKM_175836
5cl17356.9 _0-5 Glul Mhd_005131
scl34177.5 600-5 | 2310022B05Rik MK_175149
Gl_B753645-5 Dlx2 Mhd_010054

scl0B0365.6_119-8  RbmBa Mhi_025575
scl00242585.2_286-5 Slc35d1 Mhi_177732
scldB893.13.1 7-5  AvD14541; 6330 N _175569
sci33129.9 495-5 Suwd20h2 Mh_14B177

scldd239.8_168-5 Zfp307 Mht_023685
scl0016195.2_10-5 | ll6st Mht_010560
sclo4440.26.1 53-5  Hdack Mi_010413
5cl38601.18.1_52-5 AM_356175
5ci31063.18_269-5 | 2810439K08RIk NM_028343
5cl40669.20_176-5 Sep-09 Nh_017380
5cl0002862.1_768-5  Dnaicl Mhi_175138
5ci00329002.1_170-5 Mhd_177532
5cl38311.17_24-5  Srpbo Mh_146032
5cl06B634.3_3-5 1110025109Rik  MNh_D26795
5cl32084.16.1_39-5  Slchall Mhi_146198

5cl0721248_38-5 | Sehll Mhi_028112

scl0003760.1_827-2 Elmol Mh_195093
scl072026.10_10-3 | Trmt1 Mhi_028063
scl0001321.1_142-8 | Gps2 Ahd_126221
scl002158214.2_131-5 Aofl Nh_172262
scl24426.86_231-5  Wdrd0a Nhi_026893
scld1405.25 8- Gas? Nht_00B085
scl0240892.1_B0-5 | C130085GO2Rik XM_136364

5cl018519.18_103-5 Pcaf Mht_020005
5cl0021969.2 468-5  Topl Mi1_0094038
5ci0102866.1_231-5 Pls3 MW _145629

scld1791.4.1 29-5  Tmem17 MM _153596
sci054201 1 _27-5  Ffp316 Mh_017467
5cl022631.1_10-5 Ywhaz Mhd_011740
5cl000974.1_4-5 1200016023Rik Mh_D28776
5cl0223649.1_2655-5 (BOO11468 Mhi_144647
5cl0066796.2_313-5 11100398 18RIk Nh_144525
5cl33661.14.3_4-5 Tornl Mh_011622
scld1427.26.1_159-5 Elac2 Mhi_023479
scl38B60.7_333-8  Pnpo Mh_134021
scl0075292.1 77-3  Prken Mhi_025239
scld2B76.6_93-5 Rab10 Mhi_016676
scl34392.3.1_200-5 | E130303B06Rik Mh_195299
5cl02258598.22_280-5 BCO22146 Mh_1445872
scl0217779.3_307-5 | 2610022KD4Rik N _153121
5cl00231290.1_128-5 E130304001 Mh_173403
5cl0319757.3_203-5  Sma Mi_176996
5cl0BE797.3 81-5 Cntnap2 AM_358363

5ci050917.1_181-5 | Galng M _016722
scl21098.22.1 27-5  Pkn3 MK _153805
sclB0176.16.1_35-5 Msln Mhi_018657
scl513656.21_674-5  AGI00421L21Rik Mh_134134
5cl35703.13_436-5  Map2ki Mhi_00G927
5cl0003023.1_B4-5  Frbpd Mhi_018525

scl32646.6.1_69-5  (Ldhd Mhd_013560
5cl014897 1_28-5 Trip12 Mh_133975
scl0022145.1_239-5 Tubad Mhi_009447
scl00230257.2_191-5 Rodl Mh_144904
scld7614.23.1_35-58 | Shank3 Mhi_021423
scl0056347.2_235-5 EifdsB Mhi_019646
scl0381644.24_249-5 BCOE2951 Mh_199032
scl054382.1_21-5 Testvl Nht_D18756
scl7326.13.2 27-5 | Coth Mh_007637
5cl0BBE24.1_138-5 | 5730406115Rik | NM_025665

5cI25133.32.1_B0-5 | Mrdl NM_T46150
5ci111627.1_34-5 | Myohdl NM_025414
5cID002461 1_0-5 NM_17E718
5cI53187 33.1_13-5  Mphosphi XM _193936

sci0541941_276-5  Akapdl Mhi_017476
scld3611.1.1_320-5 Mhi_026606
5cl26132.13_30-5 | BE30026P 19Rik MK_172995
5cl30468.3.45_2-5  Ins2 Mhi_00E367
5cl023946.13_25-3  Mmpl? Mhi_011846
scl0084635.2_40-3  Pdgic Mhd_019971

scl020430.28_22-5 | Cyfipl NM_011370
scHBB46.27.1_53-2 |Eifib NM_018570
scl250195.1_161-8 |Edn2 NM_007902
scl000549.1 385 Chib NM_022309

scl45910.20.1_29-5 |4930452B06Rik MK _028934
scld1013.16_227-5  |5730593F 17Rik MM _172543

TD and POZ damain containing 1
zine finger protein 276

optic atrophy 1 homalog
deubiguitinating enzyme 1a
thioredoxin reductase 1

Ni_1458949
Nhd_020457
Nh_133752
Nhi_201409
Nh_015762

ATP-binding cassette, sub-family B (MDR/TAP), member 7 isoform Xh_356348

FPHD finger protein 15

transcriptional regulator, SIN3A

Trp53 inducible protein §

dihydrolipoamide branched chain transacylase E2

hypothetical protein LOC241520

calcium binding atopy-related autoantigen 1
cyclin-dependent kinase 4

vacuaolar protein sorting 37C

zine finger protein 371

zinc finger CCCH type containing &
t-complex-associated-testis-expressed 1-like
transmembrane protein 2
carboxypeptidase B2 (plasma)

spectrin beta 2 isoform 2

glutamine synthetase

hypothetical protein LOCEI551

distal-less homeobox 2

RMA binding motif protein 8a

Mhd_1992939
Nh_011378
Nh_178381
Nhd_010022

N_175514
Nh_144822
N 009570
NM_181403
NM_133204
Wil 0205594
Nh_025975
Nhi_0010337
Nh_019775
Nh1_009260
Nhd_005131
Nh_175148
Nhd_010054
Nhl_025575

solute carrier family 35 (UDOP-glucuronic acid/UDP-N-acetylgalactos NM_177732

tubulin tyrosine ligase-like 1

suppressor of variegation 4-20 homolog 2
zinc finger protein 306

interleukin B signal transducer

histone deacetylase 6

hypothetical protein LOCT2759
septin 9
dynein, axonemal, intermediate chain 1

signal recognition particle 68

BBP-like protein 2 isoform 1
sodium/glucose cotransporter KST1
secl3-like protein

enguliment and cell matility 1 isoform 1
tRMNA B-methylaminomethyl-2-thiouridylate)-methyltransferase 1
G protein pathway suppressor 2

amine oxidase, flavin containing 1

WD repeat domain 404

growth arrest specific 7

dual specificity phosphatase 27 (putative)
p300/CEP-associated factor
topoisomerase [DNA) |

plastin 3 precursor

transmermbrane protein 17

zinc finger protein 316

Nh_175563
N_146177
Nh_023685
N 010560
N 010413

MM_028343
MM_0173680
Nh_175138

Nh_146032
Nh_026795
Nh_1461598
Mh_028112
Nhi_050288
Nhl_025063

Nh_172262
Nh_026593
Nh1_00B088

N 020005
N 009408
MM_145629
MM_153596
MM_017 467

tyrosine 3-monooxygenase/tryptophan 5-maonooxygenase activatior NM_011740

eztin-hinding partner PACE-1

nuclear receptor binding protein 2

hypothetical protein LOCEE795

target of myb1 homolog

elaC homalog 2

pyridoxine 5phosphate oxidase

protein kinase D3

RAB10, member RAS oncogene family
hypothetical protein LOC102124

echinoderm microtubule associated protein like 3
Lysh, putative peptidoglycan-binding, domain containing 1

Nh_028776
Nh_144647
Nh_144525
Nh_011622
MNh_023479
Mhd_134021
Nhd_025235
Nh_016678
Nh_195293
Nh_144872
N 025134

solute carrier family 10 (sodiumdbile acid cotransporter family), men NM_173403

smoothened homolog

contactin associated protein-like 2 isoform b
galactozamine (N-acetyl}-B-sulfate sulfatase
protein kinase N3

rmesothelin

hypothetical protein LOC1 06894

mitogen activated protein kinase kinase 1

farmin binding protein 4

lactate dehydrogenase 3, C chain, sperm specific
thyroid harmone receptor interactor 12

tubulin, alpha 4

ROD1 regulator of differentiation 1 isoform 1
SH3fankyrin domain gene 3

eukaryotic translation initiation factor 3, subunit §
centrosomal protein 4

2-cell-stage, variable group, member 1

chaperonin subunit 5 (epsilon)

signal peptidase complex subunit 2 homaolog
nardilysin, N-arginine dibasic convertase, NRD convertase 1
ryosin head domain containing 1

W-phase phosphoprotein 1 isofarm 1
A kinase (PRKA) anchar protein 8-like

hypothetical protein LOC269695

insulin I

matrix metalloproteinase 17

platelet-derived growth factor, C polypeptide
cytoplasmic FMR1 interacting protein 1
REV1-like

endathelin 2

core binding factor beta

hypothetical protein LOCT4430

RIKEM cDMA, 5730593F17

Ni_178998

NM_016722
NM_153805
Nh_018557
Nhd_134134
Nhi_008927
Nh_018526
Nh_013580
Mh_133975
Nhd_0059447
Nhd_144504
Nhd_021423

Nh1_199032
Nh_D15758
Ni_007637
NI 025668
Ni_146150
N 025414

1593936
Nh_017476

Nh_1729598
Nh_O0E367
Nhi_011846
Nhd_019571
Nh_011370
Nhd_019570
Nhi_007902
Nhi_022303
N 028934
Nh_172543
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scl053610.12_290-5 | Mono Mh_023144

5cl28573.11_3-5 Crbn Mhi_176357
scl0017257 1 _B0-5  Mecp2 Mhi_010785
scld5197.6_141-5 Fhul3 Mhi_015622
5cld2484.16.73_1-5 | Stm3 Mhi_052973
5cl0004144.1_174-5 | Ifpb44 Ah_358356
5cl33938.5.1_209-5 | 2310043K02Rik MK _025869

sclE3577.7_510-5  Prps2 NM_(26662
scl23188.11.1_56-3 | 4933406N12Rik | NM_026957
scB7309.1 545 Nagpa NM_013796
scl0003444.1_11-5 |MreT1a NM_016736
scl0077371.2 1835 | Sec24a NM_175255
scl5335020 138-5 | AW312086 NM_172635
scl00768.1 18-85 5230400G24Rik NM_029409
5cl372396.39_1-5 | AJB0050P20RiK NM_1 75687
scl0BEBR0.1_J07-5 3230401017 Rik | NM_025699

5clD0110052.1_94-5 | Dek N_D25900
50131237 29 375-5 | Tjpl N_D09306
scl05AG 13.1_225-5 Harmad2 X0 _126016
scl0054632 2_246-5 | Fisjd Nh_133991
scl0056491 1 53-5 Vaph NM_D19A06
sclD105636 22_260-5 Rutbed Nh_134091

5cl0174701_35-5 | Cd200 Mhi_010818
5clod745.40.1_21-8 Trrell Mht_021521
scl24999.4 423-8 Lmyel Mhi_00S506
scl0001589.1_43-3  Pnpo Mh_134021
scl076044.3_63-5  5830426I05Rik MM _133762

scl32836.5 532-5 | Ifpd0 Mhi_013705
scl020778.1_265-5  Scarb? Mht_ 016741
scl18333.16_85-8  MembB Mht_D0B567
5cl0014390.1_51-5  Gabpa Mh_00B06S
5cl00B7072.1_237-5 | Cde37I Mi_025950

scl0B7455.1_261-5  KIhN3 Mi_026167
scl00234736.1_B3-5  Rfwd3 MK _146218
scld976536 30-5  Ptprs Mh_011218
scl1B731.9_1-5 AlB51464 Hn_130551

5cl25228.16_671-5  A430091 0Z2Rik MK _153024
scl17290.14_518-5  1200016DZ3Rik MM _0268776
5cl0099669.1 5-5  Afipl Ah_130965
5cl0059069.1_170-5 Tpr3 Mhi_022314
5cl0003069.1_215-5 Rbrmil2 Mh_0289397

scl37323.16_486-3  Cwil912 Mhi_027545
scl28393.5.1_16-3  Kcnab Mhi_013565
scl028425.1_81-8 Orcdl Mhd_011955
scl0028185.2_145-5 Tomm?0a Mh_135593
scl18001.16.1_91-5 | Erccd Mhd_0117239
scl27787.7_486-5  0G10040J01Rik MK 029554
scl084652.1_47-8  Dretnnbla Mht_053090
scl000011.1_73-8 | Stm3 Mh_052973
5cl021667 1_237-5  Tdgft Mi_011562
5ci00226432.1_235-5 Ipod HM_129442
sclEZ7966.1 4-5  Acy3 Mh_027857
scl52406.11.1 B0-5 Actrla Mh_016860
5cl20431.14.1_56-5 Hh_130425
5cl0067419.2_136-5 3632451 006Rik Mh_026142

5cl1B631.16_116-5 | Slc23a2 Mhi_015524
5cl0014211.2_326-5 | Src2ll Mhd_00B017
5cld3536.32_382-5  IpoT! Mhi_029665
scld2244.15_187-5  AldhBal Mh_134042

scl0235072.13_139-5 Sep-07 Nhi_D09559
scl058810.1_30-8  Akrlad Mhi_021473

scl0B7345.15_210-8 | Hercd NM_026101
sclBE25E_280-5  Bels NM_005744
scl36411.13_355-5  Lfip2 Kh 284541
scl00183670.1_279-5 1700022N24Rik | NM_145355
5cl28818.18.1 0-5  Almsi KM_355793
5cl0074053.2_257-5 | Grip] Ni_130891
505200334 0-5  Plchd NM_0D8874
scl0002017.1_165-5 | Col24al NW_198711
ScEA70 13 485 Akt NM_011786
scl2771620 150-5 | AIA3RI7R NM_1 76896
scl313917.1.2-8  |Rend NM_(26555
5cl0109135 16_254-5 Plekhas N_144920
5cl00722761_319-5  Copgl NM_26161

5cl26377 1 5-5  Dappl NM_011932
5cl47300.16.104_36-CTars NM_033074
scl00BEE45.2_243-5 Psprd NM_025662
scl417295.1 43 3300001 G02Rik N_030093
scl0018205.2_0-5 | Ptbpl NM_00E356
scH2614.1.1_13-5  UbeZq NM_027315

5cl21344.10_377-5 | 9630050K13Rik XM _154000

sci42037.39 16-5  Cdcd2Zbpb NM_183016
scl0003164.1_24-5 | Rbm18 N _026434
5cl0378466.1_307-5 Ni_194351
scl00E9354.1 B8-S Sicagad NI _027052
scl00153687.1 0-5 | Hrrpk NW_125279
scl24617 16.29 1-5 | Cde2i N _O07EG1
5002134732 27-5 X1 35053
scl 1416 15.1_75-5 | Myh3 XM_I54614
scl00R7459 2 2155 | Myl NM_I26171
scl00094 1 335 Ppp2iGd NM_009356
sclB200 17_461-5  Wdr23 NM_133734
5cl0003602.1_B37-5 |Gnbs NM_136719
scl0002119.1_21-5 | Prec NM_133573
scl0003213.1_223-8 Trib3 NM_144554
scl24729.4 2328 4732496006Rik NM_172877
SCI2B663.16_246-5 | Wdrl NM_011715
scl0245658.12_1-5  Rbbp? NM_005031
scl25451 20,1 292-5 Invs NM_010569

scl2934.12.1 88-5  Adckl Mht_028105

non-FOU-dorain-containing, octarmer hinding protein
cerehlon isoform 1

methyl CpG binding protein 2

F-box and leucine-rich repeat protein 3

striatin, calmadulin binding protein 3

zine finger motif enhancer binding protein 2

dual specificity phosphatase 26

phosphoribosyl pyrophosphate synthetase 2
hypothetical protein LOC74434

N 023144
Nhd_021445
Nhi_010786
Nh_015622
Nh_052973

Nhi_025063
Nhl_026662
Nhi_025937

M-acetylglucosamine-1-phosphodiester alpha-N-acetylglucosaminid Nk_013796

meiotic recombination 11 homolog A
SEC24 related gene family, member A
hypothetical protein LOCZ225929
hypothetical protein LOCTE734
hypaothetical protein LOC319278
oxidative stress responsive 1

DEK oncogene (DNA hinding)

tight junction protein 1

HORMA, domain containing 2 isoform 1
Ftsj homalog

vesicle-associated membrane protein, associated protein B and

RUMN and TBC1 dormain containing 3
Cd200 antigen

mediator of RNA polymerase Il transcription, subunit 12 homolog

lung carcinoma myc related oncogene 1
pyridoxine 5phosphate oxidase

more than blood

zinc finger protein 30

scavenger receptor class B, member 1
minichromosaome maintenance protein &

GA repeat binding protein, alpha

cell divizion cycle 37 homolog (S, cerevisiae)-like 1
kelch-like 13

ring finger and WD repeat dormain 3

protein tyrosine phosphatase, receptor type, 5
hypothetical protein LOCS9100 isoform 1

raver2

eztin-hinding partner PACE-1

ADP-ribosylation factor interacting protein 1 isoform 1
tropomyosin 3, gamma

RMA binding motif protein 12

CWWF19-like 2, cell cycle control

Nh_0157368
Nh_175255
N_172635
N 0294039
Ni_175687
NM_025699
NM_025900
Ni_009386
H_126016
Nhd_133991
Nhi_019606
Nhd_134091
Nh_010818
it 021521
Nhi_005508
Mhd_134021
Nh_133762
Nh_013705
N 016741
Nh_00B567
Nh_008065
NI 025950
Ni_026167
NM_146218
N 011218
130551
Nhd_183024
Nh_028776
#h_130965
Nh_022314
Mhi_0293597
Nhl_027545

potassium voltage-gated channel, shaker-related, subfamily, memb Nk_013568

origin recognition complex subunit 4
translocase of outer mitochondrial membrane 70 homolog A

Nhd_011958
Nhi_135593

excision repair cross-complementing rodent repair deficiency, comp Nk_011729

hypothetical protein LOCTE261
down-regulated by Ctnnh1, a

striatin, calmodulin binding protein 3
teratocarcinoma-derived growth factor
irpartin 9 isaform 1

aspartoacylase-3

ARP1 actin-related protein 1 homaolog A

hypothetical protein LOCE7419

solute carrier family 23 (hucleobase transporters), member 2
structural maintenance of chromosames 2-like 1

importin 11

aldehyde dehydrogenase family B, subfarmily Al

cell division cycle 10 homolog

aldo-keto reductase family 1, member A4 (aldehyde reductase)
hect domain and RLD 4

B-cell leukemia/lymphoma &

leucine rich repeat {in FLII) interacting protein 2 isoform 1
ring finger protein 185

Alstrom syndrome 1

glutamate receptor interacting protein 1 isofarm 1
phospholipase C, beta 3

collagen, type XX, alpha 1 isoform 1

thymama wiral proto-oncogene 3

DCMA, defective in cullin neddylation 1, dormain containing 4
reticulocalbin 3

phosphoinosital 3-phosphate-binding protein-2

cell cycle progression B protein

dual adaptor for phosphotyrosine and 3-phosphainositides 1
threonyHtRMA synthetase

paraspeckle protein 1

RIKEN cDNA 3300001502

polypyrimidine tract binding protein 1

ubiguitin-conjugating enzyme E20Q

hypothetical protein LOC269233

Cdc42 binding protein kinase beta

RMA binding motif protein 18

solute carrier family 38, member 4
heterogeneous nuclear ribonucleopratein K
cell division cycle 2-like 1

myosin, heavy polypeptide 3, skeletal muscle, embryonic
nuclear VCP-like

delta isoform of regulatory subunit BSB, protein phosphatase 2A

WD repeat domain 23
guanine nucleatide-binding protein, beta-5 subunit isoform 1

N1 029554
N 053090
Nh_052973
N 011562
129442
NM_027857
Ni_016860

Wi 026142
Nhi_015524
Nh_00G017
Nh_029665
Mh1_134042
Nhi_009555
N 021473
Nl 026101
Nhd_009744
h_284541
Nh_145355

Ni_028738
N 005574
NM_029838
NM_011785
Nh_1756596
Nh_026555
Nhi_144920
b 025161
Nh1_011932
Mh1_033074
Nhi_025682
Nhd_030093
Nhi_005956
Nh_027315
#h_194000
Nh_183018
N 026434

Ni_027052
MM_025279
MM_O07661

Hh_354614
Wil 026171
Nh1_009358
Nh_133734
Mhi_010313

papillary renal cell carcinoma translocation-associated gene produc NW_033573

tribbles homolog 3 isoform 1
hypothetical protein LOG242736
WD repeat domain 1
retinoblastoma binding protein 7
inversin

aarF domain containing kinase 1

Nh_144554
Nh_172877
N_011715
hd_009031
Nh_010563
N_025105
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sclADAD5 12.1 935 |Fadi NM_183176
scl013807 1_30-5 | Eno2 N _113609
scl0717621_119-5 DEEddsERe | NMW_027922
scl012366.11_305-5 | Casp2 NM_O07E0
5021036311 65 Mapkap NM_177345
scl345156.1_201-8 NM_177902
5cl0B5970.2_260-5 DISEnd36Be | NMW_023063
scl0BBEST.1_167-5 | 4432404)10Rik | NM_025709
scl36347 5_506-5  Endogh NM_172456
sci1899.9.1_252-5 | 2410008KD3RIk XM 125570
scl00230249 2_150-5 4314180 NM_172381
scl000354.1 6-5 | Sic22al? NM_021551
scl0019684.1_297-5  Rdx NM_009041
5i_30794511_ref M| Hmbs NM_013551
scl372457 1525 2210010B09Rik | NM_172919
sclBd226 16.1 58-5  4933424A10RiK | NM_177293
scl171651 675 9R30054F20Rik NM_175754
scl7A9224 470-5  DISEndE21e | NMW_145959
scl56275 3_16-5 | Rbmld N _115669
scl3BE4 1.1 276-5  Diod NM_172119
sclB2004_B4B-5  AGONI3D21 | NM_177626
scl0720201_37-5 1600021 C16Rik | NM_026059

5cl35367.5.1 95 Tex264 Mhi_011573
5cl059033.25 69-5 Slcdal Mhd_021530
scl0114565.1_16-8 | Zfp295 Mhi_175425
scl24866.25.1_30-5  Map3kE Mhi_016693
scl00100710.2_1493-5 Aprin Mhi_175310

scl53815.3_1-5 Rex3 Mhd_00S052
scl18423.21_355-5  Rbi Mht_011249
sci386842.20.1 25 Ankrd24 Mht_027480
scl0018044.2 32-5  Nfya Mht_010913
5cl00217995.1_300-5 B13001ELT2RIk NM_144835
5cl0381724.1_1-5 BCOG1212 MI_198667
5cl0272027 1_270-5 | BCO57823 MM _173033
5cle0999.7.56_77-5 Tcel Mh_027141
scl0014701.2 54-5  Gngl2 Mhi_026278
5cl36024.23.1_263-5 AG3008317Rik | MK_133999
5cl43030.13_217-5 | 4930539P14Rik NM_133795

5cl0768672.2_29-5 Ah_196563
5cl37833.23.1_1-5 [ Bicel Mhi_031397
5cl0110651.20_30-5 Rpsbkal Mh_1458945
scl34186.14_327-5  Abcbl0 Mhi_0159552
scl0233624.2 3-8 | Cog? Ah_133861
scl0012808.2_292-5 | Cobl Mh_172496
scl30860.11.1_1-5 | Kif22 Mhi_145555
scl00B6404.2_152-5 | 2410001C21Rik Nh_025542
scl31496.6.1_91-5 Scnlb Mht_011322
5cl256953.10_428-5  'WhscrlB Mh_033572

5cl35262.19 0-8 1300006C 18RIk XM _358385
5cl19346.22 0-5 Golgal Mi_029793
scl0319710.13_85-5 4930485L10RIk MM _028127
scl23536.7_579-5  2R10305013Rik M _145078

scl00102607 2_257-5 Snxl9 N _(26674
scl175626.1 245 | Pratl NM_27 869
SclFB0R7 1645 Aplp2 NM_00GES 1
scl003421 -5 1700009P03Rik | NM_134077

scl3BA17 19 229-5 | Dppfl NM_(126905
sclBE16.16.1_43-2 [Trapl NM_026506
5cl00216561.2_0-5  1110067D22Rik NM_173752
scl32350.23.1_116-5 2610034N24Rik | NM_027256
scl315859.1_1-8 DI NM_007 866
sclE12486.1_B6-3  BO30462N17Rik | NM_178670
scl0002260.1_168-5  Matr3 NM_010771
scl0070396.1_30-5  2210409M21 Rik NM_133728

scl0003648.1_B7-5  Zfp346 Mht_012017
scl32765.8.1_43-5 | 2900093B09Rik MM _021387
5c32180.18_384-5  Parva Mi_020606
5cl0022689.1_142-5 | Atrx Mi1_009530
5ci056398.7_324-5  1500003003Rik MM _019769
5ci00013.1_62-5 Arfip2 Mh_029602
scl25160.11.1_73-5 | CO30002W13Rik Mh_145550
5cl0B9757 1_0-5 Lengl Mhi_027203
5ci0093699.1_40-5  Podhgal? Mhi_033574
5cl30966.16_625-5 2700017 W01 Rik Nh_026292

5cl0745227_319-5  Zoweel Mhi_195162
5cl067291.6_198-3 | 3110023B02Rik Mw_152807
scl28889.10.1_70-8  MGCEE078 Mhi_175413

scl0085946.2 3-8 Ap3m1 Mhi_015529
sclddBB3.12_95-5  (2510446P07Rik NM_175187
scl00219189.1_160-5 AM_127785
scl0002669.1_204-5  Epbd.1l4b Mh_019427
5cl35747.13.1_171-5 B230114P05Rik NK_172444
sclo0396.10.5_23-5  MshE Mht_010830

5ci385950.12_47-5 Amatl2 Mi_019764
5cl00218294.2_195-5 Cdeldb MI_172687
scldb408.20.1 29-5  Ephy2 MK_007940
scllB146.26 60-5  Lamcl Mh_010683

5ci37898.15_404-5  Ddx21 Mh_019553
5cl26570.35_194-5  Centd? Hn_132099
5ci0002471.1_21-5 [ Fhini Mhd_010180
5ci015032.1_236-5 Mhi_010396
5cl00229762.2_107-5 Slc35a3 Mhi_144902
5cl0170719.14_114-5 Oxrl Mh_130085
scl18476.9.1_2-8 D2WysuGle Mh_17 2660
scl00B6105.2_B8-5 | Ube2d3 Mhi_025356
scl35223.16_513-3 | Oxerl Ah_135264
5cl33269.35.1_230-5 Pleg2 Mhi_172285
scl27730.25_48-5  Atpl0d Mhi_1533539
scl19495.14.1_36-5 | Gtf3ch Mh_1459258

scl0003636.1 8- [ Tofhi Mht_009363

fibronectin type 3 and SPRY domain-containing pratein Mivl_183178
enalase 2, gamma neuronal WNM_013509
hypothetical protein LOCT 1782 WNh_027922
caspase 2 WNM_007610
mitogen-activated protein kinase associated protein 1 NM_177345
epithelial protein lost in neoplasm NM_023063
GTPase activating protein and VP53 domains 1 NM_025703
endonuclease G-like 1 NM_172456
hypothetical protein LOC7 1962

expressed sequence AlI314150 NM_172381
solute carrier family 22 (organic cation transporter), member 17 M_021551
radixin M_009041
hydroxymethylbilane synthase MW_013551
hypaothetical protein LOC244721 MW_172919
hypothetical protein LOC320923 MW_177293
dendritic cell-derived ubiguitin-like protein MW_173784
hypothetical protein LOC210998 Mivl_145959
RMA binding motif protein 14 WNM_019865
deiodinase, iodothyronine type Il NM_172113
hypothetical protein LOC219148 NM_177628
zine finger protein 654 NM_0258053
testis expressed gene 264 NM_011573
solute carrier family 4 (anion exchanger), member 8 NM_021530
zinc finger protein 285 NM_175428
mitogen-activated protein kinase kinase kinase B NM_016693
androgen-induced prostate proliferative shutoff associated protein A NW_175310
brain expressed, #-linked 1 INK_009052
retinoblastoma-like protein 1 Mh_011249
ankyrin repeat domain 24 027480
nuclear transcription factor-Y alpha MW_010913
BAP2E protein MIW_144835
hypaothetical protein LOC381724 MW 198667
hypothetical protein LOC272027 MW_173033
splAsryanodine receptor dorain and SOCS box containing 3 Mil_027 141
guanine nucleatide hinding protein (G protein), gamma 12 WNM_025278
Sac domain-containing inositol phosphatase 3 MNM_133993
hypothetical protein LOCS7E27 WNM_133798
bicaudal G hamolog 1 NM_031397
ribosornal protein 56 kinase polypeptide 3 NM_143945
ATP-binding cassette, sub-family B, member 10 NM_019582
component of oligomeric golgi complex 7

cordon-bleu protein NM_172436
kinesin family member 22 NM_145568
hypothetical protein LOCEG404 NM_025542
sodium channel, voltage-gated, type |, beta Mh_011322
Williams-Beuren syndrome chromosome region 16 homalog MW_033572
source of immunodominant MHC-associated peptides

golgi autoantigen, golgin subfamily &, 1 MW_029793
FERM domain containing B M_028127
hypothetical protein LOCT12422 Mivl_145078
sorting nexin 19 Mivl_028674
polyribonucleotide nuclectidyltransferase 1 WNM_027865
amyloid beta (Ad) precursor-like protein 2 WNK_009691
cutaneous T-cell lyrphoma tumar antigen 5e70-2 WNM_134077
dipeptidylpeptidase 8 NM_025906
TNF receptorassociated protein 1 NM_026508
hypothetical protein LOC216551 NM_173752
hypothetical protein LOC101861 NM_027256
delta-like 3 NM_007366
hypothetical protein LOG212163 NM_1753670
matrin 3 NM_010771
hypothetical protein LOCTO396 MM_133728
zinc finger protein 346 Mh_012017
hypothetical protein LOCS8188 MW_021387
parvin, alpha M_020608
alpha thalassemiafmental retardation syndrome ¥-linked homolog  NMW_009530
calcium hinding protein P22 M_019769
ADP-ribosylation factar interacting protein 2 Mivl_029802
Yip1 domain family, member 1 WNM_145550
leukocyte receptor cluster (LRC) member 1 WNM_027203
protocadherin gamma subfarmily B, 1 WNM_033574
protein phosphatase methylesterase 1 NM_025292
micrarchidia 24 NM_195162
hypothetical protein LOCE?291 NM_152807
hypothetical protein LOG232078 NK_0010332
adaptor-related protein complex 3, mu 1 subunit NM_0153523
hypothetical protein LOC72745 NM_1751E7
erythrocyte protein band 4.1-like 4b NM_019427
hypothetical protein LOC207598 M_172444
mutS homolog B MW_010830
angiomotin like 2 MW_019764
CDC14 cell division cycle 14 homaolog B MIW_172687
epoxide hydrolase 2, cytoplasmic M_007940
laminin, gamrma 1 Mivl_010663
DEAD [Asp-Glu-Ala-Asp) box polypeptide 21 Mivl_019553
centaurin, delta 1 isoform 1 H¥h_132099
fibulin 1 hh_010180
solute carrier family 35 (UDP-MN-acetylglucosamine (UDP-GlcMAL) t Nh_144902
oxidation resistance 1 NM_130885
hypothetical protein LOG227695 NM_172660
ubiguitin-conjugating enzyme E2D 3 (UBC4/5 homolog, yeast) NM_025356
oxidative-stress responsive 1 isoform 1 *M_135264
phospholipase C, gamma 2 NM_172285
ATPase, Class ¥, type 10D MNM_153383
general transcription factor [l polypeptide 5 148928
transforming growth factor, beta induced MW_009362
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scl36367 18_438-5 | Semadf Mh_011349
scl0B6989 6_1-5 Al451943; Avvas Nh_026865

5ci00214137.2_222-5 B130017I01Rik | NM_172625
5cl00319263.1_175-5 AD3001 2ZM09Rik MK _153025
5ci011429.19_155-5 Aco2 Mhi_DB0633
scl17563.43_11-8

5cl22078.16_184-5  Kpnad Mhi_00B467
scl00319676.2_224-5 Cobll Mh_177025

scl83163.10.1_0-5  1200005012Rik Nw_028760
scl00233056.2_80-5 B330551L23Rik NM_146185

scl071919.4 355 DISEnde@ze | NMW_026003
scl0218333.1_226-5 | BCO18507 XM 350313
5038323131 7-5 Arhgapd NI_14E011
sciB27220.1_37-8 | RecBL1 NM_020002
scl1B73266_476-5  Fbn Ni_007993
5ci00214496.1_240-5 Hrpt2 N _145991
sclB270 11 281-5  Aurka N 0711497
502120920 282-5 | Ymelll NM_013771
scl00224640.2_275-5 Lerd2 N_1 4A075
sclBE72 1375 Cerk NM_145475
5cl00213641 2_316-5 Ythd2 NM_145393
scl0001631 1_196-5 | Rpol-1 N _00906E
5cl0BEA40.1_106-5  Wdrd5| NM_125793
5cl076025.5_201-5 | S630417C01Rik | NM_024262
5c23109.11_431-5 Mk NM_018510
scl33381.16_572-5 | Cdhl NM_005864
scl147451 6-5  |Edg2 NM_010336
scl53935.12_633-5  Zdhhcls NM_175358
scl26258.25 B11-5  Evi5 NM_00796:4
scl0BE743.2 26-5  Anln N _028390
scl5149433_412-5  EOS000BKO4Rik NM_139206
5000227094 2_263-5 5330401 PO4Rik | NM_172854
5cl0027364.1_305-5 (S N _013761
scl00086.1_135-5 | AADEGT2 N _1 33807
scl0AB196 2 271-5 | Ndufb2 N _26612
5c5759 21 1_166-5 26100531 L17Rik | NM_135701
scl0014A96 1_196-5 |Gnbd NM_013531
5scl00A3921 1_123-8 Tmem? N _131997

5ci00227399.2_17-5 AWSEE5614 Mhi_173760

scl33851 12.1_1-8 1610047 C23Rik | NM_13666R
scHB258.13.1 64-3  Rnpep NM_145417
scl0EA916.1_226-5 | Cdkall NM_144536
scIE3173.13_456-5 | E430027 022Rik Xh 129248
scl021341.1_249-5 | Taflc NM_021441
scl00217449.2_221-S Tiel5 NM_178811
scl43172.15_125-5  Prpiza NM_177806
scl52369.13.4 35 Xonpepl NM_133216
scl024135,1_208-5 | Zfpes N _013844
scl0088263.1_195-5 |Pdhb N _024221
scl070356.1_235-5  5t13 N _133726
sclE2956 244 135 | Nkb2 N 019405
ScI2B009.10.1168-5 | Sic15a4 N 133896
scl56392 6 7-5  Shoc2 N 019656
scl7033 261 535 | 2610439N11Rik NM_1A3091
scl001452 1 0-5  Flen NW_14A015
5cl070426,20_289-5 | Paléah NM_127 425
scl00R7456 1_141-5 | 1200009B18Rik | NM_026168
5c21103.16.1_274-3 | Glell Xh_130106
5cl011764.20 1695 Aplbl NM_007 454
scl00B5973.1_101-5 Asph NM_023066
scl0072193.1_269-5 | Sfre2ip Whi_128178
scl24976.4.1_46-3 | 2310005N01Rik | NM_027310
scl027419.6_267-5  Naglu NM_013792
scl320443001_12-8 | Arhgefl NM_008488
scl0053621.2_255-5 | Cnotd NM_016877
scl0731221_292-5  Tgtbrapi KM_129857
5cl0BE564.2_264-5 | 1110001M18Rik XM _110931
scl377966_295-5  ColBal NM_009933
scl0226182.1_36-5 Ta NW_177342
5054291 11_376-5 | Zdhhcd NW_172466
scl24962 211 11-5 | Clzpn NM_175554
scl0011451 1_129-5 | Adarmi7? NM_(09E15
5cl052057 1_311-5  D7BwgDR11e | NMW_027898
5cl45330 22.4_270-8 | Chrd N _009R53
500957121 51-5 | Ceptl NM_133669
scl054644.12_26-5  DidlrmdBe N _1 36604
sclO0740432_32-5  PexZh NM_026730
5c33522 11 60-5  |Chdd Whi_284439
sclB725.21.1_175-5 2310008H04Rik | NM_1 46068
scl0013844 2 257-5 | Ephb2 Khi_204072
scl000087 1_18-5 | Cogl NM_013581
scl0270163.13_79-5 NM_173018
50123133.14.29_13-5 Bmps KM_130877
5cl0078929.1_75-5  Pali3h NM_030229
5012430719 181-5 | Catnall NM_018761
5038900291 565 | Ranbp2 N _0711240
sclB1B0 15.1_21-5 |Clu N 013492
5cl0224109 1 83-5 | EA30025L02Rik | NM_1 46069
scl000515.1_2562-3 NM_172636
5cl2771019132-5  Fipli NM_1241653
sclA25457 1_67-5 NM_ 151567
sclDE7452 2_1-5  120000R019Rik N _026164
5cI3BE69.36.1_11-5 | Myab NM_0DE562
scl2394214.1 328 Plk3 N _013807
scHEP785_150-8  2610002013Rik | NM_025657
scl00209737 1_267-5 Knsl? NM_010620
scl0BBEEN.1_237-5 | 5730555F13Rik | NM_025600
scl0072199 2_276-5 | Mms 13| NM_026152
scl0003232.1_17-5 | Stam2 NM_019667
scl383287_317-5 Gro2 NM_ODE163

sema domain, immunaglobulin domain (lg), short basic domain, secNhi_ 011345
hypothetical protein LOCEEI89 WNh_025888

PTPL1-associated RhoGAP 1 NM_172525
hypothetical protein LOC319263 WNM_183028
aconitase 2, mitochandrial NM_080633
karyopherin alpha 4 NM_003467
Cobl-like 1 NM_177025

hypothetical protein LOC74107 NM_025760
hypothetical protein LOCG233056 NM_146185

hypothetical protein LOC7 1913 NM_025003
hypothetical protein LOC218333 isoform 1 ¥W_358313
Rho GTPase activating protein 9 MW_146011
RECS-like 1 NM_020002
fibrillin 1 NM_007993
hyperparathyroidism 2 hormalog M_145991
serine/thrennine protein kinase B M_011497
WIET-like 1 Ml 013771
LEM dormain containing 2 NM_146075
cerarnide kinase WNM_145475
high glucose-regulated protein 8 WNM_145393
RMNA polymerase 1-1 NM_0090B85
Wird5 like hh_025793
hypothetical protein LOC7E325 INM_024282
makarin, ring finger protein, 1 NM_015810
cadherin 1 NM_009564
endothelial differentiation, lysophosphatidic acid G-protein-coupled 1 NW_010336
zinc finger, DHHC domain containing 15 NM_175358
ecotropic viral integration site & Mh_007964
anillin 028390
ARF-GAP, RHO-GAF, ankyrin repeat and pleckstrin homology dom NM_139208
hypaothetical protein LOCZ227094 MW_172654
SErNE racemase MW_013761
hypothetical protein LOCS8238 M_133807
MADH dehydrogenase (ubiguinone) 1 beta subcomplex, 2 Mivl_026612
U5 snRMP-associated 102 kDa protein NM_133701
guanine nuclentide-hinding protein, beta-4 subunit NM_013531
transmembrane protein 2 WNK_0010337

hypothetical protein LOC227399 NM_173760

hypothetical protein LOC192165 NM_138668
arginyl aminopeptidase (aminopeptidase B) NM_145417
CDKE regulatory subunit associated protein 1-like 1 NM_144536
BTAF1 RNA polymerase |l, B-TFID transcription factor-associated, XM_129245
TATA box binding protein (Tbp)-associated factor, RNA polymerase NM_021441
tetratricopeptide repeat domain 15 NM_175811
PRP39 pre-mRMNA processing factor 39 homolog NM_177808
¥-prolyl aminopeptidase (aminopeptidase P) 1, soluble MW_133216
Zinc finger protein 68 MW_013844
pyruvate dehydrogenase (lipoamide) beta MW_024221
suppression of tumorigenicity 13 MW_133726
nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 NM_019408
solute carrier family 15, member 4 Mivl_133895
s0c-2 (suppressaor of clear) homalog Mivl_019658
l-kappa-B-related protein WNM_183091
folliculin hM_146018
RMA polymerase |l subunit RPC2 WNM_027423
PTH1 protein isoform 1 NM_026168
GLET RNA export mediator-like (yeast

adaptor protein cormplex AP-1, beta 1 subunit NM_007 454
aspartyl beta-hydroxylase isoform 1 NM_023066
splicing factar, argininefserine-rich 2, interacting protein

hypothetical protein LOC70085 NM_027310
alpha-MN-acetylglucosaminidase NM_0137592
Rho guanine nucleotide exchange factor (GEF) 1 Mh_003488
CCR4-NOT transcription complex, subunit 4 M_016877
TGF beta receptor associated protein -1

82-kD FMRP Interacting Protein

procollagen, type Y1, alpha 1 MIW_009933
TAFE RNA polymerase |l, TATA box hinding pratein (TBP)-associat NM_177342
zinc finger, DHHC damain containing 9 Mivl_172465
claspin WNM_175554
a disintegrin and metalloprotease domain 17 WNM_009615
hypothetical protein LOCS2857 WNM_027898
chardin NM_009893
chalinefethanolaminephosphotransferase 1 NM_133865
hypothetical protein LOCS4644 NM_133604
peroxisome hiogenesis factor 28 NM_025730
chromodomain helicase DNA binding protein @

hypothetical protein LOCG224008 NM_14B065
Eph receptor B2

component of oligomeric golgi complex 1 NM_013581
guanine monphosphate synthetase

polymerase (RMA) I {DMA directed) polypeptide H MIW_030229
catenin (cadherin associated protein), alpha-like 1 MW_018761
RAM binding protein 2 M_011240
clusterin Mivl_013492
leucine rich repeat containing 33 Mivl_146062
FIP1 like 1 hh_024183
intracellular membrane-associated calcium-independent phospholip Nh_026164
myosin vl NM_003662
polo-like kinase 3 NM_013807
hypothetical protein LOCEGE0E NM_028657
kinesin-like 7 h_010620
modulator of estrogen induced transcription isoform a NM_025630
MS13 (MET1E S. cerevisiae)-like NM_025152
signal transducing adaptor molecule (SH3 domain and [TAM motif) JNW_019667
growth factor receptor bound protein 2 MW_008163
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scl070396.3 74-3  2210409M21Rik
5cl33390.7_348-5  Lypla3
scl46398.42.1_4-5 Kl
scl00217734.2_317-5 Pomt2
5cl0229473.1_11-5  DE30015E0GRk
scl0022427 .2 165-5 Wi
scl20444.23.1_130-5 Bublb
scl0002780.1 2-5  Exoscl0
scl3FF7215_266-5  Pwpzh
scl18618.8_0-5 3300001 M20Rik
scld7E94.7 _354-5  23M10042L0BRik
5cl28043.12_286-5  KIhI7
5cl0063913.2_46-3  Niban
5cl013132.15 5-3 Dab2
5cl36035.14 62-5 Chekl
scl54150.7.1_63-5  Renbp
scl52206.8_827-5  Rnfl33
5cl36938.4.5_104-5  Crabpl
scl0027368.2_99-5  Thi2
scl0236546.4_11-3 AFOE70B1
5cl38536.23.1_129-5 Fuds
scl0093840.1_217-5 Ltap
5cl35708.10_42-5  Srnad3
scl0002117.1_17-5 BCOZB523
scl54548.7 1 B4-5 Hadh2
5cl0019240.2_329-5 Tmsb10
scl00BB354.2_231-5  Skiip
scl36822.13_234-5
scl22717.15.1_30-5 Wdrd7
scl31838.2_5838-5  Fofls
scl0075452.2 3055 Ascc?
5cl19490.7 664-5 Gifdcd
scl46319.27 70-3  Rb
5cl0240174.1_1558-5
5cl0068477.1_272-5 1110007 AJGRik

M_133728
MI_133792
MIvi_008477
MV_153415
M_172681
M 011721
Mh_00977 3
Miv_016699
Mivi_029246
MW_175113
M 172425
M_026445
M_022015
M_023118
Mivi_007691
Mivi_023132
M_019706
H_013496
M_013763
M_125060
Mhvi_053072
Mivi_033309
Mv_0167639
M_153513
M_016763
M_0E26284
M_0E26507
¥h_134902
Mivi_151400
Mivi_008003
H_ 029291
M 172577
Md_005029
Mivi_183021
Mivi_024235

5cl39416.15_560-5  1500002M01Rik MNi_133702

scl54036.9.4_13-5  |Magedt
scl0268933.8_ 8-5  Wdr24
scl30646.3 B08-5  BO30466012Rik
scl019656.1_169-5  Rbrmxrt
5cl015331.1_246-5 Hrngn2
5cl00329877.1_15-5 | 1700065A05RikK
scl43917.11.1_43-5  BCO21351
sclds036.29.1_11-5 Wpsdt
scl34532.8_1687-5 | Dnaja2
scl0227738.1_321-3  Lrsam’
scl54546.18 0-5 Sl
scl0054219.2_27-5 42501841
scl0001603.1_1171-5 ArlBip2
scl0001498.1_3411-5 Ankfy1
scl0B?¥732.2 B0-5  |4B334MEDSRik

H_019791
M_173741
M 146203
Mhd_009033
Mivi_016257
¥h_283972
MIvi_145352
M 172120
M_0159794
M 1959302
Miv_019710
Mivi_019421
MI_178030
H_009671
M_026347

scl00271564.2_122-5 0330035 K10RIk Mh_173025

s5cl3387.27.1_23-5 | Smckll

M_026695

hypaothetical protein LOCY0356
lysophospholipase 3

kinectin 1

protein-0O-mannosyliransferagse 2

RIKEM cDMNA D930015E06

Werner syndrome protein

budding uninhibited by benzimidazoles 1 homolog, beta
exosome component 10

PWP2 periodic tryptophan pratein hornolog
hypothetical protein LOCEE926

hypothetical protein LOCYE457

SEBI26 homolog

niban protein

disabled homolog 2 isoform b

checkpaint kinase 1 hormolog

renin binding protein

ring finger protein 135 isaform 2

cellular retinoic acid binding protein |
transducin (beta)-like 2

hypothetical protein LOC236546

F¥%E, RhoGEF and PH domain containing b
loop tail agsociated protein

MAD homalog 3

hypothetical protein LOC229500
hydroxyacyl-Coenzyme A dehydrogenase type |l
thymosin, beta 10

3k interacting protein

WD repeat dormain 47

fibroblast growth factar 15

ASC-1 complex subunit P100

general transcription factor IC, polypeptide 4
retinoblastoma 1

hypothetical protein LOCES477

nuclealar protein 11

melanoma antigen family O, 1

WD repeat domain 24

hypothetical protein LOC233893

RMA binding motif protein, ¥ chromosome retrogene
high mobility group nucleosomal binding dormain 2
hypothetical protein LOC3I29577 isoform 1

hypothetical protein LOC212483

vacuolar protein sorting 41

DnaJ (Hspd0) homolog, subfamily A, member 2
leucine rich repeat and sterile alpha motif containing 1
SMCT structural maintenance of chromosomes 1-like 1
putative VLOL lipoprotein receptor precursor
ADP-ribosylation factor-like & interacting protein 2 isoform 1
ankyrin repeat and FY%E domain containing 1
hypothetical protein LOCE7732

vacuolar protein sorting 1345

3MCE protein

Mh_133728
Miv_133792
Mivi_008477
MV_1593415
M_172681
M_011721
Mh_009773
Nivi_016699
Mivi_029246
MWV_175113
M_172423
M_026443
M_022018
Mhd_0010087
Miv_007691
Mivi_023132
Miv_019706
M_013496
M_013763
M_195060
Mivi_053072
Mivi_033309
MIv_016769
M_153513
M_016763
M_025254
Mh_026507

MIv_181400
Mivi_008003
M 029291
M_172577
Md_005029

Mivi_024238
MIV_133702
M 019791
Mr_173741
M_146203
Mhd_005033
Miv_016257
X 283972
MIvi_145382
M 172120
Md_015794
Mh_195302
Miv_019710
Miv_019421
M_019717
M 009671
M_026347
Mh_173028
M_025695
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Human EnR down

Gene Mame Camman
sci0003527.1_242-5 DdxB
scl0100986.1_13-5 | Akap?
Gl_21703919-A
Gl_71725393-5
5cl0232888.3_1-5  |Hnrpull

Genbank
MM_007541
M _194462

Mr_178089

scl27096.8.1_1-5  0570003M14Rik NM_023910

scl0264885.2_92-5  BCO18371
sclB501.15.1 0-5 Mekd
scl0B6993.2_1-5 Srnarcd3
Gl_58372137-5
scl37031.1_4-5
scl0021356.1_24-5 | Tapbp
scl0233450.1_48-5  7f
sci0243522.4 95 HIfx
sci0004112.1_48-5  Rbpsuh
scl012048.3 57-5  Bcl2l
sci014630.7_323-3 | Gelm
5cl0223642.1_184-5 | Zc3hde3
scl0002721.1_25-3 | Ecet
scl22634.5 179-5  Pit2
5ci0003304.1_37-8 M2
scll20416.3 0-5 Shet
Gl_B5702146-A
Gl_B83778566-|

scl29554 6.1_30-5 | Usp18
Gl_B85677490-5

sc[22954.141 9-5 [ Cric2
Gl_71274129-5
scl0016688.1_300-5 | Krt2-Bb

5cl0214987 1_148-5 | 5830457 010Rik

scl35671 6_128-5  |Lacth
sclN9294.1_121-5 | Puri2
sclBE15.9.1 11-5 | Crebbp
sclD27E1.1_26-5 | Pafah
scl22447 51 505 Zzz3
GI_B508RE4E-5

SclO032.1 645 Topyll
sclD0E74.7 08 ligb1
5cli0363282.2_264-5
GI_51321350-5
sclDI2E77.1 65 Mol
Gl_56743326-5
SC291 629 25 Tof
scl093366.1_13-5 | Smapl
Gl_BUR7E2E3-5

5cl31521.10 99-5 | 1810054G18Rik

Gl|_85986662-5

sclB0606.7 1_142-5 | Shd
scl0017288.2_275-5 Mertk
5cl32292.3.1_56-5 | PhoxZa
scl023886.1_1558-3 | GdiS
GI_31981052-5
5cl0001402.1_96-5  Thipl
scl38444.31 70-5 Phidal
5cl00231070.1_184-5 Insigl
scl0018616.2_167-5 Peg3
GI_31340603-3
scl0001318.1_14-5  Hmmr
scl000775.1_1158-5 | PappaZ
scl019247.3 3-8 Ptpni1
scl22226.9.1_81-5  Nudth
5cl0004188.1_86-5 | Ifpd26
scl00116848.1_137-5 Baz2a
Gl_567659575-1
scl31141.204_13-5 | Anpep
GI_B84993769-3
scl016477.1_558-8 | Junb
scl9780.8.1_24-5 | Thedcl
scl00105148.1_7-3  lars
scl00074.1_47-5 Kirrel2
5cl33714.1_27-5 Jundi
Gl _9055307-A
5cl0013686.1_B9-5 | Eifdebp?
scl0270802.1_B4-5 | BCO45403
GI_49227375-53
Gl_51521290-A

Mr_153807
i 011549
MM_026691

MM _030256
Mr_009318
MM _145151
Mhd_198622
Mr_009035
MM_0097 43
h 005129
MM _172121
Mrd_199307
MM_011098
Mr_011917
MM_011368

Mh1_011909
*M_110709

MM 010662
Mhd_145412
i 030717
Mr_008950
Ah_145693
MM _1335880
Mr_198416

Mh_009433
MM_010578
Mh_177306

Mh_139236

MM _009336
Mr_028534

Mr_029377

Mhd_009165
Nh_00S557
MM _008557
Mrd_011519

Mr_021327
MM_009344
Mh_153526
i 005517

hr_013552
HM_355248
Mrd_011202
MM _153561
Mr_018759
MM_054078

Nhd_005456

Mhd_005416
MM _145921
MM _172015
MM 172898

Product
DEAD (Asp-Glu-Ala-Aszp) box polypeptide B
A kinase [PRKA) anchor protein (yotiao) 9

EIB-55kDa associated protein 5 isoform 1

TSC22-related inducible leucine zipper 2

hypathetical protein LOC264595

MIMA (never in mitosis gene a)-related expressed kinase 4

RefSeq
NK_007541
MIv_194462

Mh_144522
Ni_023910
Mh_153807
Nhd_011549

SWWIFSNF related, matrix associated, actin dependent regulator of ¢ NM_025891

TAP binding protein isoform 1

HCF-binding transcription factor Zhangfei

H1 histone family, member X

recombining binding protein suppressor of hairless
Beol2-like 1

glutamate-cysteine ligase , modifier subunit

zint finger CCCH type containing 3

endathelin converting enzyme 1

paired-like horneadornain transcription factor 2
53 exoribonuclease 2

src homology 2 domain-containing transforming protein ©

ubiquitin specific protease 18

Mh_001025Z
MK_145151
Mhi_198622
Nhd_009035
MW_009743
Nhd_005129
MNW_17121
Mh_199307
MW_011098
Mhd_011917
MNi_011368

Mh_011909

trangducer of regulated cAMP response element-hinding protein (CREB) 2

keratin complex 2, basic, gene Bh
hypathetical protein LOC214987
lactamase, beta

poliovirus receptor-related 2

CREB hinding protein

platelet-activating factor acetylhydrolase 2
zinc finger, ZZ domain containing 3

testis-specific protein, Y-encoded-like 1
integrin beta 1 (fibronectin receptor beta)

nuclealar RNA-associated protein long isofarm

transcription factor-like 1
stramal membrane-associated protein 1

hypathetical protein LOC7S660

src homology 2 domain-containing transforming protein D
c-mer proto-oncagene tyrogine kinase

paired-like hormeobox 2a

growth differentiation factor 15

TNFAIFS interacting protein 1

pleckstrin homology-like domain, family A, member 1
insulin induced gene 1

paternally expressed 3 isoform 2

hyaluronan mediated matility receptor (RHAMM)
pappalysin 2

protein tyrosine phosphatase, non-receptar type 11

nudix (hucleoside diphosphate linked maisty X)-type motif B
zinc finger protein 326

bromodormain adjacent to zinc finger domain, 2A

alanyl (membrang) aminopeptidase

Jur-B oncogene

thinesterase dormain containing 1
isoleucine-tRMNA synthetase

kin of IRRE-like 2

MM_010592 jun D proto-oncogene

Mr_010124
173022

scl205671.14 317-5 | EA30002GOSRIK NM_173749

5cl0002764.1 B0-5  Mols
5cl38403.16_135-8 Lrre10
scl26096.6.1_229-5 Tall
Gl_27734061-5
sci0016965.1_242-5 | Zhth?
scl25876.6.1 3-8 Mospd3
sci38644.7 _75-5 Aes

5cl0066119.2_58-5 | 1110002E23Rik

scl37305.10.1 B-5  Mrmpl0
5cl40317.1.1637_8-5
50l33632.3.219_84-5 DEErdEIe
GI_568801305-5
scl39273.6_263-5  Lgals3bp
5cl014313.3_29-3  Fst
sci000180.1_17-5  Murnbl
scl2B7808 53-8 Cyp2Bh1
Gl_31342014-5

scl24507 4 95-5 Prdm13
Gl_B5702174-A
sci013650.2 48-5  Ddx13a
scl00017599.1_81-5 | Pocgap
5ci018223.10 5-5 Mumnbl

Mr_139237
MM _146242
Mr_011527

MM _010731
Mrd_030037
MM_010347
Mh_025365
MM 019471
Ah_147531

Ahd_194424

hrd_011150
MM _008046
Mrd_010950
MM _175475

AM_131309
Ni 0075916

MM _033609
Mrd_0105950

eukaryotic translation initiation factor 4E binding protein 2
hypothetical protein LOC270802

regeneration associated muscle protease
nucleolar RNA-associated protein long isoform
leucine rich repeat containing 10

T-cell acute lymphocytic leukermia 1

zint finger and BTE domain containing 7
maotile sperm domain containing 3
amino-terminal enhancer of split
hypathetical protein LOCEGE119

matrix metalloproteinase 10

HIV-1 induced protein HIN-1 isoform 1

lectin, galactoside-binding, soluble, 3 binding protein
follistatin

numb-like

cytochrorne P450, family 26, subfamily b, polypeptide 1

similar to PR domain containing 13 isoform 1
Didx15-like protein

positive cofactor 2, glutamine/Q-rich-associated protein
numb-like

NK_010669
Mhi_145412
Mh_030717
MI_008990

MW_1335880
Nh_198416

Mhi_009433
Ni_010578

MNM_139236

MI_009336
Mh_028534

Mh_029377

Mhd_009165
Nhi_008557
MW_008557
Nhd_011519

Mh_021327
Nh_009344
Mhi_153526
Mt 0010108

Nhd_013552
AW _3565248
Mh_011202
MW_153561
Mh_018759
Ni_054078

Nhi_005456

Nhi_005416
MW_145921
Mh_172015
MK _172898
Mh_010592

Mi_010124
Nh_173022

MW _173749
Mh_139236
Nh_146242
Mhd_011527

Mh_010731
Mhd_030037
MNK_010347
Mhi_026365
MK_019471

A _194424

Nhd_011150
Mi_008046
Mhd_010950
MW _175475

AM_131309
Nhd_007916

MW_033609
Mhd_0105950
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5cl018173.9_2-3 Sle11al MK_013612

5cl24183.14_264-5 | MNfib Mh_008687
Gl_31343133-8
scl8315.8.1 B2 Ahsg Mh_013465

G|_58743352-5
scl67291.1_2-5 3110023B02Rik | MM _152807

scl020588.27_42-3 | Smarcel M_009211
5clE1773.17.1 65 |Mbd1 hh_013584
scl26701.7.1 28 Tnip2 NM_1350654
scl00925.1 68 | Potkd NM_008795
5cl0193.3.1_118-5  Handl MM 005213
scI29506.6.5 30-5 |Chdd Mh_145579
scl0003150.1_14-5 Mh_133652
Gl_588012687-5

scl0002693.1 35 Mutyh MI_133250
scl34E28 21 1_19-5 | Arhgapll MM 030113
scl7776812_11-5  EpmZaipl hM_1752656

5cl256795.24.1 95 2210010M04Rik |¥M_1459712
Gl_56801355-5

scl48157. 241 B3-S Wdrd Mh_145125
scl0019727.2_202-5 | Rfxank MK_011266
scl18146.8_16-5  |Npdci Mh1_008721
5cl12013.5_256-5  |Bachi Mh_007520
scl75786.2_11-5  |Ckaph #M_130267
scl0003678.1_4-5  Colda3bp Mh_023420
scl22801.5.1_80-5  Mgfh Mk_013602
scl26994.6.1_B4-5 Mptx2 MK_016789
scl0014221.2_140-5 Fjxd Mh_010215
5cl0D17755.1_176-5 Mtaplh Mh_005634
5cl31730.8.4_24-5  Sepwl MK_002156
sclo0509.4_211-5  |Lbh Mh1_029959

5cl00229542.2_217-5 C430014D17Rik Nh_139304
G|_89797055-5

5cl00114716.1_17-5 | Spred2 Mh_033523
scl52748.5.1 8-3 2800055D14Rik |MM_023411
5cl00784258.2_263-5 AD30010B05Rik Mi_030100

5cl60739.5 385-5 | Ifes? NI 003559
5cl0001956.1 0-5  EiR2 N 023502
scl4B098.2.1 26-5  HirZa MM 172612
5cl0003840.1 14-5 Ppplride MM 133485
scl015284.1 265 |Hixt NM_005250
scl018550.2 675 Furin MM _ 011046
5cl0004115.1 39-5 | Add1 MM _013457
5cl27354.15.1 35 ¥M_355680
GI_5660B022-5

5cl021869.1_239-5  Titfl NI _003385
5cl53162.3.1 1625 | GpriZd NM_181745
5cl0003780.1 7-5 | Akapl2 AKDEIE44
5cl00231798.1_133-5 Lrchd NM_1 45154
GI_B4370267-5

sclB5067.6_230-5 | Timm17h hh_011591
GI_53516805 |

scl0076.1 245 | Mistd2 MM _027379
5cl49931.11 57-5 | Oli99 NI_14B515
5cl0351085.13_66-5  BCO45600 NII_198647
Gl_72384360-5

5cl768003 65 | Uspd2 XM 132463
5cl0326801.4_107-5 0510030H11Rik NM_025712
scl054204 2 14-5 Sep01 NM_017451
GI_13385611-5

5cl00118449.1 23-5 NI 080451
5cl00BA501.1 26-5 | 1110014D18Rik NM 026746
5cl4B547.15.1 565-5 | Anxall NI 013459
5cl28656.13.1 85 | Tcf3 MM 009332
GI_568801413-5

5cl35386.1.1 202-5 MM 027455
5cl000931.1_1145-5 Brpri2 NM_007551

IGLCT_J00587 _ly_lambda_constant_1 %h_143393
scl48798.3.1_6-5 1500031HO1 Rk XM_358753
5cl18658.8.1_25-5 | Sgnel Mh_009162
Gl_71450159-5
G|_778615890-5

scl030833.3_291-5  Fhoos Mh_013908
sClE3E23.22.1 45 Nuf? MI_130686
scl19424.2.1 755 XM_143113
scll20364.1 635 Semadd NM_013650
GI_22120490-5

sclB860.2_108-5 | Gremd NM_011624
5cl53147.91 B0FS | Cyp2c3g N _010003
scH1500.10.1 4-5 | Ciast NI_145627
sc7E28.2.1_30-5 | 4930572J05Rik | NM_198607
scl37E95.8.1 465 | Nic Mh_0056EE

solute carrier family 11 (proton-coupled divalent metal ion transporte NM_013612

nuclear factor /B
alpha-2-HS-glycopratein

hypothetical protein LOCE7291

Mhd_008687
Mh_013465

MM _152607

SWIFSHF related, matrix associated, actin dependent regulator of o Mh_009211

rnethyl-Cpis binding domain protein 1
THFAIPS interacting protein 2
PCTAIRE-motif protein kinase 3

heart and neural crest derivatives expressed transcript 1

chromadamain helicase DMA binding pratein 4

rutY hormolog

Rho GTPase activating protein 10
EPM2A (laforin) interacting protein 1
hypothetical protein LOC?03581 isoform 1

bromadomain and WD repeat domain containing 1

Kh_013524
MA_139064
MK_008795
Mh_005213
Mh_145979

Mh_133250
Wh_030113
WM _175266
HM_145712

Mh_145125

regulatory factor ¥-associated ankyrin-containing protein isoform 2 NM:DD‘IDZSE

neural proliferation, differentiation and control gene 1
BTE and CMC homology 1
cytoskeleton associated protein 5

Wh_008721
Mh_007520

procollagen, type IV, alpha 3 (Goodpasture antigen) binding protein | Nh_023420

nerve growth factor, beta

neuronal pentraxin 2

four jointed box 1
microtubule-associated protein 1 B
selenopratein W, muscle 1
limb-bud and heart

transcription repressor pBB component of the MeCP1 complex

sprouty-related protein with EvH-1 dormain 2
hypothetical protein LOC72932

within bgcn homolog

zinc finger protein 57

ets family transcription factor ELF2A2
S-hydroxytryptamine (serotonin) receptor 2 A
PKC-potentiated PP1 inhibitory protein
H2.0-like homeo box gene

furin (paired basic amino acid cleaving enzyme)
adducin 1 (alpha) isoform 1

thyraoid transcription factor 1

G protein-coupled receptor 120

A kinase (PRKA) anchor protein (gravin) 12
leucine rich repeat protein 4, neuronal

translocator of inner mitochondrial membrane 17h

rmale sterility domain containing 2
olfactory receptor 99
TBC1 domain family, member 228

ubiguitin specific protease 42
zinc finger protein 414
septin 1

hypothetical protein LOCGE501
annexin A11
transcription factar 3

M_013609
MM_016789
Mh_010218
Mh_005634
Mh_009156
Mh_029359
Mh_139304

MM _033523
M_028411
Mh_030100
Mi_0010137
Mh_023502
Wh_172612
Mh_1334585
Mh_008250
WK_011046
MrA_0010244

Wh_0093585
MM_181748
Mh_031185
Mh_146164

K_011591

Mh_026143
Mh_146515
Mh_198647

Wh_026712
Wh_017461

Mh_0267 46
Mi_013469
Mh_009332

bone morphogenic protein receptor, type |l (serinefthreoning kinase] Mh_007561

hypothetical protein LOC207740

secretory granule neuroendocrine protein 1, 782 protein

F-box and WD-40 domain protein 5
nuclear RMA export factor 7 isoform 2

semapharin 40

gremlin 1

cytochrome P450, family 2, subfamily ¢, polypeptide 39

cold autainflammatory syndrome 1 homalog
mesenchymal stem cell protein DSCD75 homolog
nuclear factor I/C isoform a

¥M_358753
Mh_002162

Wh_013308
Mh_130655

W _013660

MK_011824
Mh_010003
MhA_145627
Mh_198607
Mh_008655
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Eleph VP16 up

Gene Marne Carnron Genbank  Product RefSeq
scl0004206.1_0-5  BCO34507 ¥MW_131888 |claudin 12

5cl030839.9_291-5  Fhxws Mh_013908 F-box and YWD-40 domain protein 5 M_013508
scl0015044.2 32-5  Mfya M_010813 nuclear transcription factor-Y alpha Mk_010513
scl51379.4 394-5 2010002M04RIk | MM_134133 putative small mermbrane protein MIDE? Mi_134133
scl0001393.1_22-5  Prpsap2 MM _144506 phosphoribosyl pyrophosphate synthetase-associated protein 2 M_144506
scllZ1667.1_237-5  Tdafl M_011562 teratocarcinoma-derived growth factor Mr_011562
scl067106.7_0-5 Arch Mid_025570 zine finger and BTE domain containing 8 opposite strand Mkd_025570
gcl00Z7.2 BB-5  UsplZ Mi_011682 ubiguitin specific protease 12 Mi_0116563
scld1083.21_226-5  Mtrnrd Mid_133215 ryotubularin related protein 4 Mid_133215
gclZ4518.9_190-5  ASS00SZCT1RIk MM _177186 solute carrier family 35, member EZ M_177188
scl011532.9_123-5 Adhs M_007410 aleohol dehydrogenase 5 (class I, chi polypeptide Mi_007410
scl0067845.2_211-5 | Ffp364 Mh_0264065 Rabring 7 M_026406
sc/36686.18.1_100-5 Gele M_010295 glutarmate-cysteine ligase, catalytic subunit Mi_010225
scl46893.13.1_7-5  AVD14541; 6330 NM_178865 tubulin tyrosine ligase-like 1 MIi_178869
5cl00278672.2_B6-5 1110051 B16RIk NM_183389 hypothetical protein LOC278BE72 M_183389
scl0001603.1_1171-5 ArlBip2 Mid_175050 ADP-ribosylation factor-like B interacting protein 2 isoform 1 Mkd_015717
sclZ9111.14_3-5 Sle37a3 M_025123 solute carrier family 37 (glyceral-3-phosphate transporter), member MN_025123
scl0057475.1_B5-5 1300013E24Rik |MM_026184 endoplasmic oxidoreductase 1 beta Mi_025184
5cl36521.18.1_66-5 ¥_356182

scl0019684.1_297-5 Rdx Mh_009041 radixin M_002041
scl019656.1_169-5  Rbmxrt MM_009033 RMA binding motif protein, X chromosome retrogene Mh_009033
scl45217.22.1_37-5 | 2810028N01Rik NM_028315 RIKEN cDNA 2810028M01 M_028315
scl071275.2_75-5  4933437F05Rik *M_127023 hypothetical protein LOCT 1275 WM _127023
gcl3B1E0.67.1_2-5  Colsas M_016818 procollagen, type ', alpha 3 Mi_016513
5c/33661.14.3 4-5 Taml M_011622 target of myb1 homolog Mi_011622
sclB0305.28_413-5  Map3kd M_011848 mitogen activated protein kinase kinase kinase 4 M_011845
sCl00Z39217.2 149-5 kctd12 MM_177715 potassiurm channel tetramerisation dornain containing 12 M_177715
scl36985.26_298-5 Uspl§ MM _175482 ubiguitin specific protease 28 M_175482
5cl37245.7_152-5 | 2210010B0SRik NM_172919 hypothetical protein LOC244721 M_172819
scl0Z2631.1_10-5 ¥whaz MiA_011740 tyrosine 3-monooxygenasedtryptophan S-monooxygenase activatior Mk_011740
5cl0070373.1_243-5 1700020003Rik Nw_027405 hypothetical protein LOCTO373 M_027405
scl0070E75.2_209-5 5730533E15RIk |Mh_173443 valosin-containing protein (p371/pd7 complex-interacting protein pl13hhi_173443
scl013627.1_210-5  Eeflal M _203202 eukaryotic translation elangation factar 1 alpha 1

scl72A1 11 30-5 4921532K09RIK |[MM_026149 chronic myelogenous leukemia turmor antigen B5 Mi_025143
scl0135632.4_B2-5  Dub M_010083  deubiguitinating enzyme 2 Mk1_010053
scl0015519.1_14-5  Hspca Mi_010480 heat shock protein 1, alpha Mr_0104580
scl072139.1_117-5  2610044015Rik NM_153780 hypothetical protein LOCY2139 M_153780
5cl17554.3.1_315-5 Ent MM_010133 engrailed 1 M_010133
scl00d1.2 82-5 LUbpt Mid_013659 upstream binding protein 1 Mkd_013653
gcl002E442.1_3158-5 Psmad M_011987 proteasome (prosome, macropain) subunit, alpha type 5 M_0115857
Eleph VP16 down

Gene Marne Cornron Genbank  Product RefSey
scl41500.10.1_4-5 Ciasl MM_145527 | cold autoinflammatory syndrome 1 homalog M_145527
5cl38650.11.1_216-5 HW_125716

scl17644.2.1 29-5  Twist2 Mh_007855 twist homolog 2 Mhi_007855
239344121 _117-5 Fdxr M_007957 ferredoxin reductase M_007 557
scl0013222 1 296-5 Deforrs2 M_007547  defensin related cryptdin, related sequence 2 M_007347
scl49357 .1.362_25-5 H_147222

sc/33485.7_10-5 Herpud1 M_022331 hormocysteine-inducible, endoplasmic reticulurm stress-inducible, b MNM_022331
scl45267.5.1_F8-5 1190002H23Rik MM_025427 response gene to complement 32 M _025427
scl00016E0.1_2-5  Jmjd2b M_172132 jurnonji darmain containing 28 M_172132
scl30286.11_185-5 IS Mid_012057 interferon regulatory factor 5 Mkd_012057
5cl39611.13_705-5 9930017 AD7Rik MNM_172564 C-terminal tensin-like MW_172564
scI001080586.1_95-5  Ubcedipl Mid_050561 ubiguitin conjugating enzyme 7 interacting protein 1 FMkd_030551
238761181 _172-5 Gotl M_005116 gamma-glutamyltransferase 1 Mi_005116
502039115 _568-5  BE300090Z3Rik | MM_175285 transmembrane protein B2 Mi_175285
scl42430.2_236-5  Foxal Mh_008259 forkhead box Al Mi_008259
sc/33021.4.2858_57-5 Polyrpl MI_002402  peptidoglycan recognition protein 1 M_002402
scl40626.1.1_194-5 | 5730593N15Rik NM_175263 hypothetical protein LOCY75583 MW_175263
scl41016.3_521-5  Dlx3 Mh_010055 distal-less hormeobox 3 M_010055
scl0001526.1_22-5 I Mid_O05390 interferon regulatory factor 1 Fkd_O0S350
scl16260.3.61_18-5 EN3 Mh_007921 E74-like factor 3 M_007521
scl0230865.3_5-5 BCOSSEN M_1253610 irmrmunoglobin superarmily, member 21 Mi_133510
5cl31869.6.1_15-5  Thni2 M_002405 troponin |, skeletal, fast 2 Mi_002405
scl000238.1_112-5 | Stard10 Mh_019990 START domain containing 10 M_019990
scl27140.1_204-5 | Cldn3 Mh_00990%2  claudin 3 Mi_009902
Gl_46509570-5 Gatab MM_010258 | GATA binding protein B M_010258
sc/318658.19.1_21-5  Tnnt3 Mid_011620 troponin T3, skeletal, fast Mid_011620
Gl_B753645-5 Dlx2 Mh_010054 distal-less hormeobox 2 M_010054
sc0193.3.1_118-5  Hand1 MI_0053213 heart and neural crest derivatives expressed transcript 1 Mi_003213
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Eleph EnR up

Gene Mame
scl0004206.1_0-5
sc0193.3.1_118-5
scl28780.8 93-5
scli41016.3_521-5

Cormmon Genbank

BCO34507 WM 131888
Hand1 M 008213
Cyp2Bb1 M_175475
lEE] M_010055

Eleph EnR down

Gene Mame Cormmon Genbank

5cl39344.12.1 117-5 Fdxr M 007997
scl0001008.1_94-5 1124 M 053095
scl7644.21_29-5  Twist2 M_007855
5cl40483.14.1041 16 Meisi M_010733
scl023886.1 155-5  Gdfls KA 011819
scl0330941.1 271-5 AIES3442 M 177507
scl00237221.1 81-5 BC023483 M 146235
scl73a4.15.1 35 ¥ _355680
scl54438.4.1_134-5 2010001 H14Rik | Mha_027227
5cl25839.9.1_1-5 BCO19731 M_144914
scl26883.156 183-5  Sicl2a9 hhd_ 031406
scl428427 1 0-5 D12EndE47e  |MW_026790
scl0013222.1 296-5 |Defor-rs2 M 007847

sci0B26.1.1_194-5

57 30593M 18RIk MNM_175263

Praduct

claudin 12

heart and neural crest derivatives expressed transcript 1
cytochrome P450, family 26, subfamily b, polypeptide 1
distal-less homeobox 3

Praduct

ferredaxin reductase

interleukin 24

twist homalog 2

myeloid ecotropic viral integration site 1
growth differentiation factor 15
hypothetical protein LOC330941 isoform 1
hypothetical protein LOC237221

hypothetical protein LOCES524
hypothetical protein LOC2315832

RefSeq

Mh_005213
M_175475
Mivi_010035

RefSeq

Mhi_0072997
Mhi_053095
Mivi_007355
Mivi_010739
Mt 011819
177907
Mhi_146238

M_027227
M_144314

solute carrier family 12 (potassiumfchloride transporters), member Shh_031408

hypothetical protein LOCS26E3 isofarm 1
defensin related cryptdin, related sequence 2
hypaothetical protein LOCY 7583

M_026790
Mh_007847
M_175263
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Platy VP16 up

Gene Mame Comman Genbank

scl0004206.1_0-5  |BCO34507 #h_131888
scld0901.16_69-5 | Statha hhd_0114858
5cl013627.1_210-5 | Eeflal A _203903
scl0018044 2 32-5  |Nfya M _010913
5cl33661.14.3 45 Toml Mh_011622
scl000319.1_7-5 Acinl MNi1_019567
scl0012514.2 21-5 | CdB3 Mh_002853
5cl0001295.1_25-5  |130001315Rik  MM_026183
scld1083.21_226-5  |hMtmrd Mhd_133215
sCl45568.9.1_28-5  D14Erd500e MNi_145462
5cl0319939.2 99-5  Tensl #h_109863
5cl24282.10_504-5  |Ltbddh Mh_025965
scl0003932 1_84-5 | Si hhd_021882
5cl0003150.1_14-5 Mh_133852
sclB0973.6_371-5 | 2310051006Rik MM_025009
5cl083456.10 -5 Mov1ON hhd_031260
scl015574.1_13-5 Hus1 MNK_008316
5cl0003648.1_67-5 | Zfp3db M_012017
scl00207711 0-5  |Spi2 Mh_009265

scl159956_195-5 | C130085G02Rik XM _136364
scl074763.7 755 | 1200013F24Rik Mh_025030

sclD018752.1_62-5 | Prkee NW_011102
sclD001399.1 225 Prpsap2 Nbd_ 144506
Scl00720.1_16-5 Hingh2I1 Nb_17E017
5cl0001603.1_1171-5 ArBip2 Nb_178050
scl202066_190-5  Dstn N_018771
SclD00A0231_B4-5  Frbpd N 016628
scld97532.1 144-5 Pspn N 008954
5clD004106.1_50-5 | Uspdh N_177561
Scld7E1423.1 35-3  Shank3 N 021423

scl7185.201_57-5 |Frn2 Mhd_019445
5cl0067291.1_12-5 | 3110023B02Rik MM_152807

Platy VP16 down

Gene Mame Carmman Genbank
scl35124.5_47-5 Efnb2 MK_010111
scl30469.7 1-5 Igf2 Mh_010514
scl21948.4.1 81-5  Roa Wh_009057
scl33641.11_453-5  In2 Mh_005391
scl0114125.8_210-5 | Laptmdhb Mh_033521
scl0001ee0.1_2-58  Jmjd2b Mh_172132
scl0011658.2_92-5  Alcam WW_D09655
scl00130758.2_269-5 Cyplbi Mh_009994
scl0014972.1_210-5 H2-K1

scld0203.12 25-3 | Sparc Mhd_009242
5cl0381413.1_190-5 | Gm1012 Mh_201367

5clD0R1003.2_295-5 | Trim23 N_0307 31
scl023866.1 155-5 | Gdfi5 N 011518
scld30908 531-5  Rhoj N 023275
gl_7305154_ref MNM_{HprT Nb_13556
scl3B210.4_147-5  Rabiz N_026405
scl3B1083 145 COI00TIDOIRIK ¥ 262904
SclZBI716 225 Cxclld N 021274
5cl35919.5_337-5  Tagin NW_011526

scl37307 8.1 _28-3 |Mmp3 MhA_ 010509
scl30211.10.1_117-5 | Strad Mk _009292
5cl32431 24 246-5  Noxd MhA_015760
5cl34187 26.1_95-5 |Nup133 MhA_172285
scl0012837 1_129-58 | Colgal Mhd_007739
5cl39611.13_705-5 9930017 AD7Rik MM _172564
scl27B67 8 _262-5 | Cong2 Mh_D07635
scl31061.7 464-5 | 2310046G15Rik M 025614
scl249236.1_23-3 1810017 F10Rik Mh_025452

GIl_46509570-5 Gatab MhA_010255
Gl_B7563645-5 Dix2 MhA_010054
scld1016.3 521-8 D3 Mhd_ 010055
scl053606.2_17-5  |G1p2 Mh_015783
scld4846.1 1755 Foxgl MhA_D05235
5cl34033.37.1_ 91-5 | Myom?2 Mk D03EE4
scld7854 5 552-5 Wvispl Mhd_010865
5cl020296.2_11-5 | Cel2 Mh_011333
5cl24819.4.1_260-5 | Sync MhA_023485
scl0268903.1_0-5  Nripl Mhd 173440
scld3686.12_71-5 | Gpt2 Mh_173866
scl18860.2_105-5 | Grem1l MhA_011524
5cl0002109.1_724-5 |Dnajbd MhA_0265926

5cl35747 13.1_171-3 B230114P05Rik Mh_172444
scld0193.3.1_118-5 | Hand1 MK_008213

scld28427.1_0-5 D12Ertd647e  Mh_026750
scl3d884 5.1 26-3 Frg! Mhd 013522
sclb264571_067-5 Mhd_181587
5cl45267 5.1_65-5 | 1190002H23Rik Mh_025427
5cl000050.1_4-5 Gpr124 MhA_D&4044
sclda2757.1 11-3 Dnajd! Mhd 025384
scl29554 6.1_30-5  |Usp18 MK_011909

5cl00399551 ]_43—8 4930485E11Rik NM:2DT2E7

Product

claudin 12

signal transducer and activator of transcription 5A
eukaryotic translation elongation factor 1 alpha 1
nuclear transcription factor-Y alpha

target of myb1 homolog

apoptotic chromatin condensation inducer 1 isoform 1
CDBES antigen

hypothetical protein LOCE7 473

myotubularin related protein 4

hypothetical protein LOC219072

tensin 3

leukotriene B4 12-hydroxydehydrogenase

silver

RMA pseudouridylate synthase domain containing 1
holoney leukemia virus 10-like 1

Hus1 harnolog

zinc finger protein 346

salivary protein 2

dual specificity phosphatase 27 (putative)

hypothetical protein LOCY 4763

protein kinase ©, gamma

phosphoribosyl pyrophosphate synthetase-associated protein 2
high rohility group box 2-like 1

ADP-ribosylation factor-like B interacting protein 2 isoform 1
destrin

formin binding protein 4

persephin

ubiguitin specific protease 46

SH3fankyrin domain gene 3

forrmin 2

hypothetical protein LOCE7 291

Product

ephrin B2

insulin-like growth factor 2

recombination activating gene 1 gene activation
interferon regulatory factor 2

lysosomal-associated protein transrmembrane 48
jumonji domain containing 26

activated leukocyte cell adhesion molecule
cytochrorme P450, family 1, subfamily b, polypeptide 1

Nivl_001001E histocompatibility 2, K1, K region

secreted acidic cysteine rich glycoprotein

5 protein-coupled receptor 176

tripartite motif protein 23

growth differentiation factor 15

ras homaolog gene family, mermber J
hypoxanthine guanine phosphoribosyl transferase 1
RABS2

hypothetical protein LOCT7220

chernokine (C-3-C motif) ligand 10

transgelin

matrix metalloproteinase 3

stimulated by retinoic acid gene 8

MADPH oxidase 4

nucleaporin 133

procollagen, type Wil alpha 1

C-terrninal tensin-like

cyclin G2

protease, serine, 23

beta-casein-like protein

GATA binding protein 6

distal-less homeobox 2

distal-less homeobox 3

interferon, alpha-inducible protein

forkhead bax Q1

myarnesin 2

WYNTT inducible signaling pathway protein 1
chernokine (C-C motif) ligand 2

syncailin

nuclear receptor interacting protein 1

glutamic pyruvate transaminase (alanine aminotransferase) 2
gremlin 1

DnaJ (Hepdd) homolog, subfamily B, member 4
hypothetical protein LOC207596

heart and neural crest dervatives expressed transcript 1
hypothetical protein LOCA2668 isoform 1

FSHD region gene 1

response gene to complement 32

5 protein-coupled receptor 124

DnaJ (Hspd0) homolog, subfamily D, member 1
ubiguitin specific protease 18

hypothetical protein LOC392591

RefSey
Mh_011488

MM_010913
Mt 011622
MM_019567
MM_003853
MM_026183
Mh_133215
MM_145462
#M_109865
Mt 025965
Mh_021802

MM_028009
Mt 031260
MM_008316
MM_012017
MM 009265

Mh_023030
Mt_011102
Mt 144506
MM_178017
MM_019717
Mh_015771
010828
MM_008954
Mh_177561
Mt 021423
Mh_019445
MM_152807

RefSey
Mh_010111
Mt 010514
MM _009057
Mh_003351
Mh_033521
MM 172132
MM 009655
Mt_009934
Mt 001001E
009242
MM_201367
Mh_030731
M 011819
MMW_023275
MM_013556
MM_026405

MM_021274
Mt_0115826
Mt 010809
MM_009292
MM_015760
MM_172285
Mh_007739
MM 172564
MM_007635
Mt 029614
Mt _025452
MM_010255
Mt_010054
Mh_010055
MM_015783
MM_008239
MM 003664
010865
MM_011333
MM_023485
Mh_173440
MM_173866
Mt_011524
MM_026926
Mt _172444
MM_008213
MM_026750
Mt 013522

MM_025427
Mt_054044
Mt 025384
MM_011909
MM_207267
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Platy EnR up

Gene Mame
scl0004206.1 0-5
scl013627 1 _M0-5
scl0018044 2 32-5
scl018715.2 20-5
scl0001399.1_22-5
scl50149.11.1_28-5
scl39640.3.1 127-5
sclB995 6 195-5

Common Genbank

BCO34507 XM 131888
Eeflal XM 2035909
Mfya Mhi 010913
Pimz2 hhi 138606
Prpsap2 Mi_144806
Pdip Hh_128552

1700001 P01 Rik [XM_126645
C130085G02RIk| XM _136364

scl0004065.1_58-5  Abhd1 M_021304
scl7B14.23.1_38-5 | Shank3 M_021423
scl0016619.1_79-5 KIk27 Miv_020265
5cl28889.10.1_70-5 MGCS8076 M_178413
scl0019240.2_329-5 Tmsb10 Mivi_025284
scl0002466.1_124-5 Fbxlg H_013509
scl00217219.2_216-5BC0O25575 M 189200
scl0001287.1_52-5  AsccZ M 029291
scl0000117.1_15-5 Tafb Mhi_009315
scl0B7106.7_0-5 Arch Mivi_025270
scl0003202.1 _2-5 |Snxd MIi_017472
5cl000319.1_7-5 Acint H_019567

Platy EnR down

Gene Name
sc2956.7 401-5
5cl000304.1_6-5
scl00BEE43.1_330-5
scl40441.14.1 29-5
scl43090.8 531-5
scl18860.2_108-5
scl18732.66_476-3
scl0016228.2 125-5
5cl0003.1_30-5
scl0109113.3_5-5
scl428427 1 0-5
scl0001034.1_561-5
scl00R7845.2 211-5
scl29554 6.1 _30-5
scl36160.67.1_2-5
scl0001526.1_22-5
scl018073.1_109-5

Cormmaon Genbank

Jundm?2 M 030587
lsgfdy Mi_005324
Lix1 M_025631
0E10010F05RIk xh_203572
Rhaj M 023275
Grem1 M_011824
Fhn1 M 007993
Ltbp3 M 008520
Srrpd1 M_011421
k2 M_144573
D12EndE47e  |MW_026790
Crbn Mkd_021449
Zfp364 M 026406
Usp18 Md_01 1509
Col5ad M_016219
Irf1 Mi_005320
Prg1 KA 011157

Product

claudin 12

eukaryotic translation elongation factor 1 alpha 1
nuclear transcription factor- alpha
serine-threoning protein kinase pim-2 isoform 1
phosphaoribosyl pyrophosphate synthetase-associated protein 2
protein disulfide isomerase associated 2
hypothetical protein LOCYZ215

dual specificity phosphatase 27 (putative)
abhydrolase domain containing 1

3H3fankyrin domain gene 3

kallikrein 27

hypothetical protein LOC232078

thymasin, beta 10

F-box and leucine-rich repeat protein B
hypothetical protein LOC217219

ASC-1 complex subunit P100

Refseg

MK_010913
Mh_135608
MI_144308
Xh_128552

M_021304
Mh_021423
Miv_020268
Mivi_0010335
Miv_025284
n_013509
M_199200
M 029291

TAFG RMNA polymerase |, TATA box binding protein (TBP)-associat NM_009315

zinc finger and BTE dormain containing 8 opposite strand
softing nexin 3
apoptotic chromatin condensation inducer 1 isoform 1

Product

Jun dimerization protein 2

inteferon dependent positive acting transcription factor 3 gamma
lirmb expression 1 hornolog

RIKEM cDMA 0610010F05

ras homaolog gene family, member J

gremlin 1

fibrillin 1

latent transforming growth factor beta binding protein 3
sphingornyelin phosphodiesteraze 1, acid lysosomal
MpS5-like ring finger protein

hypothetical protein LOCS26E3 isofarm 1

cereblon isoform 1

Rabring 7

ubiguitin specific protease 18

procollagen, type Y, alpha 3

interferan regulatory factor 1

proteoglycan 1, secretory granule

M_025370
MW_017472
M_019567

RefSeq

Mivi_030857
Mivi_008394
MIv_025651

M_023275
Mh_011824
Mh_007593
Mivi_008520
Miv_011421
MIv_144873
M_026790
M_021449
M_026406
M 011909
Miv_016219
Mivi_008390
M 011157
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Appendix E

Mouse iPS Cell Protocol

Required Materials:

Please prepare the below reagents before starting the protocol.
(A) Viral packaging cells (Plat-E)

Prepare FP medium with the following components:

Media components Amount for 500ml

10% FBS 50ml

50U and 50mg ml™ Pen/Strep 2.5ml

DMEM  containing  4.5gI™ | Fill to 500ml

glucose

Blasticidin S hydrochloride

Dissolve in distilled water at 10 mg ml™ and sterilize through a 0.22pum filter. Aliquot and
store at -20°C.

Puromycin

Dissolve in distilled water at 10 mg ml™ and sterilize through a 0.22um filter. Aliquot
and store at -20°C.

Polybrene (Hexadimethrine bromide)

Dissolve 0.8g of polybrene in 10ml of distilled water for a 10X stock (80mg ml™). Dilute
1ml of 10X stock solution with 9ml of distilled water, filter with a 0.22um filter. Store at

4°C.

133



(B) Fibroblasts (balb/c)

Prepare Mef Medium with the following components:

Media components Amount for 500ml
10% FBS 50ml

50U and 50mg ml™ Pen/Strep 2.5ml

L-glutamine 5ml

DMEM containing 4.5g1™ glucose Fill to 500ml

(C) ES colonies

Prepare ES medium with the following components:

Media components Amount for 500ml
15% FBS 75ml

50U and 50mg ml™ Pen/Strep 2.5ml

L-glutamine 5ml

NEAA 5ml
2-mercaptoenthanol 1ml

DMEM containing 4.5g1™ glucose Fill to 500ml

LIF 2ml

Induction of Pluripotent Stem Cells from Fibroblast Cells (Modified
from Tahira’s protocol)

A. Plat-E Production
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This procedure takes around 3 days, depending on the cell number required.
Thawing Plat-E (Platinum-E) cells

1. Prepare 10ml of FP medium in a 15-ml tube. Prepare a 15-cm tissue culture dish
(no need to gelatin-coat).
2. Remove vial of frozen Plat-E stocks from the liquid nitrogen tank and put the vial

in a 37°C water bath until most (but not all, a small portion still thawing) cells are
thawed. Note that each tube contains 6 million Plat-E cells.

3. Wipe the vial with ethanol and transfer the cells to the 15-ml tube with FP
medium.

4. Centrifuge at 180g for 5min and remove supernatant.

5. Resuspend the cells with 10ml of FP medium and transfer to the 15-cm plate.
Incubate the cells in a 37°C, 5% CO; incubator.

6. The next day, replace the medium with new FP medium supplemented with
puromycin and blasticidin S hydrochloride. For a 20ml FP medium, add 20ul of
1mg mI™ puromycin stock and 20ul of 10mg mI™ .(Note: Add the puromycin and

blasticidin freshly to the medium for each time usage.)

Passaging Plat-E cells

1. Aspirate the spent medium and add 20ml of PBS. Rinse the surface of the cells
with PBS and aspirate. Add 4ml of 0.05% trypsin and incubate for 3 min in the

37°C incubator.
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2. Detach cells from the flask by tapping and inactivate trypsin with 20ml of FP
medium and break cells into single cell suspension by pipetting up and down
several times. Seed them into new 15cm dishes (Up to 1:4 ratio).

3. Passage Plat-E cells until sufficient cell number is produced. Note that each

confluent 15cm dish contains approx. 20 million live cells.

B. Retrovirus Production
This procedure takes about four days.
Day ONE: Seeding the appropriate number of Plat-E cells

Note: FP culture does not contain puromycin or blasticidin. These antibiotics will not be

used from this point onwards.

1. Aspirate the spent medium and wash the cells with 20ml of PBS. Aspirate the
PBS and add 0.05% trypsin and incubate for 3 min in the 37°C incubator. Prepare
a number of 10-cm tissue culture dishes as required.

2. After incubation add 20ml of FP medium and dislodge the cells into single cell
suspension. Transfer the cells into a 50ml tube.

3. Centrifuge the cells at 180g for 5 min.

4. Discard the supernatant and break the pellet by finger tapping and add appropriate

volume of FP medium.
5. Count the number of cells and seed cells at 8 million cells (in 10ml of FP

medium) per 10cm dish and incubate overnight at 37°C, 5% CO, incubator.
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(Note: At least one Plat-E dish should be prepared for one pMX plasmid DNA. Eg: If

you have four pMXs plasmid DNA (encoding Oct3/4, Sox2, KIf4 and c-Myc), then

you should prepare a minimum of four plates of Plat-E cells for transfection.)

DAY TWO: Transfection of pMXs plasmid DNA into Plat-E

Transfer 0.3ml of DMEM into a 1.5ml eppendorf tube (Alternatively you can
prepare a master mix in a 15-cm tube).

Add 27ul of Fugene 6 transfection reagent per 0.3ml of DMEM. Incubate for
5min at room temperature.

Add 9ug of pMXs plasmid DNA (encoding Oct3/4, Sox2, Klf4 and c-Myc) drop-
by-drop into the Fugene 6/DMEM- containing tube, mix gently by finger tapping
and incubate for 15mins.

Add the DNA/Fugene 6 complex dropwise into the Plat-E dish and incubate
overnight at 37°C, 5% CO; incubator. Also, transfect with a suitable control eg.

empty vector. Having a control is critical.

1.

2.

3.

Also, on this very day, thaw inactivated MEFs onto gelatin coated plates:

Coat 6¢cm dishes with 10ml of gelatin. Incubate for 30mins at room temperature.
Prepare 10ml of MEF medium on a 15ml tube.

Remove vial of inactivated MEF (frozen down at 2.0 x 10°) from liquid nitrogen
stock and place it onto the 37°C water bath until most (but not all, a small portion

still thawing) cells are thawed.
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4. Transfer cells to the tube with MEF medium and centrifuge at 160g for 5mins.
5. Aspirate the supernatant and add appropriate medium to seed cells. Each iIMEF

tube can used to seed six 6cm dishes.

DAY THREE: Changing spent medium from the Plat-E plates
Note: From this point onwards, standard virus handling procedures are to be followed.
The supernatant in Plat-E plates contain retroviruses. Remember to immerse used

labware and unwanted cultures in bleach separately before disposal.

1. Aspirate the transfection reagent-containing medium. (Aspirate separately using
the pipettor into bleach beaker. DO NOT USE VACUUM SUCTION!)

2. Add 6ml of fresh FP medium and return cells to the incubator.

Also, on this very day, prepare BL6 fibroblasts which will be re-programmed into
pluripotent stem cells.

1. MEFs used for re-programming should be of passage <3. Thaw the cells using the
MEF medium. Note that each tube contains 3 million cells.

2. Centrifuge at 160g for 5mins. Aspirate the supernatant and add appropriate

volume of MEF medium.
3. Seed approximately 267,000 cells onto each 6¢cm dish of the inactivated MEFs

that were prepared the day before.

4. Incubate the dish overnight at 37°C, 5% CO, incubator.
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DAY FOUR: Harvesting the viruses and infecting the BL6 fibroblasts

Note: Remember to follow standard virus handling procedures.

1. Collect the medium for the Plat-E cells (~6ml) by using a 10ml sterile disposable
syringe, filtering it through a 0.45um pore size cellulose acetate filter, transferring
into a 15ml tube, from each of the pMX plasmid DNA plate.

2. Add 5pl of 8 mg ml™ polybrene solution into the filtered virus-containing medium.
Mix gently by pipetting up and down.

3. Make a mixture of equal parts of the medium containing Oct3/4, Sox2, KlIf4 and
c-Myc retroviruses. Retroviruses should be used freshly. Do not freeze/thaw
the retroviruses as it will decrease the titer of the retrovirus.

4. Aspirate the medium from the BL6 dishes and add appropriate amounts of the
polybrene/virus containing medium. Typically, 1ml of each factor is added to
each 6¢cm dish (ie. 4 factors = 4ml total per dish). For the “Empty vector only
control” plates, add 4ml of empty vector virus-containing medium. For the “No
Infection control” plates, simply add fresh FP medium. Incubate the cells from

4hrs to overnight at 37°C, 5% CO, incubator.

C. Monitoring iPS Progress

DAY FIVE: Changing the spent medium on the BL6 plates

Note: Remember to follow standard virus handling procedures.
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1. Aspirate the medium and add fresh FP medium.

DAY SIX — TWENTY': Changing the spent medium on the BL6 plates

Note: No need for virus handling procedure from this point onwards.

1. Aspirate the medium and switch to fresh ES medium. Change medium daily.

2. One day before picking the colonies, thaw inactivated MEFs onto a 24-well plate.

D. Handling iPS Cells

Picking up the iPS colonies

1. Aliquot 20 ul of 0.25% trypsin per well of a 96-well plate.

2. Remove the spent medium from the fibroblast dish and add 10ml of PBS.

3. Aspirate the PBS and add 5ml pf PBS.

4. Pick colonies from the dish using a glass Pasteur pipette and transfer the colonies
using a pipetman into the 96-well plate with trypsin. Incubate for 15mins at at
37°C.

5. Add 180 pl of ES medium to each well, and pipette up and down to break up the
colony to single cells.

6. Transfer the cell suspension into the well of a 24-well plate with inactivated
MEFs. Add 300 pl ES medium and incubate until cells reach 80-90% confluency.
At this point they should be passaged into 6-well plates. 6 well plates with

inactivated MEFs should be ready a day before the passage.
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Expansion of iPS cells

1. Aspirate the medium and wash the cells with 1 ml PBS.

2. Remove PBS completely and add 0.1ml of 0.25% trypsin and incubate at 37°C for
10min.

3. Add 0.4ml of the ES medium and suspend the cells by pipetting up and down to
single cell suspension.

4. Transfer the cell suspension to a 6- well plate and add 1.5ml ES medium and
incubate at 37°C, 5% CO incubator until cells reach 80-90% confluency in the 6

well plates. At this point, prepare frozen stock of the cells.
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