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Abstract

Polycomb proteins are epigenetic regulators that are critical in mediating gene
repression at critical stages during development. Core and accessory proteins make up
the Polycomb Repressive Complex 2 (PRC2), which is responsible for trimethylation of
lysine 27 on histone 3 (H3K27me3), leading to maintenance of chromatin compaction
and sustained gene repression. Classically, Polycomb accessory proteins are often
thought of as having minor roles in fine-tuning the repressive action of PRC2. Their
actions have often been attributed to chromatin recognition, targeting to specific loci
and enhancing methyltransferase activity. In our previous work in mouse embryonic
stem cells (ESCs), we showed that Polycomb-like 2 (Mtf2/Pcl2) is critical for PRC2-
mediated regulation of stem cell self-renewal through feed-forward control of the
pluripotency network. In moving beyond the ESC model system, we sought to
interrogate the role of Mtf2 in vivo by creating a gene-targeted knockout mouse model.
Surprisingly, we discovered a tissue-specific role for Mtf2 in controlling erythroid
maturation and hematopoietic stem cell self-renewal. Via its regulation of other PRC2
members, Mtf2 is critical for global H3K27me3 methylation at promoter-proximal sites
in developing erythroblasts. Thus, Mtf2 is required for proper maturation of
erythroblasts. Loss of Mtf2 also reduces HSC self-renewal leading to stem cell pool
exhaustion. Additionally, misregulation of Mtf2 in leukemia models contributes to
massive leukemic blast expansion at the expense of leukemic stem cell self-renewal. In
the developing hematopoietic system, Mtf2 functions as a core complex member,
controlling epigenetic regulation of self-renewal and maturation of both stem and

committed cells.
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Chapter 1

Introduction



Figures 1.3 and 1.4 in this Chapter were originally published in “PCL2 modulates gene
regulatory networks controlling self-renewal and commitment in embryonic stem cells”
by Walker E, Manias JL, Chang WY and Stanford WL (Cell Cycle 2011 Jan; 10(1): 45-51)
and are reprinted here with kind permission of Taylor and Francis Publishing under the
Creative Commons Attribution License.
1.1 Epigenetic regulation of stem cell fate decisions

Stem cells are unique cells found both in the embryo and in adult tissue that
retain the capability to both self-renew and differentiate into various cell types. Signals
from the environment can trigger cell fate decisions and lead to differentiation.
Responses to these signals arise from both hard-coded information within the
nucleotide structure of DNA within the cell and access to this genetic information.
Covalent modifications to DNA that do not compromise the underlying nucleotide
sequence, generally termed ‘epigenetics’, can regulate DNA accessibility. A modern
definition of epigenetics states that: “An epigenetic trait is a stably heritable phenotype
resulting from changes in a chromosome without alterations in the DNA sequence.”
(Berger, Kouzarides et al. 2009). Modifications of DNA or histone proteins are examples
of inherited epigenetic modifications that can play a major role in stem cell fate
decisions. Various lysine residues of multiple histone proteins can be modified via
addition of an acetyl group, a ubiquitin molecule or multiple methyl groups. The

presence of epigenetic modifications to histone proteins can recruit or antagonize other

proteins, resulting in changes in gene expression and, ultimately, cell fate decisions.



1.2 Polycomb Proteins as Transcriptional Repressors

Polycomb group (PcG) proteins are a family of highly conserved transcriptional
regulators responsible for depositing epigenetic modifications on histones. Histone
modifications controlled by PcG proteins are dynamically regulated during development
(Ringrose and Paro 2004, Ringrose and Paro 2007, Christophersen and Helin 2010), as
stem cells differentiate into various committed progeny. Histone modifications are also
stably maintained in differentiated cells by PcG proteins (first described by (Struhl and
Akam 1985)), providing epigenetic memory and preventing spurious differentiation in
fully committed cells.

The first Polycomb protein Pc was described in Drosophila melanogaster (Lewis
1978) as a critical negative regulator of homeotic genes that determine body patterning.
Following this discovery, a collection of Polycomb genes were described as
transcriptional repressors of homeotic genes, including many described in more detail
below. In addition to suppression of homeotic genes, enhancer genes were also
identified which promoted the expression of homeotic genes. One of the first genes
from this group of genetic activators was the trithorax (trx) gene (Ingham 1985),
described as a gene required for maintaining appropriate levels of the Antennapedia
and bithorax complex proteins, which regulate body segmentation. The antagonistic
action of Polycomb and enhancer function of trithorax genes at homeotic targets that
was first described in Drosophila (Kennison and Tamkun 1988) is conserved among

many species including mammals (Hanson, Hess et al. 1999).



1.2.1 Polycomb Repressive Complexes 1 & 2

PcG proteins belong to one of two main complexes: Polycomb Repressive
Complex 1 (PRC1) or Polycomb Repressive Complex 2 (Figure 1.1). Mammalian canonical
PRC1 contains a core group of proteins including members of the Cbx, RING, Pcgf and
Phc families. In the classic model of action, Cbx recognizes the repressive H3K27me3
mark deposited by PRC2 and RING-domain proteins, such Ringla/Ringlb, (Satijn and
Otte 1999) mono-ubiquitinates lysine 119 on histone 2A (H2AK119ub1), compacting
chromatin and further repressing downstream target genes (Wang, Wang et al. 2004).
Recent evidence has identified multiple non-canonical PRC1 complexes which lack a Cbx
protein but contain a Rybp/Yap2 protein and can deposit the H2AK119ubl mark
independent of PRC2-mediated H3K27me3 recruitment (Leeb, Pasini et al. 2010, Gao,
Zhang et al. 2012, Morey, Pascual et al. 2012, Tavares, Dimitrova et al. 2012, Morey,
Aloia et al. 2013). PRC1 variants can also recruit PRC2 via deposition of H2AK119ub1
(Blackledge, Farcas et al. 2014). Multiple isoforms of Cbx, Pcgf and Phc proteins, along
with other protein interactions, create a structurally diverse group of PRC1 subtypes,
each with a unique set of targets and actions.

The Polycomb Repressive Complex 2 (PRC2) contains core proteins Ezh1/2,
Suz12, and Eed (Faust, Schumacher et al. 1995, O'Carroll, Erhardt et al. 2001,
Kuzmichev, Nishioka et al. 2002, Pasini, Bracken et al. 2004). Ezh1/2 is a SET-containing
protein with histone methyltransferase (HMTase) activity that can mono-, di- and tri-
methylate histone 3 at lysine 27 (Muller, Hart et al. 2002, Lund and van Lohuizen 2004).

These modifications require the binding of Suz12 and Eed, and there has been evidence



for the important role of PRC2 accessory proteins in maintaining these repressive marks
at particular loci (Cao, Wang et al. 2002, Czermin, Melfi et al. 2002). Ezh1/2, Suz12 and
Eed are present in 1:1:1 ratio (Smits, Jansen et al. 2013) in PRC2 and are necessary and
sufficient for HMTase activity. Ezh1l and Ezh2 are mutually exclusive within a complex,
but play complementary roles in different tissues (for example, in the hematopoietic
system, discussed below). Suz12 is required for complex stability (Cao and Zhang 2004)
and knockdown of Suzl2 in mouse embryonic stem cells (mESCs) leads to a post-
translational loss of Ezh2 and Eed (Pasini, Bracken et al. 2004). PRC2 action also relies on
interactions with the histone binding proteins Rbbp4/7, which are not necessary for
Ezh2 enzymatic function but likely aid in PRC2 targeting to histones (Nekrasov, Wild et

al. 2005, Nowak, Alfieri et al. 2011).



Figure 1.1. Polycomb-mediated gene repression. Polycomb-mediated gene repression is
a result of coordinated actions of Polycomb Repressive Complexes 1 & 2 (PRC1 and
PRC2). In a classic model of PRC recruitment to chromatin, PRC2 deposits H3K27me3
marks on compacted chromatin and propagates and spreads the H3K27me3 repressive
mark via that action of its enzymatic subunit Ezh1/2. PRC1 is recruited to H3K27me3
marked chromatin where it can mono-ubiquitinate lysine 119 on histone 2A
(H2AK119ub1) further enhancing gene repression. Non-canonical PRC1 complexes can

also act independently of PRC2.



1.2.2 Targeting Polycomb proteins to genetic loci

Although first identified as regulating homeotic (Hox) genes, more recent
evidence has described the wide-reaching nature of Polycomb proteins. Chromatin-
immunoprecipitation combined with microarray (ChlIP-chip) or next generation
sequencing (ChlP-seq) has been used to identify global targets of various Polycomb
proteins in mammalian embryonic stem cells, both human and mouse (Boyer, Plath et
al. 2006, Bracken, Dietrich et al. 2006). Genome-wide occupancy studies on core PRC2
proteins have identified many critical transcription factors (TFs) as targets of Polycomb
proteins. Genes that are re-expressed as cells differentiate lose PcG occupancy, while
others that remain silenced continue to be bound by PcG proteins. PRC2 mediated gene
regulation is known to play critical roles in cell differentiation, proliferation, and
epigenetic inheritance (Boyer, Plath et al. 2006, Bracken, Dietrich et al. 2006, Surface,

Thornton et al. 2010, Margueron and Reinberg 2011, Aloia, Di Stefano et al. 2013).

1.2.2.1 Polycomb Response Elements

In Drosophila, PcG complexes are recruited to specific DNA elements known as
Polycomb Repressive Elements (PREs) to silence neighbouring promoters (Fauvarque
and Dura 1993, Simon, Chiang et al. 1993). A third PcG complex, PhoRC, exists in
Drosophila and contains multiple PcG and trithorax group (TrxG) proteins with DNA
binding capabilities. Clustered pairs of DNA-binding consensus motifs for multiple
proteins within the PhoRC complex, such as Pleiohomeotic (PHO), GAGA factor (GAF)

and Zeste (Z), define invertebrate PREs (Ringrose, Rehmsmeier et al. 2003). The PhoRC



complex along with PRC1 and PRC2 are all recruited to PREs although the precise
mechanism of recruitment is still poorly understood.

Many members of the PhoRC complex, including Zeste, GAF and Pipsqueak have
no mammalian counterpart, making the existence of PREs in mammals questionable. An
ortholog of PHO, Yin Yang 1 (YY1) is found in mammals, but since the PHO-binding
sequence alone is not enough to predict a PRE sequence, the lack of consensus
sequence for PREs has hindered their identification in mammals. Recently, putative PRE
sites have been identified in mice (Sing, Pannell et al. 2009) and humans (Woo,
Kharchenko et al. 2010) that contain multiple YY1 binding sites. Although these recent
papers open up the possibility that PRE-like domains exist within the mammalian
genome and function to recruit PRC1/2, it has also been suggested that a combinatorial
action of proteins within the PhoRC complex are necessary for PcG recruitment to PREs
and that YY1 alone may not be able to recruit mammalian PcG (Kahn, Stenberg et al.

2014).

1.3 PRC2 accessory proteins

Along with core proteins Ezh1/2, Suz12 and Eed, many studies have identified
PRC2 accessory proteins, including members of the Polycomb-like (Pcl) family, Jarid2,
Rbbp46/48, Aebp2, esPRC2p48 (Zhang, Jones et al. 2011) and two recently-discovered
mammalian proteins, C170rf96 and C10orfl12 (Smits, Jansen et al. 2013, Vizan, Beringer
et al. 2015) (Figure 1.2). Accessory proteins such as Jarid2 and Mtf2 were thought to be

non-essential components of the PRC2. Knockout of core proteins Ezh2, Suz12 and Eed



results in embryonic lethality at early gastrulation stage (Faust, Schumacher et al. 1995,
O'Carroll, Erhardt et al. 2001, Pasini, Bracken et al. 2004, Montgomery, Yee et al. 2005).
HMTase activity of PRC2 both in vitro and in vivo requires, at minimum, Suz12, Ezh2 and
Eed (Cao, Wang et al. 2002) making them critical components of the PRC2. In contrast,
deletion of PRC2 accessory proteins in ESCs allows for complex formation and varying
levels of H3K27me3 deposition (discussed in more detail below). Although these
proteins are not required for PRC2 function, they have been discovered to associate
with PRC2 core proteins by mass spectrometry at sub-stoichiometric ratios and may

provide stability to the complex, or have a role in recruitment to target loci.

1.3.1 AEBP2

Aepb2 (Adipocyte Enhancer-Binding Protein 2), a zinc-finger protein, was
identified by mass spectrometry in purified HMTase activity-containing complex that
also contained Ezh2, Eed, Suz12 and Rbbp4 (Cao, Wang et al. 2002). Using deletion
mutants it was shown that AEBP2 associates with Rbbp4 and Suz12 in vitro and, while
not necessary for PRC2 complex formation or activity, it significantly increases the
HMTase activity of the complex (Cao and Zhang 2004). Homozygous deletion of Aebp2 is
embryonic lethal and heterozygous gene trap mice display neural crest defects (Kim,
Kang et al. 2011). The exact targets of Aebp2 are not known and its role in PRC2-

mediated activity in vivo is not well understood.
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PCL1/PHF1
PCL2/MTF2
PCL3/PHF19

Figure 1.2. Core and accessory proteins function together as the Polycomb Repressive
Complex 2. Core proteins Ezh2, Suz12 and Eed are necessary for PRC2 function. Multiple
isoforms of each protein can produce unique PRC2 species that may have unique

functions. (Adapted from (Sauvageau and Sauvageau 2010)).
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1.3.2 JARID2

Jarid2 is a well studied PRC2 accessory protein and part of the JUMONIJI family of
histone demethylases. Jarid2 is not enzymatically active (Klose, Kallin et al. 2006, Shen,
Kim et al. 2009) but contains DNA-binding domains which suggest it may have a role in
PRC2 targeting and recruitment. Studies on Jarid2 function in ESCs provided evidence
that Jarid2 is necessary for ESCs differentiation and that depletion of Jarid2 reduces
PRC2 binding at target sites (Peng, Valouev et al. 2009, Shen, Kim et al. 2009, Landeira,
Sauer et al. 2010, Li, Margueron et al. 2010, Pasini, Cloos et al. 2010). Beyond its role in
ESCs, Jarid2 has also been implicated in muscle cell (Londhe and Davie 2013) and
epidermal cell differentiation (Mejetta, Morey et al. 2011). Conflicting evidence has
been unable to resolve whether Jarid2 inhibits (Peng, Valouev et al. 2009, Shen, Kim et
al. 2009) or enhances (Li, Margueron et al. 2010, Pasini, Cloos et al. 2010) PRC2-
mediated HMTase activity. Also, Jarid2 appears to be contained in PRC2 complexes
devoid of Polycomblike accessory proteins and Jarid2 and Polycomblike may be mutally
exclusive (Peng, Valouev et al. 2009, Landeira, Sauer et al. 2010, Li, Margueron et al.
2010), many aspects regarding the role of Jarid2 in cell differentiation and the

mechanism of Jarid-dependent targeting of PRC2 still remain unanswered.

1.3.3 Polycomblike proteins
Polycomblike (pcl) was identified in a mutant genetic screen in Drosophila, based
on its mutant phenotype similarity to Polycomb (pc) mutants (Duncan 1982). Like

Polycomb, Pcl is a transcriptional repressor also involved in controlling body patterning
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in flies (Duncan 1982), and it is required for recruitment and optimal HMTase activity of
Enhancer of zeste, E(z) (Nekrasov, Klymenko et al. 2007, Savla, Benes et al. 2008).
Polycomblike proteins all contain TUDOR domains and DNA-binding domains, and are
potential candidates for recruitment of PRC2 to target sites. There are three mammalian
homologs of pcl: Phfl (also known as Pcl1), Phf19 (also known as Pcl3), and Mtf2 (also
known as Pcl2).

Phfl is a PRC2-accessory protein that occupies the same targets as PRC2 core
components, including Hox genes. Depletion of Phfl reduces PRC2 occupancy and it was
reported that Phfl modulates HMTase activity of PRC2 (Cao, Wang et al. 2008, Sarma,
Margueron et al. 2008). Recently, Phfl has been implicated in stabilizing p53 and
promoting cell quiescence, via a chromatin-independent function (Brien, Healy et al.
2015). Further study will be necessary to interrogate the PRC2-dependent and
independent roles of Phfl in development and disease.

Phf19 was identified in humans as a PRC2 accessory protein, associating in PRC2
complexes that lack Jarid2. Genome-wide binding of Phf19 matches PRC2-binding
profiles and reduction in Phfl9 reduces Suzl2 and H3K27me3 binding (Boulay,
Rosnoblet et al. 2011, Hunkapiller, Shen et al. 2012). Overexpression of various isoforms
of Phf19 has been found in human cancers (Wang, Robertson et al. 2004) and Phf19 has
been linked to regulation of growth in cancer cell lines (Ghislin, Deshayes et al. 2012).

Three isoforms of Mtf2 exist, each containing two plant homeodomain (PHD)
zinc finger-binding domains, which suggest its role in PRC2 targeting. The two longer

forms also include a TUDOR domain, which can interact with trimethylated lysines
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(Friberg, Oddone et al. 2010) (Figure 1.3). Mtf2 functions, in part, by targeting the PRC2
complex to particular loci via its DNA-binding domains and it was shown that the second
PHD domain is necessary for targeting to particular loci, including Xist (Casanova,
Preissner et al. 2011). Reduction in Mtf2 in mESCs does not affect global levels of

H3K27me3, but levels are reduced at a subset of targets (Walker, Chang et al. 2010).

Mtf2 A —593aa

Mtf2 B — 536aa

Mtf2 C—491aa

Figure 1.3 Comparison of various isoforms of Mtf2. Mtf2 is produced as three different
isoforms, including a truncated version lacking a TUDOR domain and a version with an
alternative splice of exon 11. Two zinc finger (PHD) domains may provide DNA-binding

capabilities. Figure adopted from {Walker, 2011 #1001}
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1.4 Targeting of Accessory proteins to DNA

PRC2 accessory proteins such as Jarid2 and Phfl/Mtf2/Phf19 contain DNA-
binding domains and many groups have interrogated genome-wide binding profiles
from these proteins to identify a consensus-binding motif. ChIP-sequencing data from
Phf19/Pcl3 binding in mESCs failed to identify a consensus sequence, revealing that
Phf19/Pcl3 binding is focused at CpG-rich regions (Hunkapiller, Shen et al. 2012). This
binding preference is similar to that of Jarid2 (Peng, Valouev et al. 2009, Landeira, Sauer
et al. 2010, Li, Margueron et al. 2010) and other PRC2 proteins (Ku, Koche et al. 2008). A
lack of specific-sequencing binding of PRC2 accessory proteins and failure to identify
widespread mammalian PREs illustrate the difficulty in determining how PRC2
recruitment to target loci in mammals occurs.

Polycomblike proteins may also have a unique role in recruitment of PRC2. The
aromatic ring formed by the TUDOR domain in Phfl and Phf19 proteins binds with high
affinity to H3K36me3 (Cai, Rothbart et al. 2013), a mark laid down by TrxG proteins at
active chromatin. This interaction is critical for deposition and spreading of PRC2-
mediated H3K27me3 into active areas marked by H3K36me3 (Musselman, Avvakumov
et al. 2012, Ballare, Castellano et al. 2013, Cai, Rothbart et al. 2013).

While targets of the PRC2 complex have been identified using chromatin
immunoprecipitation (ChIP) studies (Ku, Koche et al. 2008), core PRC2 proteins do not
have DNA-binding capability and the mechanism for recruitment of PRC2 proteins to
target loci remains unknown. PRC2 accessory proteins Jarid2 and members of the Pcl

family contain DNA-binding domains (Kim, Kraus et al. 2003, Walker, Ohishi et al. 2007)
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and are likely candidates for this role. Analysis of our Mtf2 knockdown mESCs showed
that while global levels of H3K27me3 are maintained, there is a significant decrease in
that methylation mark at a particular subset of targets (Walker, Chang et al. 2010).
Additionally, these targets also showed reduced binding of core PRC2 proteins,
suggesting the role of MTF2 may be in the recruitment or stabilization of the complex at

particular targets (Walker, Manias et al. 2011).

1.5 The role of Mtf2 in embryonic stem cells

PcG proteins along with transcription factors, RNA binding proteins, microRNAs
and other histone modifiers make up complex gene regulatory networks (GRNs)
governing gene expression and cellular identity. Previous work from our lab drafted
transcriptional networks during the initial stages of mESC differentiation. By probing ESC
regulatory networks, we identified key regulators of pluripotency and differentiation.
Based on this work, our lab identified Polycomb-like 2 (Mtf2, also referred to as Pcl2), as
a critical regulator of embryonic stem cell fate (Walker, Ohishi et al. 2007). In vitro
experiments were performed to further elucidate the role of MTF2 in mESCs, and its
role within the gene regulatory network (Figure 1.4). Using shRNA knockdown studies, it
was shown that a decrease in MTF2 maintains mESCs in an undifferentiated state and
enhances cell proliferation (Walker, Chang et al. 2010). Our lab and others have shown
that mammalian MTF2 associates with core PRC2 complex members through co-
immunoprecipitation and mass spectrometry studies (Shen, Kim et al. 2009, Li,

Margueron et al. 2010, Walker, Chang et al. 2010). In mESCs, MTF2 associates with a

15



subset of PRC2 targets, including genes important during differentiation, like Tbx3, KlIf4
and Foxd3. Through prediction and testing of our mESC GRN, it was determined that
MTF2 acts on the pluripotency network to regulate ESC fate through a feed-forward

loop (Walker, Chang et al. 2010).
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Figure 1.4 MTF2-PRC2-JARID2 gene regulatory network during early differentiation. In
ESCs, promoters of PRC2 genes, including Mtf2 and Jarid2, contain the H3K4me3
methylation mark and genes are highly expressed. PRC2 represses bivalent-marked
members of the extended pluripotency network, KIf4, Foxd3 and Tbx3 which then act to
induce transcription of the core pluripotency network (Oct4, Sox2, Nanog) via feed-
forward mechanisms. High expression of the core and extended pluripotency network,
along with PRC2 repression of developmental genes, maintains ESC self-renewal and
pluripotency. During differentiation, the downregulation of Oct4, Sox2 and Nanog leads
to the decreased expression of Kif4, Tbx3, Foxd3 and PRC2 genes, and collapse of the
pluripotency network. Developmental genes previously poised for activation, are now de-
repressed due to the decreased expression of PRC2. Loss of 3meH3K27 and increased
expression of differentiation genes allows cells to become committed to various lineages.
Methylation states are reflected in colour of gene boxes. For simplicity, gene expression
levels are represented as protein expression levels, although this may not always reflect
the true case. Dashed lines indicate potential interactions. (Adapted from (Walker,

Manias et al. 2011))
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1.6 The role of Mtf2 in vivo

Various animal models, beginning with Drosophila Pcl mutants, have been used
to elucidate the role of Mtf2 in vivo. Mtf2 plays an important role in embryonic
patterning in the chick (Wang, Yu et al. 2004) via regulation of sonic hedgehog (Shh). A
gene trap knockout of Mtf2 (Wang, He et al. 2007), described a mouse with a variety of
phenotypes, most prominently skeletal abnormalities. These skeletal transformations
were recently confirmed in a second gene trap knockout model of Mtf2 (Li, Isono et al.
2011) and attributed to changes in Hox gene expression and cell cycle regulator genes
such as Cdkn2a, known targets of the MTF2-PRC2 complex. Previously in our lab we
generated a hypomorphic Mtf2 gene trap mutant mouse, which displayed pleiotropic
defects, including absence of subcutaneous fat, situs inversus, hair cycling defects,
severe growth impairment, and death by 3 months of age (Stanford Lab, unpublished).
One of the most interesting findings was superficial lymph node enlargement, bordering
on lymphoma. Differences seen in these mouse models of Mtf2 highlight the need for
more in vivo studies to pinpoint the precise role of Mtf2 in normal and disease

conditions.

1.7 Mammalian hematopoiesis

Hematopoiesis involves the coordinated regulation of cell growth and
differentiation during development to populate all cell types of the blood system.
Establishment of the hematopoietic stem cell (HSC) capable of both long-term self-

renewal and differentiation is essential for continued hematopoiesis during the life of
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the animal. In times of stress, disease or injury, HSCs can exit quiescence, re-entering
the cell cycle, proliferate and differentiate into erythroid, lymphoid and myeloid
lineages.

Early in mouse development, around embryonic day 7-7.5 (e7.0-7.5), mesoderm
progenitors in the extraembryonic yolk sac (YS) differentiate into the hemangioblast,
forming blood islands that differentiate to primitive erythroblasts. This transient first
wave, or “primitive” hematopoiesis produces erythroblasts and macrophages with a
limited lifespan, incapable of long-term self-renewal. The production of these cells is
none-the-less critical to provide oxygen to developing tissues. At this point, the first
expression of hematopoietic genes such as Lmo2 and Scl are detected in the yolk sac.
Maturing erythroid cells express GATAL in the yolk sac, and by day e8.5-9, have entered
embryonic circulation. A common model of mammalian hematopoiesis suggests that
cells that first began in the YS, can then travel through the circulation to colonize other
sites of hematopoiesis. Cells derived from the YS alone are not able to convey long term
reconstitution of adult recipients (Yoder and Hiatt 1997, Yoder, Hiatt et al. 1997), but
can when cultured with stromal cells from the aorta-gonadal-mesonephros (AGM)
region (Matsuoka, 2001). In the mouse, the first definitive HSCs, emerge from the dorsal
aortic endothelium in the AGM between el10-11(Boisset, van Cappellen et al. 2010). In
zebrafish and chick development, HSCs emerge via cell remodeling and not cell division
(Bertrand, Chi et al. 2010, Kissa and Herbomel 2010). HSC development in an mESC in
vitro model system is also not associated with asymmetric division (Eilken, Nishikawa et

al. 2009), but the exact mechanism of HSC budding in vivo is still unclear. HSCs then
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colonize the AGM, along with the placenta, vitelline and umbilical arteries and begin to
produce multi-potent precursors capable of self-renewal and differentiation. These HSCs
are capable of long-term self-renewal and multilineage differentiation and can
repopulate adult mice. They are characterized by expression of cell surface markers
CD45, Scal, c-kit, CD34, and transcription factors Runx, SCL and Gata2 (Sanchez, Holmes
et al. 1996, Sanchez, Bockamp et al. 2001, North, de Bruijn et al. 2002, Ling, Ottersbach
et al. 2004). This secondary, or “definitive” wave of hematopoiesis produces early HSCs
that, along with precursors from the yolk sac, can then colonize the fetal liver. By ell,
the fetal liver becomes the primary site for hematopoiesis in the developing embryo.
Just prior to birth of the mouse fetus, HSCs colonize the bone marrow. Up to three
weeks after birth, HSCs in the bone marrow have similar properties to those found in
the fetal liver. At 4 weeks post-birth, there is an abrupt, developmental switch,
including an up-regulation of Ezh2, and HSCs gain unique self-renewal and
differentiation properties that remain throughout adulthood (Bowie, Kent, et al., 2007).
HSCs within the bone marrow provide a constant pool of cells from all blood lineages
throughout the lifetime of the mouse. Differentiation of HSCs follows a hierarchical
pattern where cells become more lineage restricted in order to finally produce

erythrocytes, megakaryocytes, platelets, myeloid cells and lymphocytes (Figure 1.5).
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Figure 1.5. Hierarchical structure of mammalian hematopoiesis. Mammalian
hematopoiesis is a multi-step hierarchical process where self-renewing multi-potent
stem cells sequentially differentiate into various multi-potent progenitors, which then
specialize to form each of the progeny of the blood and the immune system. Long-term
hematopoietic stem cell (LT-HSC), short-term hematopoietic stem cell (ST-HSC), common
myeloid progenitor (CMP), megakaryocyte-erythroid progenitor (MEP), granulocyte-

macrophage progenitor (GMP), common lymphoid progenitor (CLP).
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1.7.1 Mammalian erythropoiesis

The process of erythropoiesis is a key step in hematopoietic development and
forms the circulating red blood cells that are able to carry essential oxygen throughout
the body. In mammals, during early development (mouse age at e6.5), mesoderm
precursors in the yolk sac begin differentiating into primitive erythrocytes (EryP) (Palis,
Robertson et al. 1999, Palis and Yoder 2001). EryP cells differentiate in close proximity
to endothelial cells, although the concept of a bipotent progenitor that gives rise to both
of these cells, termed the “hemangioblast” is not clear to happen in vivo (Xiong 2008,
Padron-Barthe, Temino et al. 2014). These large cells (Palis, Robertson et al. 1999),
which express the fetal and embryonic forms of haemoglobin (translated from the alpha
globin genes and beta globin gene cluster, epsilon) (Kingsley, Malik et al. 2006), cease
cell division at e12.5 then are released into circulation where they complete the
enucleation process during €12.5 and el7.5 (Kingsley, Malik et al. 2004). These EryP
cells are critical for supporting the developing embryos and exist in circulation even up
to several days after birth (Kingsley, Malik et al. 2004, Fraser, Isern et al. 2007).

A second wave of erythropoiesis (termed “definitive erythropoiesis”) begins in
the fetal liver as HSCs differentiate into multipotent progenitors then MEPs to form
burst-forming unit erythroid (BFU-E), the first erythroid-restricted progenitor cells. BFU-
Es mature through distinct stages, sequentially, from the colony-forming unit erythroid
(CFU-E), proerythroblast (ProE) to basophilic (BasoE), polychromatophilic (PolyE), and
orthochromatic (OrthoE) erythroblast stages. During these cell divisions there is

expansion of the erythroid pool, and an accumulation of hemoglobin. Final stages of
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maturation involve a reduction in the RNA content, nuclear pyknosis and eventual
enucleation, a process unique to mammalian erythropoiesis. The enucleation process
creates reticulocytes, which contain hemoglobin (Geiduschek and Singer 1979, Koury,
Koury et al. 1989, Lee, Gimm et al. 2004, Liu, Mohandas et al. 2011) and pyrenocytes
(McGrath, Kingsley et al. 2008), which are rapidly ingested by macrophages (Yoshida,
Kawane et al. 2005). The final stage of erythrocyte maturation involves autophagy and
exocytosis of cytoplasmic organelles in the reticulocyte to form mature red blood cells
(Waugh, Mantalaris et al. 2001, Griffiths, Kupzig et al. 2012).

Isolation of distinct erythroid cell stages has become possible using traditional
flow cytometry and multi-spectral imaging flow cytometry based on the expression of
cell surface markers such as CD71 and Terl19, which fluctuate during erythroid
maturation (McGrath, Bushnell et al. 2008, Pop, Shearstone et al. 2010, Koulnis, Pop et
al. 2011). Additionally, a variety of transcription factors are critical for erythroid
maturation, including Gatal, KIfl, Tall, Lmo2, Ldbl, Myb and decreased or ectopic
expression of these transcription factors can result in defects in erythroid development
(Warren, Colledge et al. 1994, Robb, Lyons et al. 1995, Shivdasani and Orkin 1995,

Tsang, Fujiwara et al. 1998, Isern, Fraser et al. 2010, Li, Lee et al. 2010) (Figure 1.6).
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Figure 1.6. Expression of key regulators of erythropoiesis. During mammalian
erythropoiesis, megakaryocyte-erythroid progenitors differentiate through a series of
erythroid progenitor stages, finally expressing hemoglobin and extruding their nucleus,
forming oxygen-transporting red blood cells (RBCs). Expression levels of many
transcription factors (SCL/TAL1, GATA1/2) and cell surface proteins (EPOR, Ter119) vary
during the erythroid maturation process and are shown in purple bars. (burst forming
unit-erythoid, BFU-E; colony forming unit-erythroid, CFU-E; proerythroblast, ProE;
basophilic erythroblast, BasoE; polychromatophilic erythroblast, PolyE; orthochromatic

erythroblasts, OrthoE; reticulocytes, Retics).
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1.8 Cell Cycle and Hematopoiesis

Hematopoiesis is a well-regulated biological process that is very active in early
development, but continues throughout the life of an organism. HSCs balance self-
renewal and differentiation to provide replacement cells within various blood lineages
while maintaining a relatively constant pool of stem cells (Giebel and Bruns 2008). HSCs
within the fetal liver of the developing embryo turn over rapidly, with 95-100% of HSCs
cycling and a cell cycle transit time of 10-14h (Bowie, McKnight et al. 2006, Nygren,
Bryder et al. 2006). In contrast, the majority of HSC in the adult bone marrow are
quiescent, residing in Go phase in homeostatic conditions (Bradford, Williams et al.
1997). Here, only about 5% of cells are actively cycling (Cheshier, Morrison et al. 1999,
Bowie, McKnight et al. 2006, Kiel, He et al. 2007), with transit times similar to fetal HSCs
(Nygren, Bryder et al. 2006). Exogenous signals trigger cell cycle re-entry and cells can
differentiate into multi potent progenitors, and ultimately cells of various blood
lineages. A small fraction of HSCs are dormant, dividing very infrequently (estimated to
be only dividing 5 times during the life of one mouse) (Wilson, Laurenti et al. 2008).
These dormant HSCs can become activated under stress conditions, providing a pool of
stem cells available for repair after injury.

Progression through the cell cycle is dependent on a host of cyclins and cyclin-
dependent kinases (CDKs), which are further regulated by cyclin-dependent kinase
inhibitors (CKls). Transit through G; phase is regulated by Cyclin D-CDK4/6 that is then
followed by Cyclin E-CDK2 activation in late G;. Double knockout of CDK4/6 or triple

knockout of Cyclin 1/2/3 leads to embryonic lethality and severe defect in
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erythropoiesis (Malumbres, Sotillo et al. 2004). Overexpression of CDK6 was recently
reported to regulate HSC self-renewal by reducing Gy transit time (Benveniste, Frelin et
al. 2010, Laurenti, Frelin et al. 2015). CDK6 is differentially expressed in ST-HSCs
compared to LT-HSCs and may be responsible for heterogeneity in cycling. Single
knockout of many components of the cell cycle results in a mild phenotype, indicating
redundancy amongst cell cycle proteins or dosage-dependent effects. Knockout of many
members of the INK4 family of CKls, classical PcG targets, also affect hematopoietic

K42 (cdkn2a) leads to HSC defects with stress or aging

development. Knockout of p16
(Serrano, Lee et al. 1996, Janzen, Hake et al. 2006), while knockout of p18™**“ (Cdkn2c)
increases HSC self-renewal (Yuan, Shen et al. 2004, Yu, Alder et al. 2006). Reduction in
CKI from the CIP/KIP family such as p21“* (Cdkn1a) (Cheng 2000) and p57"'** (Cdkn1c),
leads to exhaustion of HSC activity or reduction in HSC quiescence (Matsumoto, Takeishi
et al. 2011), respectively. Regulation of transcription factors such as HOX genes, c-myb,
and GATA2 can all affect hematopoietic cell cycling and HSC function (Persons, Allay et
al. 1999, Antonchuk, Sauvageau et al. 2001, Malaterre, Carpinelli et al. 2007). Regulation

of cell cycle-related proteins and transcription factors by PcG proteins can significantly

affect hematopoietic development.

1.9 Polycomb proteins in hematopoietic development and disease
1.9.1 PRC1 and hematopoietic development
In the hematopoietic system, Polycomb proteins play fundamental roles in cell

fate decisions and differentiation programs. Bmi-1 maintains HSC self-renewal and loss
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of Bmi-1 leads to profound anemia in young mice (van der Lugt, Domen et al. 1994,
Park, Qian et al. 2003). Other PRC1 members have also been implicated in erythroid
differentiation and loss of Cbx4/MPc2 (Alkema, Jacobs et al. 1997) or L3mbtI3/MBT1
(Arai and Miyazaki 2005) leads to anemia during late stages of embryogenesis. PRC1
proteins Pcgf2/Mel18 (Akasaka, Tsuji et al. 1997), Phcl/Rae28 (Ohta, Sawada et al.
2002), and Ring1B (Cales, Roman-Trufero et al. 2008) are also critical for hematopoietic
development. Core components of PRC2 also have significant roles in regulating
hematopoiesis and recent studies have demonstrated that various PRC2 core
components are differentially regulated during hematopoietic ontogeny (Xie, Xu et al.

2014).

1.9.2 PRC1 and hematopoietic development

Mutant mouse models have helped gain insight into the role of PRC2
components in the hematopoietic development. Reduction in Suz12, via an ENU-
induced hypomorphic mutation results in mice with increased HSC activity (Majewski,
Blewitt et al. 2008). In a more recent study, conditional knockout of Suzl2 in the
hematopoietic system led to exhaustion of the HSC pool (Lee, Miller et al. 2015).
Together these studies show that Suzl2 is critical in normal HSC development and
function but that its role is dose-dependent.

Conditional ablation in hematopoietic cells demonstrated that Ezh2 plays a
critical role in early B cell development (Su, Basavaraj et al. 2003) and maintenance of

fetal HSCs (Mochizuki-Kashio, Mishima et al. 2011). Loss of Ezh2 causes self-renewal and
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differentiation defects in fetal liver (FL) HSCs leading to anemia. This role for Ezh2 is
stage-specific as Ezh2 is dispensable in adult HSCs via compensatory Ezhl function
(Mochizuki-Kashio, Mishima et al. 2011). Loss of Jarid2 leads to hematopoietic defects
including defective definitive erythropoiesis as well as cardiac and neural defects during
embryonic development (Takeuchi, Yamazaki et al. 1995, Motoyama, Kitajima et al.
1997, Jung, Mysliwiec et al. 2005). In the hematopoietic system, loss of Jarid2 by shRNA
knockdown in transplanted mouse and human HSCs increases the number and function
of HSPCs (Kinkel, Galeev et al. 2015). Thus, the coordinated efforts of both PRC1 and
PRC2 proteins are needed for epigenetic regulation of genes critical for hematopoietic

development.

1.9.3 The role of PcG proteins in cancer

Many different lines of evidence point to how genetic and epigenetic changes,
including histone modifications, have been associated with disease progression,
particularly in cancer. DNA hypomethylation and promoter histone hypermethylation
have been associated with the initiation and progression of various tumors (Taby and
Issa 2010). Since PRC2 proteins are involved in many essential cell processes, tightly
controlled expression is essential and misexpression of PRC2 has been associated with
neoplasia. Over- or under-expression of PRC2 proteins caused by multiple sources
including gene mutations or changes in methylation, can contribute to cancer initiation
and progression (Bracken and Helin 2009, Gieni and Hendzel 2009, Sauvageau and

Sauvageau 2010, Lin, Chen et al. 2011). In many reports, over-expression of PcG
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proteins such as Bmil, Ezh2 and Suz12, have been associated with multiple forms of
cancer, including leukemias and lymphomas, suggesting a role for PcG proteins as
oncogenes (reviewed in (Sauvageau and Sauvageau 2010)). In other instances, loss of
heterozygosity of PcG proteins is also associated with cancer progression (Tokimasa,
Ohta et al. 2001). Loss-of-function mutations in SUZ12, EZH2 and EED have been
identified in T cell acute lymphoblastic leukemia (Ntziachristos, Tsirigos et al. 2012,
Zhang, Mortazavi et al. 2012) and gain-of-function mutations in EZH2 has been
identified in lymphomas (Bracken, Pasini et al. 2003). Recently, documented cases of
mutations or truncations within PcG proteins, including Ezh2 have been linked to
leukemia, highlighting the role of PcG proteins as both oncogenes and tumor

suppressors (Ernst, Chase et al. 2010, Nikoloski, Langemeijer et al. 2010).

1.10 Leukemia

Leukaemia can be thought of as a misregulation of hematopoiesis that results in
aberrant cell differentiation and excess proliferation. Acute leukemias also display an
accumulation of immature undifferentiated cells termed 'blasts'. Leukaemias can
manifest as acute or chronic and affect either the myeloid or lymphoid lineage,

diagnosed depending on which branch of hematopoietic differentiation is affected.

1.10.1 Acute Myeloid Leukemia
Acute myeloid leukaemia (AML) results from aberrant myeloid differentiation

and an uncontrolled proliferation of myeloid progenitors. In the search to describe the
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underlying etiology of AML, mutations in a few genes, such as DNMT3A, FLT3, RUNX1,
TP53, IDH2 (Cancer Genome Atlas Research 2013), have been positively associated with
the disease. A “multi hit” model has been proposed for AML where multiple mutations
act synergistically to create the disease where neither could alone (Gilliland and Griffin
2002). Chromosomal translocations that result in fusion proteins and gene activation
are often behind the evolution of AML. Translocations of the mixed lineage leukaemia
gene (MLL) account for the majority of pediatric leukemias and approximately 10% of
adult AML (Aplan 2006, Muntean, Tan et al. 2010). MLL-AF9 is an example of a fusion
protein that can be used to study leukemic progression in the mouse and interrogate

the pathology and treatment of AML (Monroe, Jo et al. 2011).

1.10.2 Chronic Myeloid Leukemia

Myeloid leukemia can also present itself as a chronic disease, with a chronic
(asymptomatic) phase, an accelerated phase and a blast crisis phase (Faderl, Talpaz et
al. 1999). In chronic myeloid leukemia, the disease arises from a genetic crossover event
between chromosomes 9 & 11, resulting in a fusion of the BCR and ABL genes. This
product (also known as the Philadelphia chromosome from the city in which it’s
translocation was first identified) produces a fusion protein (BCR-ABL) that results in a
hyperactivity to normal growth regulators. This aberrant signalling leads to uncontrolled
cell division, leading to a sustained leukemia (Knuutila, 1994; Melo, 1996).

Modeling leukemia in vitro and using animal models has become possible with

the discovery of gene mutations or fusion proteins that drive leukemic initiation and
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progression. Expression of the MLL-AF9 fusion oncoprotein or the BCR-ABL oncoprotein
in mice models enables controlled, mechanistic studies of the pathophysiology of

leukemia.

1.10.3 Pre-leukemic events

Recent evidence has also pointed to a host of other mutations linked to AML
that do not convey transformation on their own, but may predispose the cell to a
second mutation. The concept of a "pre-leukemic state" in which one or more cell
properties are affected by mutation, has been around since the late 1980s (Fialkow,
Singer et al. 1987) and provides evidence for a multi-step development of leukemia.
Increased genomic instability, increased cell cycle, inappropriate DNA damage repair
mechanisms and increased self-renewal programs all define pre-leukemic HSCs.
Identifying regulators of key processes specifically within HSCs will help us understand
which genes are critical for proper maintenance of hematopoiesis and which genes may

be candidates for preventing pre-leukemic changes within cells.

1.10.4 Modeling leukemia using the Friend Virus as a two-stage model of leukemia

An experimental model of leukemia was first described in 1957 using the spleen-
focus forming Friend virus (Friend, 1957). Various forms of the Friend virus can induce
erythroleukemia in susceptible mice through a multi-stage process (Tambourin,
Wendling et al. 1981) (Figure 1.7). Here we will focus on data surrounding the FV-P virus

model, which is a complex of the spleen focus forming virus, polycythemia (SFFV-P) and
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the Friend murine leukemia virus (F-MulLV). First, infected erythroid progenitors (BFU-E,
CFU-E) undergo massive expansion and lose their dependence on erythropoietin (Epo)
for growth (Liao and Axelrad 1975, Peschle, Migliaccio et al. 1980). These initial events
are dependent on the gp55 glycoprotein, encoded by the SFFV-P virus, binding and
activating the erythropoietin receptor (EpoR) and recruitment of the short form of the
stem-cell-kinase receptor (sf-Stk) (Ruscetti and Wolff 1984, Mager and Bernstein 1985,
Chung, Wolff et al. 1989, Li, D'Andrea et al. 1990, Zon, Moreau et al. 1992, Nishigaki,
Thompson et al. 2001, Zhang, Randall et al. 2006). Together, activation of signalling
pathways through EpoR and sf-Stk by gp55 derails normal proliferation and
differentiation of erythroblasts. The increased number of erythroid progenitors then
become targets for re-infection by the virus, and after an incubation period of 3-4
weeks, malignant clones emerge. During the second stage of infection, further
molecular events are responsible for oncogenic transformation. FV-P transformed
clones can be transplanted into susceptible mice and propagate leukemia in a new host
(Tambourin and Wendling 1975, Wendling, Moreau-Gachelin et al. 1981). Outgrowth of
these transformed cells can be propagated in liquid culture and can be encouraged
through terminal differentiation by dimethyl sulfoxide (Friend, Scher et al. 1971).
During transformation, the FV-P virus preferentially inserts within the Sfpil/PU.1 gene,
inducing its constitutive activity (Moreau-Gachelin, Tavitian et al. 1988, Paul, Schuetze
et al. 1989). Activation of sfpil works in conjunction with activated signalling by gp55 to
induce transformation (Longmore and Lodish 1991, Quang, Wessely et al. 1997).

Mutations within p53 have also been classically associated with FV-P induced leukemic
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clones (Mowat, Cheng et al. 1985, Ben David, Prideaux et al. 1988), but evidence
suggests that p53 mutations are not absolutely required for transformation to leukemic
stem cells within this model (Hegde, Hankey et al. 2012).

The multi-stage etiology of the Friend erythroleukemia virus also provides a
model to study common types of human leukemia that also arise from a multi-step
process. Progression of the Friend virus begins as a proliferative disease followed by
transformation of blasts, which can propagate disease in a new host. These two stages
are very similar to the progression of AML, and it has been proposed that Friend
erythroleukemia can be used to study the “two-hit” model of AML and interrogate the
cooperation of mutations in disease progression (Moreau-Gachelin 2006, Moreau-

Gachelin 2008).
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Figure 1.7. A schematic of the two-stage model of leukemia using the Friend
Erythroleukemia virus. Erythroid progenitors are initial targets of infection by the Friend
virus that leads to massive cell expansion and growth factor-independence. Cells in the
expanded progenitor pool become targets for re-infection, leading to development of
transformed leukemic stem cells and other cells prone to p53-loss (Adapted from (Cmarik

and Ruscetti 2010)).

34



1.11 Approaches to uncovering function of novel proteins
1.11.1 Using gene regulatory networks to interrogate function of novel proteins
Discovering the function of a novel protein can often be a painstaking process
when experiments are designed to capture only a few potential outcomes. Taking an
integrative, systems biology approach to protein interactions can provide a more holistic
view into what roles a novel protein may hold. Many groups have integrated data from
transcriptomics, promoter occupancy (Boyer, Plath et al. 2006, Ivanova, Dobrin et al.
2006, Walker, Ohishi et al. 2007) and chromatin structure (Mikkelsen, Ku et al. 2007) to
generate examples of gene regulatory networks in ESCs. Layering in new levels of data,
including translational data (Sampath, Pritchard et al. 2008), non-coding RNAs (Khalil,
Guttman et al. 2009) and even computational modeling, allow for a more
comprehensive understanding of regulatory networks (Figure 1.8). Most importantly,
gene regulatory networks can be used to extract regulatory modules, such as feedback
and feed-forward loops, to interrogate mechanisms of interactions between key nodes

within the network (Walker and Stanford 2009).
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Figure 1.8. Integration of systems level data to create gene regulatory networks.
Multiple levels of data, including transcriptomics, promoter occupancy, histone binding
patterns and protein expression can be integrated to form a comprehensive gene
regulatory network. Examples of assays used to generate each type of data are reported
in red. Manipulation of nodes within the network can be used to test the strength of the

data and generate hypotheses.
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1.11.2 A reductionist approach to discovering gene function

With human health and disease in mind, ground-breaking work in Drosophila
and zebrafish demands reproduction in the mammalian system. Fully defining the role
of a novel protein in vivo can often be most obvious using a reductionist approach.
Knockout mouse models have provided an excellent way of defining roles for genes in
tissue development and pathology. Large-scale screens have been carried out using
gene trapping approaches. In this model, promoterless reporter vectors with splice
acceptor sites are introduced into ESCs and randomly insert throughout the genome
(Gossler, Joyner et al. 1989, Friedrich and Soriano 1991). After phenotypic screens are
established, candidate cell lines with unique phenotype can be further analyzed and
location of the gene trap can be determined (Skarnes, Auerbach et al. 1992). Traps that
insert within a coding gene often result in reduction in gene expression via frame shift
mutation and presence of a premature stop codon within the cassette. These trapped
ESCs can then be used to generate chimeric mice and, with selective breeding, can
produce knockout mice. Hence, gene trapping can provide insightful information about
protein function in vivo and has been widely used throughout, including the creation of
thousands of trapped ES lines by multinational consortiums available to the public for
further study (Stanford, Cohn et al. 2001, Nord, Chang et al. 2006, Rosen, Schick et al.
2015). This technology has proved useful, but is not without its limitations. Because of
the random nature of the trap insertion, this type of forward genetic screen is time
consuming and labour intensive. Additionally, the location of the insertion can often

produce hypomorphic mutations when alternatively spliced gene products still remain.
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Designing targeted cassettes to create loss of function mutations has expanded
our knowledge of protein function. Methods of gene targeting have been used
extensively to create constitutive and conditional knockout mice to interrogate gene
function during development or disease (Skarnes, Rosen et al. 2011). By adding
homologous arms to a reporter cassette, strategies can be used to create null mutations
or isolate particular isoforms of genes or include or exclude particular protein domains

to ask increasingly complex biological questions.

1.12 Rationale and Approach

Following the work of Walker, et al. (Walker, Chang et al. 2010), many questions
regarding the function of Mtf2 were still outstanding. As PcG proteins have a role in
controlling Hox genes during early development, studying their function in an embryonic
stem cell model system has proven highly useful. Being an in vitro model system though,
it does have limited interpretation with respect to other organ systems. Outside of the
ESC, PcG proteins also play a role in homeostasis and disease states. To uncover the
role(s) of Mtf2 in development and homeostasis, we used a gene-targeting approach
(Figure 1.9). Through work described here, we uncovered a novel role for Mtf2 in the
hematopoietic system. This data has generated a preclinical model where the role of
Mtf2 can be more fully elucidated, including in the context of disease. The resulting
analysis has spurred many future avenues of research, including those that can be

translated to a better understanding of AML and potential therapies.
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Figure 1.9 Flow chart of project integration. The goal of this project was to build upon
knowledge of Mtf2 within the mESC model system and to interrogate the effects of Mtf2

in vivo.

1.13 Hypothesis and Aims

1.13.1 Overarching hypothesis:

Polycomb-like 2 (Pcl2/Mtf2) is required for epigenetic regulation of hematopoietic
development.

1.13.2 Specific Aims:

Aim 1: Analyze the role of Mtf2 in embryonic hematopoietic development using a Mtf27"
mouse model.

Aim 2: |dentify a hematopoietic-specific Mtf2-PRC2 gene regulatory network.

Aim 3: Determine whether misregulation of Mtf2 affects leukemia progression.
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Chapter 2

Janet L. Manias Rothberg, Harinad B. Maganti, Christopher J. Porter, Gareth A. Palidwor,
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hematopoiesis. 2016, (in preparation).

40



Author contributions: JMR, along with Cl and WLS, conceptualized experiments. JMR
conducted all experiments, except for in vitro knockdown (Figure S2.3), analyzed data
and prepared figures. Original gene targeted chimeras were generated by the Centre for
Phenogenomics (Toronto). JMR maintained all mouse colonies and performed breeding
and genotyping. HBM and HJ performed in vitro knockdown experiments (Figure S2.3)
and optimized ChIP protocol. RMT, CJP, GAP and TJP performed initial bioinformatic
analyses. RFP provided reagents for the Friend leukemia experiments and helped
interpret data. JMR, in collaboration with CI and WLS, wrote and prepared the

manuscript. All authors assisted in editing the manuscript.

41



Mtf2/Pcl2 controls PRC2-mediated epigenetic regulation of hematopoiesis

1,23 1,24

Janet L. Manias Rothberg"?*?, Harinad B. Maganti“**, Christopher J. Porter>, Gareth A.

3 1,23

Palidwors, R. Matthew Tannerl'z', Hani Jrade™®, Robert F. Paulsona, Theodore J.

Perkins™*>, Caryn Ito™*", William L. Stanford"***

'The Sprott Center for Stem Cell Research, Regenerative Medicine Program, Ottawa
Hospital Research Institute, Ottawa, ON, Canada K1H 8L6;

’Ottawa Institute of Systems Biology, Ottawa, Ontario, Canada;

3Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, Ontario,
Canada; 4Department of Biochemistry, Microbiology and Immunology, University of
Ottawa, Ottawa, Ontario, Canada;

>Ottawa Bioinformatics Core Facility, The Sprott Center for Stem Cell Research, Ottawa
Hospital Research Institute, Ottawa, ON, Canada K1H 8L6;

®Department of Veterinary and Biomedical Sciences, Pennsylvania State University,

University Park, Pennsylvania 16802, USA

42



Abstract

In ESCs, Polycomb accessory proteins, such as the Drosophila ortholog
Polycomb-like (Pcl), play substoichiometric roles to recruit the Polycomb repressive
complexes (PRC) to a subset of genomic loci or increase enzymatic activity. Mtf2 (Pcl2)
regulates ESC self-renewal and differentiation by recruiting PRC2 to specific pluripotent
and developmental genes, fulfilling the function of a Polycomb accessory protein. To
understand its impact on development in vivo, we generated gene targeted Mtf2 null
mice, which die at e15.5 exhibiting growth defects and severe anemia. Mtf2 is required
cell autonomously for definitive erythroid development and HSC self-renewal.
Surprisingly, unlike its accessory function in ESCs, Mtf2 plays a role similar to that of a
core PRC2 member in the hematopoietic system. Unexpectedly, Mtf2 null erythroblasts
exhibit decreased levels of core PRC2 proteins and a global loss of H3K27me3 at
promoter-proximal regions, uncovering a novel region-specific activity for an accessory
protein. As a result, gene regulatory networks controlling transcription, differentiation
and proliferation are de-repressed in the absence of Mtf2, leading to defective
erythrocyte maturation and a block in HSC self-renewal. In a model of leukemia, Mtf2
haploinsufficiency leads to an expansion of leukemic blasts. Collectively, these findings
place Mtf2 as a critical epigenetic regulator of hematopoiesis through its control of
canonical PRC2 activity, while refining our understanding of Polycomb accessory

proteins.
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Introduction

The Polycomb Repressive Complex 2 (PRC2) proteins, including core and
accessory family members, repress gene transcription via methylation of lysine 27 of
histone 3 (H3K27me3). Accessory proteins such as Jarid2, Rbbp4/7, Aebp2 and members
of the Polycomb-like (Pcl) family associate with core PRC2 members (Ezh2/Ezh1, Suz12
and Eed) in a combinatorial fashion that is poorly understood.

Analysis of PRC2 accessory proteins in mammalian ESCs has provided some
evidence for their role in early development. PRC2 accessory proteins are defined by
their association with the PRC2 complex and act to “fine-tune” H3K27me3-mediated
repression via targeting of PRC2 to specific genomic loci or enhancing methylation. For
example, Rbbp4 and Rbbp7 have a strong affinity for histones H3 and H4 and may
contribute to PRC2 recruitment to target sites (Nekrasov, Wild et al. 2005, Nowak, Alfieri
et al. 2011, Schmitges, Prusty et al. 2011). Aebp2 often co-purifies with the PRC2 in ESCs
(Cao and Zhang 2004, Peng, Valouev et al. 2009, Shen, Kim et al. 2009, Li, Margueron et
al. 2010) and is important in PRC2 targeting (Kim, Kang et al. 2009) or for enzymatic
activity of the complex (Cao and Zhang 2004), although its molecular role is unclear.
Jarid2, one of the most well-studied PRC2 accessory proteins, associates with core PRC2
complex members, stabilizes PRC2 at particular loci and is necessary for ESC
differentiation (Peng, Valouev et al. 2009, Shen, Kim et al. 2009, Landeira, Sauer et al.
2010, Pasini, Cloos et al. 2010). Although the core PRC2 proteins are required for the

stability of the PRC2 multimeric complex, none encode DNA binding domains. Jarid2 and
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the polycomb-like (Pcl) accessory proteins contain DNA-binding domains which confer
their role in PRC2 targeting and stability at target sites (Peng, Valouev et al. 2009, Shen,
Kim et al. 2009, Landeira, Sauer et al. 2010, Li, Margueron et al. 2010, Pasini, Cloos et al.
2010, Walker, Chang et al. 2010, Casanova, Preissner et al. 2011, Walker, Manias et al.
2011). While the role of accessory proteins has been investigated in ESCs, for most of
these accessory proteins, it is unclear whether their function is maintained in vivo.

In Drosophila, pcl is required for high levels of H3K27me3 by the PRC2 (Nekrasov,
Klymenko et al. 2007), leading to gene repression. Mammalian pc/ homologs Phfl (also
known as Pcll), Mtf2 (Pcl2) and Phf19 (Pcl3) have been defined as PRC2 accessory
proteins in ESCs (Sarma, Margueron et al. 2008, Walker, Chang et al. 2010, Hunkapiller,
Shen et al. 2012). Phf19 helps recruit PRC2 to particular gene loci critical for early
development (Hunkapiller, Shen et al. 2012). Phfl is also associated with the PRC2
complex and plays a role in enhancing PRC2-mediated methylation (Sarma, Margueron
et al. 2008). Mtf2 co-immunoprecipitates with core PRC2 complex members and co-
elutes with multi-protein PRC2 complexes both in ESCs and hematopoietic cells (Shen,
Kim et al. 2009, Walker, Chang et al. 2010, Xu, Shao et al. 2015). In ESCs, Mtf2 is
required to repress the extended pluripotency network, thereby enabling ESCs to
respond to extrinsic differentiation stimuli (Walker, Chang et al. 2010). Knockdown of
Mtf2 in ESCs led to reduced H3K27me3 levels at Mtf2 target loci but did not affect
global H3K27me3 levels (Walker, Chang et al. 2010). In another study, reduced levels of
Mtf2 in ESCs depleted PRC2 occupancy at target genes but had little effect on

H3K27me3 levels (Casanova, Preissner et al. 2011). Manipulating expression of Mtf2 did
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not affect the expression level of core PRC2 complex members (Casanova, Preissner et
al. 2011, Walker, Manias et al. 2011), supporting its role as a PRC2 accessory protein in
ESCs. Despite recent advances in understanding the role of PRC2 accessory proteins,
including Mtf2, their contribution to PRC2 function and their role in global and/or
targeted H3K27me3 levels in vivo is not well understood.

In addition to their critical role in early development, core PRC2 proteins also
function in homeostasis of many adult tissues. While recent studies have provided
insight into the function of various PRC2 accessory proteins in ESCs, their roles in tissue
homeostasis and disease are largely unknown. Here, using a variety of approaches, we
demonstrate that Mtf2 is required cell autonomously for definitive erythroid
development and HSC self-renewal via modulation of PRC2-mediated epigenetic
repression. Unlike in ESCs, Mtf2 is required for genome-wide H3K27me3 deposition
specifically at promoter-proximal regions within the erythroid lineage. Moreover,
reduced Mtf2 expression leads to expansion of leukemic blasts and increased leukemic
burden in the Friend virus erythroleukemia model. Surprisingly, Mtf2 deficiency also
results in reduced levels of other PRC2 proteins. Together, these data demonstrate that
Mtf2 is required for PRC2-mediated epigenetic regulation of hematopoiesis. Moreover,
these findings refine our understanding of PRC2 associated proteins, indicating they can
function similarly to core PRC2 proteins and regulate complex stability in a tissue-

specific manner.
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Results

Mtf2 null mice die in utero from a block in definitive erythropoiesis

Mtf2 is expressed highly in ESCs; however, our bioinformatic analysis of mouse
tissue microarrays (Zhang, Morris et al. 2004) determined that Mtf2 has a more
restricted pattern in the adult, with higher expression in hematopoietic organs, such as
the bone marrow, thymus and spleen. Using intracellular flow cytometry, we assessed
Mtf2 protein abundance in various hematopoietic lineages isolated from bone marrow
(BM) and observed that Mtf2 expression is high in long- and short-term HSCs (LT-HSCs
and ST-HSCs, respectively), progenitors (LSK cells) and various stages of erythroblast
development (indicated by CD71 and/or Ter119 expression; Figure S2.1A-C). In
erythroblasts, Mtf2 expression is modulated during the cell cycle with highest
expression observed during the S and G2/M phases (Figure S2.1D).

Previous work addressing the role of Mtf2 in vivo was limited to gene trap
mutants that display variable phenotypes. Interruption of Mtf2 between the 4™ and 5™
exon produces viable mice with skeletal abnormalities (Wang, He et al. 2007). A second
mutant strain, using mixed background gene-trapped ESCs, phenocopied the skeletal
defects observed previously but also led to early post-natal lethality (Li, Isono et al.
2011). Since gene trap mutations are often hypomorphic (Stanford, Cohn et al. 2001)
and to maintain strain fidelity which has also led to variable phenotypes with other
Polycomb mutants (Motoyama, Kitajima et al. 1997, Kitajima, Kojima et al. 1999), we

chose to generate Mtf2 null (Mtf2'/') mice in the C57BL/6 background using gene
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targeted ESCs (Figure 2.1A,B). In contrast to the gene trap alleles, no homozygous gene
targeted mice were present at parturition; thus, embryos were analyzed at different
developmental stages. I\/Itf2'/'mice die at e15.5, displaying growth defects, hemorrhage,
and severe anemia (Figure 2.1C-E). Embryos also display skeletal alterations including
fusion of vertebrae and ectopic ribs, as observed in the gene trap mutants (unpublished
observations). Based both on gross pathology of the Mtf2'/' mice and the expression
pattern of Mtf2 in adult erythroblasts (Figure S2.1), we further investigated erythroid
development in the I\/Itf2'/' mice at el4.5, prior to death. At this embryonic stage, the
fetal liver is the central site of hematopoietic development. Fetal liver (FL) cellularity
was significantly reduced in Mth'/' e14.5 embryos (30.9+1.88 x10° cells per embryo
compared to 64.7+8.95 x10° cells in wild-type embryos, p=0.013), although FL size as a
percentage of body weight was not affected (Figure 2.1F). Peripheral blood smears from
Mtf2'/' embryos showed fewer enucleated mature red blood cells and more nucleated,
large primitive erythroblasts compared to Mtf2+/+ controls (Figure 2.1G). Hematocrits
were also dramatically reduced in Mth'/' embryos compared with their wild-type

littermates (Figure 2.1H).
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Figure 2.1. Mth'/'mice die at e15.5 due to severe anemia. (A) Schematic of the gene
targeted ESCs used to create Mtf2 knockout mice. Mtf2 protein domains (Tudor, PHD)
are indicated. (B) A PCR-based genotyping strategy was used to identify homozygous
mutants. (C) Mth'/' embryos display anemia, growth defects, hemorrhage and die at
el5.5. (D) e15.5 Mtf2'/'embryos are significantly smaller than their wild-type littermates
but have (E-F) normal fetal liver (FL) weight as a measure of body size. (G) Peripheral
blood taken from e15.5 Mth'/'embryos has fewer cells than wild-type littermates and
very few enucleated red blood cells (arrowheads). The cells that do remain are large
nucleated erythroid precursors (arrows). (H) Null embryos have a lower hematocrit and
() fail to express adult bl hemoglobin transcript at the appropriate level. All data is

shown as mean = SEM, n=3, *p<0.05.
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Transcript of adult f1 hemoglobin, which is normally expressed by maturing red blood
cells at this stage of development, was reduced in I\/Itf2'/' embryos while embryonic
globin (eY) expression was maintained (Figure 2.1l).

To discern which stage of erythroid development was blocked in Mtf2'/' cells, we
used cell surface markers CD71 and Ter119 to track erythroid maturation in the FL
(Koulnis, Pop et al. 2011). We identified a delay in erythroblast differentiation, with an
increased number of Ter1197"° Mtf2'/' cells (erythroid stages S0-S2) and fewer Ter119™e"
(stage S3) Mth'/' cells (Figure 2.2A-B). Despite alterations in cell number between
genotypes within fetal erythroid sub-populations S2 and S3, cell morphology between
genotypes was unaltered, as assessed by imaging flow cytometry (Figure S2.2A-B).
Similar to our observations in the FL, we observed increased numbers of pro-
erythroblasts (Ter119", Thiazole Orangehi) cells in the peripheral blood of e14.5 Mth'/'
embryos. Mtf2'/'Ter119hi Thiazole Orangehi cells that remained in the peripheral blood
are more immature than their wild-type counter parts, as indicated by larger size and
more centrally located nuclei (Figure S2.2C). There is also a reduction in the number of
reticulocytes and mature red blood cells in Mtf2'/'e14.5 peripheral blood (0.7% Ter119
DNA cells versus 1.89% in wild-type), supporting our qualitative observations in blood
smears (Figure 2.1G). Together, these observations demonstrate that Mtf2 plays a

critical role in erythroid maturation.
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Mtf2 is necessary for erythroid maturation in a cell-intrinsic manner

As we found that Mtf2 is expressed in various hematopoietic progenitors (Figure
S2.1), we assessed the impact of Mtf2 deficiency on the differentiation potential of
progenitors using in vitro colony forming unit (CFU) assays. Consistent with the above
findings, Mth'/' embryos contained fewer erythroid progenitors (CFU-E) but more
multipotent clonogenic progenitors (CFU-granulocyte, erythrocyte, monocyte,
megakaryocyte; or CFU-GEMM) than wild-type embryos, further demonstrating a block
in erythroid differentiation potential (Figure 2.2C-D). To address the mechanism
underlying the observed erythroblast maturation defect, we first assessed whether cell
cycle and apoptosis was normal in Mth'/' erythroblasts. No increase in Annexin V
staining was detected in either Mtf2'/'Ter119' orTer119" cells (Figure 2.2E-F), therefore
the reduction in Mth'/' mature erythroblasts seen in the FL is not due to enhanced
apoptosis. Mth'/' Ter119° erythroblasts displayed increased cycling with a higher
percentage of cells in S phase and a reduced number of cells in Go/G; phase compared
to wild-type erythroblasts (Figure 2.2G, Figure S2.2D). Increased proliferation in these
erythroblast progenitors may contribute to their differentiation defect, as erythroid
maturation is linked to cell cycle exit (Clark, Doyle et al. 2004). Collectively, these data

illustrate that Mtf2 is necessary for normal definitive erythropoietic differentiation.
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Figure 2.2. Mtf2 is required for normal erythroid differentiation. (A-B) Mtf2'/'FL cells
have increased number of pro-erythroblasts (stages SO-S2) and fewer CD71'Ter119"
erythroblasts (stage S3) as determined by flow cytometry analysis. (C-D) FL cells from
Mtf2'/' embryos contain fewer erythroid progenitors (colony forming unit-erythroid,
CFU-E) but have higher numbers of multipotent clonogenic progenitors (colony forming
unit-granulocyte, erythrocyte, macrophage, megakaryocyte, CFU-GEMM). CFU-G, colony
forming unit-granulocyte; CFU-M, colony forming unit-macrophage; CFU-GM, colony
forming unit-granulocyte, macrophage; BFU-E, burst forming-unit, erythroid. Data is

shown as number of colonies per 2x10° FL cells plated, mean + SEM for n=4 mice,
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triplicate. (E) Ter119 FL cell or (F) Ter119* from Mth'/'embryos do not show an increase
in early or late-stage apoptosis, based on Annexin V staining, compared to wild-type
littermates. (G) A higher number of Mtf2'/' Ter119° pro-erythroblasts are found in S-
phase and fewer in Go/G; phase compared to wild-type littermates indicating a defect in

cell cycling. Data is shown as mean + SEM, n=3, *p<0.05, **p<0.01, ***p<0.001.
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In our constitutive Mtf2 knockout mouse model, Mtf2 is deleted both in
developing hematopoietic cells and in supporting stromal cells of the fetal liver;
therefore, we tested whether the role of Mtf2 in erythroid development could be due to
the microenvironment, as has been previously attributed to the role of Jarid2 in
erythroid maturation (Takeuchi, Yamazaki et al. 1995, Motoyama, Kitajima et al. 1997).
Using competitive repopulation (Figure 2.3A), we observed that Mth'/' and wild-type FL
cells were equally capable of homing to the BM 17 hours after injection (Figure 2.3B).
Additionally, the contribution of donor derived (CD45.2") cells in the peripheral blood up
to 16 weeks following primary transplant was comparable between genotypes (Figure
2.3C). Strikingly, analysis of erythroprogenitors demonstrated that I\/Itf2'/'donor—derived
cells were also defective in erythroid maturation with an accumulation of pro-
erythroblasts (ProE) and late basophilic (EryB) erythroblasts (Figure 2.3D). This erythroid
maturation delay is similar to that observed in the Mtf2 null embryos and not due to a
defect in the FL microenvironment. These data demonstrate that Mtf2, unlike Jarid2,
plays a cell-intrinsic role in erythroblast maturation that is not limited to fetal

development.
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cells. (E) Total contribution of donor cells in the recipient bone marrow sixteen weeks
after transplant, is similar between wild-type and Mth'/', although fewer Mtf2'/'donor T
cells (CD4" and/or CD8") were observed (F). (G) No difference is seen in donor-derived
short-term and long-term HSCs from either genotype. (H) Analysis of various progenitor
groups showed the proportion of MEPs derived from Mtf2'/' FL cells are significantly

reduced in BM after primary transplant while the fraction of GMPs is increased.
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Mtf2 is required for HSC self-renewal

Since Mtf2 expression is high in HSCs and progenitors (Figure S2.1), deficiency of
Mtf2 in donor FL cells may affect the differentiation into other hematopoietic lineages.
Analysis of BM 16 weeks post-transplant demonstrated decreased numbers of Mth'/'
donor derived T cells but no change in donor derived Mtf2'/' cells of myeloid or B
lineages (Figure 2.3E-F). No difference was observed in the percentage of donor-derived
ST-HSCs and LT-HSCs, regardless of donor genotype (Figure 2.3G). Mth'/' MEPs were
significantly decreased in BM 16 weeks post-transplant, while the number of GMPs was
increased (Figure 2.3H). Thus, Mtf2 functions to direct cell fate decisions in a lineage-
specific manner.

HSC cell fate decisions are highly regulated to ensure lifelong production of
hematopoietic lineages, while maintaining a pool of HSCs. To assess the role of Mtf2 in
HSC self-renewal, we performed secondary bone marrow transplants (Figure 2.4A).
Surprisingly, unlike in primary transplants where total number of donor-derived cells
was similar between genotypes, in secondary transplants, total Mth'/' donor derived
cells and erythrocytes in the peripheral blood were appreciably decreased at 8 and 16
weeks post-secondary transplantation (Figure 2.4B,C). This marked difference in
repopulation potential demonstrates that Mtf2 regulates the HSC pool and loss of Mtf2
results in stem cell exhaustion. Indeed, Mth'/' donor-derived short-term and long-term
HSCs were also decreased in secondary transplants (Figure 2.4D). Within the

significantly decreased Mtf2'/' donor cell population in secondary recipients, the
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proportion of CMPs, MEPs and GMPs derived from Mth'/' cells was similar to BM of

* cells 16 weeks post-secondary transplantation (Figure

recipients engrafted with Mtf2
2.4E). Interestingly, the fraction of CLPs derived from I\/Itf2'/' cells was significantly

increased in the BM following secondary transplant, indicating a role for Mtf2 regulating

myeloid and lymphoid commitment (Figure 2.4E).
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mortality rate than their wild-type littermates (p=0.0267) *p<0.05, **p<0.01,
***p<0.001.

Since the I\/Itf2'/' mice are non-viable and therefore transplants using adult mouse bone
marrow lacking Mtf2 are not available, we sought to test HSC self-renewal in I\/Itf2+/'
adult mice using serial injections of 5-fluorouracil (5FU), a chemotherapeutic that
targets cycling cells (Cheng 2000, Santaguida, Schepers et al. 2009). Assessing
hematocrit levels, Mtf2+/' adult mice responded normally to a single injection of 5FU
(150mg/kg body weight) (Figure S2.8B). Thus, weekly injections of 5FU were delivered to
eliminate cycling cells and drive quiescent HSCs into division at a dosage that allowed
long-term viability of wild-type mice (Figure 2.4F) (Anderson, Berberovic et al. 2012).
Mtf2+/' mice showed a dramatic decline in survival after just 2 doses (p<0.0267, Figure
2.4F). Together, the transplant and 5FU data suggest that Mtf2 is required for HSC self-

renewal.

Mtf2 regulates core PRC2 members in the hematopoietic system

In ESCs, Mtf2 has been identified as a PRC2 accessory protein as it associates
with PRC2 core proteins but does not regulate their expression (Walker, Chang et al.
2010, Casanova, Preissner et al. 2011, Li, Isono et al. 2011). We used Mth'/'
erythroblasts to determine whether Mtf2 regulates the expression of other PRC2 family
members. Confirming a null mutation, negligible Mtf2 transcript was detected in Mth'/'
erythroblasts (p<0.01, Figure 2.5A). At the RNA level, expression of PRC2 family

members Ezh2 and Suz12 was not significantly affected by Mtf2 deletion; however,
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Jarid2 expression was downregulated by approximately 50% in I\/Itf2'/' pro-erythroblasts
(p=0.028, Figure 2.5A). We also assessed protein abundance of PRC2 components in
sorted primary erythroblasts from individual embryos using capillary electrophoresis
immunodetection, enabling protein analysis in very low cell numbers (O'Neill,
Bhamidipati et al. 2006, Fan, Deb-Basu et al. 2009). As expected, Mtf2 protein is not
detectable in I\/Itf2'/' cells (Figure 2.5B) and there is little change in Ezhl expression
between genotypes, consistent with the low levels of Ezhl expression during fetal
development (Mochizuki-Kashio, Mishima et al. 2011). Surprisingly, Ezh2 and Jarid2
protein levels were significantly decreased in Mth'/' cells (Figure 2.5B). Technical
challenges with Suz12 antibodies prevented assessment by capillary electrophoresis. To
confirm this analysis and gain insight into the role of Mtf2 in the adult hematopoietic
system, lentiviral-mediated knockdown of Mtf2 in lineage-negative adult mouse bone
marrow cells was performed, which resulted in a concomitant decrease in Suz12, Ezh2,
and Ezhl abundance (p<0.001, Figure S2.3A-D). The reduction in PRC2 core proteins
indicates that Mtf2 is required for stability of the PRC2 or post-transcriptional regulation
of PRC2 protein components in hematopoietic cells, a role more akin to a PRC2 core

protein than an accessory protein.
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Figure 2.5. Mtf2 regulates core PRC2 protein levels and promoter-proximal H3K27me3
in erythroblasts. (A) Transcript expression of PRC2 complex members misregulated in
Mtf2'/' pro-erythroblasts by qPCR. Levels core PRC2 members Suz12 and Ezh2 are not
changed upon knockout of Mtf2. (B) Protein expression analysis by capillary
electrophoresis in CD45" FL cells shows down-regulation of Ezh2 and Jarid2 in Mtf2'/'
mice (n=3-7 mice, shown as mean area under the curve + SEM, normalized to expression
in wild-type animals). *p<0.05. (C) Schematic of cell types used in RNA-seq and ChIP-seq
analyses. Comparisons in gene expression are indicated by numbers and combined with

Mtf2 ChIP and changes in H3K27me3 to identify a GRN controlled by the Mtf2/PRC2
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axis. (D) k-mean clustering identifies patterns of H3K27me3 enrichment in primary
erythroblasts. Globally, a loss of enrichment centered around transcriptional start sites
(TSS) is seen in cells lacking Mtf2. (E) H3K27me3 ChlIP-seq reads density is plotted within
Skb of the TSS within one cluster of approximately 2400 genes (Cluster 5). In these
genes, H3K27me3 binding is specifically reduced immediately around the TSS in Mtf2-
null erythroblasts. (F) Within Cluster 5, we observe an overrepresentation of genes
associated with gene ontology terms for transcription, differentiation and
hematopoietic development. (G) ChIP-gPCR validation of H3K27me3 levels in wild-type
and Mth'/'erythrobIasts, including Lhx1 and KIfl, which lose promoter methylation in
the absence of Mtf2. (H) Some genes that have lost H3K27me3 in Mth'/'erythrobIasts
are also targets of Mtf2 itself, as indicated by Mtf2 ChlP-seq and validation by ChIP-qPCR
in wild-type and Mtf2-null erythroblasts. ChIP-gPCR data is shown as mean + SEM, n=3,
normalized to IgG control. *p<0.05 (I) Overlap of genes associated with binding sites
identified by ChIP-seq. 1131 genes have lost H3K27me3 marks upon misregulation of

Mtf2/PRC2 and 550 of those targets also show Mtf2 binding.
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While reduction of Mtf2 in ESCs affected H3K27me3 levels at particular loci, it
did not result in changes in global levels of H3K27me3 (Walker, Chang et al. 2010).
Unexpectedly, we observe a global decrease in total H3K27me3 levels upon knockdown
of Mtf2 in bone marrow cells (p<0.001, Figure S2.3E), suggesting that Mtf2 deficiency, in
part through its control of PRC2 core protein levels, results in the loss of PRC2-mediated

epigenetic repression.

Mtf2 regulates promoter-proximal H3K27me3 in erythroblasts

To understand the effect of reduced global levels of H3K27me3 at genome
resolution, we next analyzed H3K27me3 profiles by ChIP-seq as a functional
consequence of Mtf2 deficiency. We performed H3K27me3 ChIP in cells from two
distinct stages of erythropoiesis (Figure 2.5C), FL-derived CD71'Ter1197" (stage S1&S2)
pro-erythroblasts and CD71'Ter119"e" (stage S3) erythroblasts from Mth'/' and wild-
type e14.5 embryos. We chose these two fractions of cells since they flank the block in
erythroid development we observe in Mtf2 deficient mice (Figure 2.2A-B).

To characterize the binding patterns of H3K27me3 within our wild-type and
knockout erythroblasts, we used unsupervised k-means clustering to group genes with
similar methylation patterns. In wild-type erythroblasts, we observe H3K27me3 binding
across promoter regions and gene bodies. To corroborate our findings, we sampled
publicly available H3K27me3 binding from Ter119" primary erythroblasts

(ENCODE)(Consortium 2007) at a read-depth similar to our sequencing and observed a
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very similar enrichment pattern as our wild-type erythroblasts (Figure S2.4A-B).
Additionally the majority of genes associated with peaks identified in our wild-type cells
overlap with publicly available data (Figure S2.4C), providing confidence that our results
are comparable to published data. Next, we compared our H3K27me3 ChlIP-seq
enrichment patterns from Mtf2+/+ erythroblasts to Mtf2'/' erythroblasts. By visualizing
read density over an area 5kb up and downstream from the transcriptional start site
(TSS) of each gene, and normalizing read depth between samples, we observe that
Mtf2-null cells display a genome-wide loss of H3K27me3 specifically around the TSS
(Figure 2.5D). This is even more evident by choosing one cluster (Cluster 5) and plotting
read density within 5kb of the TSS (Figure 2.5E), clearly demonstrating specific loss of
H3K27me3 at promoter-proximal regions. Over multiple iterations of clustering, we
identified 2404 genes to have very strong H3K27me3 binding at the promoter region of
wild-type erythroblasts, which is virtually eliminated in erythroblasts lacking Mtf2 (Table
S1). This group of 2404 genes is highly enriched for master regulators of many biological
processes including members of the Hox, Wnt, Gata and Lhx families. Genes from this
group are strongly associated with regulation of transcription, cell differentiation and
hematopoietic development (Figure 2.5F). Loss of H3K27me3 in Mth'/'erythrobIasts at
particular targets was confirmed by ChIP-qPCR (Figure 2.5G).

Mtf2 recruits PRC2 to chromatin; therefore, we analyzed Mtf2-chromatin
interactions using ChlP-seq, followed by ChIP-gPCR validation to determine direct
targets of Mtf2 in erythroid cells (Figure 2.5H). Over 72% of genes harboring H3K27me3

marks in wild-type cells had reduced H3K27me3 in Mth'/'pro—erythrobIasts and half of
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these genes were bound by Mtf2 at this stage of development (Figure 2.5I).
Interestingly, genes associated with Mtf2 binding peaks in CD71'Ter1197" pro-
erythroblasts or CD71'Ter119"e" erythroblasts show very little overlap with Mtf2 or
other PRC2 binding profiles in ESCs (Peng, Valouev et al. 2009, Walker, Chang et al.
2010, Hunkapiller, Shen et al. 2012) (Figure S2.5A-D), demonstrating that it is critical to
study transcription factor or chromatin remodeler binding in a tissue-specific context.
De novo motif analysis of Mtf2 promoter occupancy in ESCs (Stanford lab, unpublished
data) or erythroblasts (Figure S2.6) failed to reveal a consensus-binding motif. GC-rich
binding regions are enriched in Jarid2 and Phf19 binding sites in mESCs but a specific
binding motif has not been reported. Together this suggests that PRC2 binding through
accessory proteins may be loosely defined for the purpose of acting on different targets
in different cell types. Recognizing that ChIP-seq only provides a snapshot of
transcription factor binding, we classified genes that lost H3K27me3 in Mtf2 null cells as
“Mtf2-PRC2 targets”, although not necessarily direct Mtf2 targets, and used this data as
a first step in mapping the molecular mechanisms behind the hematopoietic defects

observed in Mtf2 null mice.

Mtf2 controls gene regulatory networks critical for hematopoietic function

To assess the impact of Mtf2 deficiency upon transcriptional regulation of
erythropoiesis, we used RNA-seq profiling of fetal liver erythroprogenitors from the
same stages outlined for our ChIP-seq studies (Figure 2.5C). More than 1200 genes were

significantly misregulated (p<0.05, Benjamini-Hochberg corrected) in CD71'Ter1197"
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Mtf2'/' pro-erythroblasts compared to wild-type pro-erythroblasts (Figure 2.5C,
comparison 1). Since these changes in gene expression occur prior to the block in
erythroid development, they likely represent manifestation of early changes in
hematopoietic progenitors that contribute to the defect in erythroid maturation. Of the
most significantly regulated genes (p<0.01), nearly all (739/751) were upregulated in
Mtf2'/' pro-erythroblasts, consistent with the role of Mtf2 as a transcriptional repressor.
While fewer el14.5 Mth'/' fetal liver cells develop to the CD71'Ter119"e" erythroblast
stage compared to their wild-type counterparts (34.9+1.4% versus 49.9+2.1%), the cells
that do express CD71'Ter119"e" differ significantly between genotypes, with over 2200
genes differentially expressed in Mth'/'CD71+Ter119high cells (Figure 2.5C, comparison
2). Functional analysis of transcriptomic data from early and late erythroid precursors
indicates that Mtf2 deficiency results in misregulation of apoptosis, protein transport,
stress response, and immune response transcriptional networks in addition to expected
hematopoietic development networks (Figure 2.6A). Further analysis of genes related to
apoptosis revealed approximately equal numbers of pro- and anti-apoptotic genes that
were significantly upregulated in Mtf2'/' pro-erythroblasts and erythroblasts. This, taken
together with our observations that apoptosis levels are not changed in Mtf2-null
erythroblasts (Figure 2.2F-G), suggests that lack of Mtf2 does not lead to overt change in
levels of apoptosis in erythroprogenitors. Similarly, we observed no difference in
apoptosis in stem and progenitor cells (LSK) from Mtf2'/' mice (Figure 2.6B).

We also considered the possibility of Mtf2 directly controlling expression of

other PRC2 proteins. Interestingly, despite a reduction in expression level of Jarid2, we
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did not detect any PRC2 components in our Mtf2 ChIP-seq analysis, suggesting
transcriptional control of Jarid2 is not directly controlled by Mtf2.

To model the effects of Mtf2 on erythroblast maturation, we integrated our
RNA-seq, Mtf2 ChlIP-seq and H3K27me3 ChIP-seq data to draft a gene regulatory
network (GRN) controlled by Mtf2-PRC2. We also integrated known targets of key
transcription factors Gatal, Gata2, Tall, Lmo2, Gfilb, Fli1l, Klfl, and Sfpil in
erythroblasts or hematopoietic progenitors (Kassouf, Hughes et al. 2010, Knezevic, Bee
et al. 2011, Pilon, Ajay et al. 2011, Wontakal, Guo et al. 2011, Wu, Cheng et al. 2011) to
place our data in context of known regulatory modules controlled by master
transcriptional regulators. We first drafted a GRN that describes epigenetic alterations
and transcriptional changes in genes during early erythroid development using data
from our CD71*Ter1197"° cells (Figure 2.6C). This GRN encodes 78 genes (Table S2), and
is significantly enriched for genes associated with gene ontology terms for cell
differentiation and gene transcription (Figure 2.6D). Of particular interest to our system
are developmental regulators such as Gata2, Gfil, Pbx1, and Prox1 (Figure S2.4D, Table
S2). H3K27me3 is lost at each of these genes via dysregulation of the Mtf2/PRC2 axis,

and some, like Reln and Hdac9 are also direct Mtf2 targets.
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Figure 2.6. Mtf2-PRC2 hematopoietic gene regulatory networks regulate erythroid
maturation and HSC self-renewal. (A) Enrichment map analysis using ontology terms of
gene sets commonly misregulated in Mtf2‘/'erythroblasts shows many dysregulated
genes are associated with immune response, apoptosis and HSC differentiation. (B)

Mtf2'/‘ stem and progenitor cells (LSK) cells do not show an increase in early or late-
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stage apoptosis, based on Annexin V staining, compared to wild-type littermates. (C) A
gene regulatory network depicting genes regulated by PRC2 via loss of H3K27me3
(dotted lines) or by both loss of H3K27me3 and direct Mtf2 binding (solid lines). Gene
expression in Mtf2'/' Ter1197° pro-erythroblasts is shown as node color. Binding of
other key transcription factors in erythroblasts (solid lines) or hematopoietic progenitors
(hatched lines) are included. (D) Mtf2-PRC2 controls genes associated with transcription,
migration and cell differentiation. (E) During wild-type differentiation from
CD71'Ter1197"° erythroblasts to CD71'Ter119"e" erythroblasts, the expression of some
genes are significantly upregulated (Gene Set Y, purple diamonds) while others are
repressed (Gene Set X, white circles). Black triangles indicate expression changes below
significance threshold of p<0.05. (F) Genes normally repressed during erythroblast
differentiation are not properly regulated in Mtf2-deficient cells. Examining expression
of Gene Set X in I\/Itf2'/' cells, a minor fraction of genes is downregulated as in wild-type
cells (Group A, blue circles). The majority of genes in Gene Set X are either not
significantly regulated upon loss of Mtf2-PRC2 (Group B, grey triangles) or significantly
upregulated (Group C, red diamonds), indicating a loss of epigenetic repression. (G)
Using the erythroid GRN to identify nodes controlled by Mtf2, we tested expression of
these nodes in Mtf27"HSCs. LT-HSCs (LSK CD48'CD150") isolated from Mtf2”* and Mtf2”"
el14.5 FL show upregulation of master transcription factors such as Gata2, PU.1 and
many cell cycle regulators. Data is shown as mean + SEM, n=3, *p<0.05, **p<0.01,

*%%n<0.001.
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As wild-type erythroblasts mature from the S2 (CD71'Ter11”°) to S3 stage
(CD71"Ter119"e"), many cell fate determinants including cell cycle regulators (e.g., Cdk6
and Cyclin D) and epigenetic modulators (e.g., Dnmt3a/b, Jmjcld) are transcriptionally
repressed (Figure 2.6E, Gene Set X, white circles), while other genes involved in
metabolism, heme biosynthesis and coagulation are upregulated (Figure 2.6E, Gene Set
Y, purple diamonds). In Mtf2 deficient erythroblasts, only a minor fraction of genes were
downregulated as in wild-type cells (Figure 2.6F, Group A). However, approximately 85%
of genes within Set X (including Cdk4, Cdk6, Stat5a, Stat5b, Atm, p53, Bak, Casp3 and
Dnmt3b) were either unchanged (Figure 2.6F, Group B) or were significantly de-
repressed in Mth'/' erythroblast differentiation (Figure 2.6F, Group C; Table S3).
Integrating genes with abnormal expression (Groups B & C) with our known Mtf2
targets (from our Mtf2 ChIP data and loss of H3K27me3) we define a group of genes
that is not appropriately downregulated during late erythroblast differentiation. This
GRN of over 100 genes includes epigenetic regulators (Dnmt3a/b, Jmjcld) and cell cycle
regulators (Cyclin D) (Figure S2.7A). Loss of Mtf2-PRC2 and subsequent downstream
misregulation of other epigenetic regulators and cell cycle modulators within the Mtf2-
PRC2 GRN, including components of the Cyclin D-Cdk4/6-Rb pathway, could affect
cycling and result in observed phenotypes in our Mth'/' erythroblasts and HSCs. We
observed upregulation of cell cycle regulators such as E2F2 and p21 (Cdkn1a), confirmed
by gPCR, in Mth'/'erythrobIasts (Figure S2.7B). Together, these data implicate Mtf2 in

controlling erythroid differentiation both through H3K27me3-mediated repression by
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the PRC2 and through secondary effects stemming from misregulation of PRC2 direct
targets.

As GRNs are modular by design (Alon 2007, Walker and Stanford 2009), drafting
the Mtf2-PRC2 GRN of erythroblasts also allows us to identify regulatory modules that
potentially regulate HSC self-renewal. Based on our erythroblast GRN, we hypothesized
that loss of epigenetic regulation of cell cycle and developmental regulators also
underlies defective HSC self-renewal. To test this hypothesis, we isolated enriched LT-
HSCs by FACS from wild-type and Mtf2'/' el14.5 FL and assessed mRNA expression of
these candidate genes by gPCR. Consistent with our model, we observed increased
expression of transcriptional regulators Gata2 and PU.1 in Mtf2'/' LT-HSCs (Figure 2.6G).
While we observed little overexpression of Cdkn family members, cell cycle regulators
including Cdk4, Cdk6, p53, E2F1 and E2F2 were highly overexpressed in Mth'/' LT-HSCs
(Figure 2.6G). Expression of other members of the E2F family such as E2F8 remained
comparable to wild-type HSCs. The overexpression of many members of the cell cycle
pathway, including Cdk4, Cdk6, and E2F1, promote decreased HSC quiescence or
increased progression through the cell cycle (Saito, Helin et al. 1995, Gala, Marreiros et
al. 2001, Matushansky, Radparvar et al. 2003, Laurenti, Frelin et al. 2015, Mende,
Kuchen et al. 2015) and may underlie the HSC exhaustion phenotype and sensitivity to

repeated 5FU doses observed in our I\/Itf2'/' mice.
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Reduced expression of Mtf2 contributes to blast expansion in a model of
erythroleukemia

De-repression of the Mtf2-PRC2 GRN in Mtf2 deficient erythroblasts led to a loss
of promoter proximal H3K27me3 in a set of genes involved in cancer (KEGG pathway
mmu05200: Pathways in cancer, Bonferroni correction: 1.98 x10™") including
upregulation of oncogenes and cell cycle regulators. Therefore, we investigated the
effect of reduced Mtf2 expression in cancer development using the Friend virus (FV)
erythroleukemia model (Subramanian, Hegde et al. 2008, Hegde, Hankey et al. 2012).
The two-stages of Friend Virus infection — first the proliferation of splenic erythropoietin
(Epo)-independent erythroid progenitors (BFU-Es) followed by the secondary
development of transformed clones - provides an excellent model of other
hematological malignancies, such as acute myeloid leukemia (AML), that are thought to
arise from a two-hit model (Moreau-Gachelin 2006). This well-defined leukemia model
also allows us to quantify changes in pre-leukemic progenitors and transformed cells,
providing insight into both stages of disease progression.

Heterozygous Mtf2+/' adult mice did not display any overt changes in
hematological, including erythroid, parameters compared to wild-type adult mice (Table
S4) and stressing the mice by induction of hemolytic anemia via a single injection of
phenylhydrazine did not affect hematocrit recovery kinetics, suggesting adult I\/Itf2+/'
mice have normal extramedullary hematopoiesis (Figure S2.8A). Additionally, isolated
splenocytes from wild-type or Mtf2+/' mice produce the same number of BFU-E colonies

(Figure 2.7A). Therefore, we reasoned that Mtf2+/' mice represent an appropriate model
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to assess the impact of reduced Mtf2 expression on leukemic progression. Two weeks
following infection with FV, Mtf2+/' mice exhibited increased numbers of Epo-
independent BFU-E colonies compared to wild-type controls (Figure 2.7A). This suggests
that Mtf2 regulates the formation and expansion of preleukemic progenitors during the
first stage of FV infection. As expected, all mice developed polycythemia and
splenomegaly; however, at 4 weeks post-infection, hematocrits were higher and spleen
size significantly larger in the I\/Itf2+/' mice (Figure 2.7B-D) and some infected
heterozygous Mtf2+/' mice died due to splenic hemorrhage (p<0.03, Figure 2.7E).
Splenocytes were isolated and numbers of leukemic stem cells (LSCs) and transformed
progenitors were analyzed by flow cytometry and colony assays, respectively. Although
the frequency of virus-transformed LSCs (cKit'Scal'CD133%) was not significantly
different between heterozygous Mtf2+/' and wild-type spleens (1.03+0.27% and
0.84+0.19%, respectively), Mtf2+/' splenocytes formed more growth factor independent
transformed CFU-FV, which are functionally similar to blast cells as they do not
differentiate (Figure 2.7F). Together, these data suggest that decreased Mtf2 expression
causes increased formation of preleukemic progenitors that are the targets of FV
infection leading to expansion of blast cells. Additionally, misregulation of the Mtf2-
PRC2 axis, as described above, could lead to changes in cell cycling, allowing I\/Itf2+/'
splenocytes to accumulate more p53 mutations. This is consistent with the increased
number of CFU-FV colonies observed in Mtf2 deficient mice leading to a more

aggressive leukemia. Taken together, Mtf2, through control of the PRC2 complex,
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governs gene regulatory networks critical for hematopoietic development and

homeostasis.
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Figure 2.7. Misregulation of Mtf2 alters the progression of erythroleukemia. (A) In a
Friend virus model of erythroleukemia, adult Mtf2+/' mice display greater numbers of
BFU-E colonies arising from infected splenocytes after 14 days of infection. FV-infected
Mtf2+/'mice have exacerbated effects including (B-C) increased splenomegaly, and (D)
increased polycythemia at 4 weeks post-infection. (E) FV-infected Mtf2+/' mice also have
increased mortality, compared to wild-type littermates infected with virus (p=0.03). (F)
2x10° splenocytes from mice infected with Friend virus were cultured in methylcellulose
media without exogenous growth factors. Mtf2+/' mice infected with Friend virus form
an increased number of growth-factor independent colonies (n=3 in duplicate).
Together these data indicate an increase in the number of progenitor cells transformed

by the virus. *p<0.05.
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Discussion

Using a systems genetics approach, we uncovered a unique and fundamental role for
Mtf2 in erythrocyte differentiation and HSC self-renewal via PRC2-mediated epigenetic
repression of differentiation and proliferation programs (Figure 2.8). For the first time,
we have discovered that PRC-related proteins may control cell fate by functioning as an
accessory protein in one cell type, but a core PRC member in another. We have shown
that a PRC2 protein other than a core protein is required for normal abundance of other
PRC2 proteins and is required for region-specific methylation (in this case, promoter
proximal H3K27me3 as opposed to gene bodies or telomeric regions). Furthermore, the
regulation of Ezh2, Suz12 and H3K27me3 by Mtf2 was not previously observed in ESCs,
demonstrating distinct functional roles by Mtf2 in two different cell lineages in which it
regulates cell fate decisions.

Core PRC2 proteins Eed, Suz12 and Ezh2 are required for PRC2 stability such that
the loss of any of the core proteins results in post-transcriptional loss of the PRC2
(Pasini, Bracken et al. 2004, Montgomery, Yee et al. 2005, Fiskus, Pranpat et al. 2006). In
contrast, individual PRC2 accessory proteins by definition are not required for complex
stability and function. Surprisingly we found that, as in Suz12” mice (Pasini, Bracken et
al. 2007, Lee, Miller et al. 2015), knockout of Mtf2 reduced protein expression of both
Ezh2 and Jarid2 within the fetal liver hematopoietic cells, redefining the role of Mtf2 as

a core-like PRC2 protein in hematopoiesis.
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Supporting our results in primary Mtf2 null cells is the observed downregulation
of core PRC2 proteins and H3K27me3 levels after knockdown of Mtf2 in mouse HSPCs.
As homologs of Ezh each play unique roles in embryonic and adult hematopoietic tissue
(Mochizuki-Kashio, Mishima et al. 2011), our data demonstrate that Mtf2 regulates both
Ezh homologs, Ezh2 in fetal liver-derived erythroblasts and Ezh1 in adult bone marrow
cells. Regulation of core complex members has not been observed for other PRC2
accessory proteins such as Jarid2 and this unique role of Mtf2 places it as a PRC2
essential member in the hematopoietic system.

Another unique feature we uncovered for Mtf2 is its cell-intrinsic role in
hematopoietic development. While core components of PRC2 have significant roles in
regulating hematopoiesis (Su, Basavaraj et al. 2003, Majewski, Blewitt et al. 2008,
Mochizuki-Kashio, Mishima et al. 2011, Kinkel, Galeev et al. 2015), little is known about
the role of PRC2 accessory proteins in hematopoietic development. Knockout of Jarid2
(Takeuchi, Yamazaki et al. 1995) leads to anemia during late stage embryonic
development, although this effect was strain dependent (Motoyama, Kitajima et al.
1997, Kitajima, Kojima et al. 1999). Moreover, the effects of Jarid2 on erythroid
development were attributed to a microenvironment defect since mice repopulated
with Jarid2 mutant cells demonstrated normal erythropoiesis. Recently, depletion of
Jarid2 in hematopoietic stem and progenitor cells (HSPCs) was shown to enhance
repopulation capacity in primary transplants (Kinkel, Galeev et al. 2015). In contrast to
Jarid2, Mtf2 is required cell-intrinsically for erythropoiesis as the erythroid

differentiation defects observed in Mtf2 null embryos were recapitulated in
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transplanted mice. This further supports a role for Mtf2 as an indispensable PRC2
component within the hematopoietic system.

In ESCs, Mtf2 recruits the PRC2 to a subset of PRC2 target loci, resulting in higher
H3K27me3 at those loci (Walker, Chang et al. 2010, Casanova, Preissner et al. 2011).
Once we determined that Mtf2 was required for erythroid development and self-
renewal of HSCs, we predicted that Mtf2 would function to target PRC2 to only a subset
of PRC2 targets and would play a sub-stoichiometric role in the PRC2. Unexpectedly,
however, we show widespread loss of H3K27me3 at promoter-proximal regions in
Mtf2'/' erythroblasts. Presence of the H3K27me3 mark relies on balance between
deposition by Ezh2 and removal by Utx/Jmj3; therefore, the overexpression of the
histone demethylase Kdm6a (Utx) could theoretically lead to the observed loss of
H3K27me3, although at least in ESCs Utx and Ezh2 share only a small subset of targets
(Wang, 2010). However, Utx transcript levels are normal in Mtf2'/' erythroblasts and
HSCs; thus, the loss of epigenetic regulation observed in the hematopoietic lineages of
Mtf2 null cells is likely due directly to Mtf2-mediated loss of PRC2. Histone methylation
at promoter regions has often been associated with bivalent genes and loss of
H3K27me3 is associated with gene activation. H3K27me3 levels at transcriptional start
sites are therefore critical for proper gene regulation. In addition to H3K27me3-
mediated repression, transcriptional regulation relies on multiple levels of epigenetic
modifications of both histones and DNA. Since erythroid cells rapidly lose genome-wide
DNA methylation as they differentiate (Shearstone, Pop et al. 2011), they may be more

sensitive to changes in histone methylation as a means to regulate gene repression. The
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relationship between DNA methylation and H3K27me3 recruitment is still poorly
understood but loss of DNA methylation in ESCs leads to widespread re-distribution of
H3K27me3 patterns (Reddington, Perricone et al. 2013) and sites of de novo H3K27me3
recruitment (Lynch, Smith et al. 2012) resulting in gene expression changes.
Perturbations in PRC2-mediated epigenetic repression via Mtf2 may result in more
profound effects in erythroblasts as they rely less on DNA methylation as a method of
gene silencing during differentiation. Both the variable expression of epigenetic
modulators across cell types along with the limited overlap of Mtf2/PRC2 occupancy in
mouse ESCs and hematopoietic cells (Fig S2.5) demonstrate that the GRNs maintained
by epigenetic complexes such as Mtf2-PRC2 are context dependent and need to be
studied in a tissue-specific manner.

We used a systems genetics approach to analyze the function of Mtf2-PRC2,
combining gene targeting, cellular phenotyping and molecular phenotyping using RNA-
seq, Mtf2 ChiIP-seq and H3K27me3 ChIP-seq at two developmental stages of erythroid
development. We hypothesize that genes differentially expressed between Mtf2 wild-
type and null Ter1197° pro-erythroblasts are composed of genes critical to early
erythroid differentiation including genes important in cell adhesion (Reln) and
embryonic organ development (Gata2, Gfil). Previous studies have described roles for
each of these genes in early embryonic development. For example, Reelin (Reln)
negatively regulates erythroid development and Reln”" mice have increased erythroid
differentiation (Chu, Lee et al. 2014). Gfil has been shown to regulate erythroid

maturation via repression of 1d2 (Kim, Klarmann et al. 2014). Downregulation of Gata2 is
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normally required for erythroid differentiation (lkonomi, Rivera et al. 2000) but it
remains highly expressed during Mth'/' erythroid maturation. With Gata2 expression
remaining high, target genes may continue to be bound by GATA2 not allowing GATA1
occupation. This important “factor switching” is critical for hematopoietic development
(Suzuki, Kobayashi-Osaki et al. 2013) and has recently been shown to be implicated in
proper PRC2 expression during erythropoiesis (Xu, Shao et al. 2015). Together,
misregulation of multiple nodes of Mtf2 GRN in Ter1197° pro-erythroblasts, including
overexpression of Reln, Gfil and Gata2, may underlie the defective erythroid
maturation phenotype observed in Mtf2'/' animals. We also analyzed our transcriptomic
data as a time course, concentrating on genes that are not properly repressed during
Mtf2-deficient erythroblast differentiation. Using Gene Ontology analysis, we identified
misregulated genes involved in transcription, translation, cell cycle regulation (for
example Cdk4, Cdk6) and pro- and anti-apoptosis (Bc/ family, Bak). Together with our
findings that Mth'/'erythrobIasts and HSCs do not have increased Annexin V staining,
the phenotypes we observe in I\/Itf2'/' animals are not due to apoptosis, but rather
changes in cell cycle and differentiation. Master transcription factors and cell cycle
regulators are known targets of canonical PRC2 repression, again highlighting how Mtf2
plays an indispensible core protein-like role in regulating PRC2-mediated H3K27me3
deposition at promoter-proximal regions in hematopoietic cells.

Competitive repopulation experiments suggest that Mtf2 is required for HSC self-
renewal. Thus, we used our draft erythroid Mtf2-PRC2 GRN to elucidate the molecular

pathways that underlie the self-renewal defect in Mtf2 deficient HSCs. Many genes
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identified in our erythroid GRN, were upregulated in primary LT-HSCs isolated from
Mtf2'/' mice and are known regulators of hematopoietic differentiation. For example,
Gata2 regulates the expansion and function of HSCs in a dose-dependent manner (Ling,
Ottersbach et al. 2004). PU.1/Sfpil is also critical for HSC self-renewal and
differentiation. While PU.1 expression is necessary for HSC self-renewal (Arinobu,
Mizuno et al. 2007), expression of PU.1 is low in HSCs and increases as cells differentiate
to a multi-potent progenitor stage (Ilwasaki, Somoza et al. 2005). Upregulation of PU.1 in
Mtf2'/' LT-HSC could contribute to defective self-renewal. As well, precise control of cell
cycle regulators in HSCs is critical for both maintenance of quiescence during
homeostasis and periods of rapid expansion after stress. For instance, altered
expression of Cdk4, Cdk6 or p53 has significant effects on HSC activity (Malumbres,
Sotillo et al. 2004, Dumble, Moore et al. 2007). Exogenous expression of Cdk6 in
leukemic cells promotes continued cell cycling, even in the presence of cell cycle
inhibitors. Recently, overexpression of CDK6 in human HSCs has been shown to control
exit from quiescence (Laurenti, Frelin et al. 2015). Misregulation of multiple inputs of
the cell cycle pathway may underlie an enhanced exit from quiescence or increase
cycling in our Mtf2'/' HSCs and can contribute to the HSC exhaustion phenotype
observed. In LT-HSCs deficient in Mtf2, perturbations in large gene networks regulated
by PRC2 may result in non-significant changes in common cell cycle regulators like
Cdkn2a and 2b. Our observation of high levels of Cdk4, Cdk6 and members of the E2F

family suggests regulation of certain cell cycle genes within our Mtf2-PRC2 GRN
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underlies the defects observed in both erythroid maturation and HSC self-renewal in
Mtf2 deficient mice.

Dysregulation of genes controlling cell cycle progression often drive altered
response to anti-growth signals or contribute to the gain of limitless replicative
potential, two of the well-described hallmarks of cancer (Hanahan and Weinberg 2000,
Hanahan and Weinberg 2011). While previous studies have concentrated on the role of
core PRC2 complex member in cancer progression (Visser, Gunster et al. 2001, Ernst,
Chase et al. 2010, Morin, Johnson et al. 2010, Nikoloski, Langemeijer et al. 2010,
Brecqueville, Cervera et al. 2011, Sasaki, Imaizumi et al. 2011, Neff, Sinha et al. 2012,
Tanaka, Miyagi et al. 2012, Beguelin, Popovic et al. 2013), little is known about the role
of PRC2 accessory proteins during oncogenic progression. Since our data shows Mtf2
functions in both stem and progenitor cells, we use the Friend virus erythroleukemia
model to study the role of Mtf2 in cancer progression as it is well-defined model of
leukemia that allows quantification of both affected stem and progenitor cells and
provides a good model for other two-hit hematopoietic malignancies, like AML. We
demonstrate that, upon infection with FV, reduced Mtf2 expression leads to a massive
polyclonal erythroid expansion, resulting in increased morbidity and mortality. We do
not observe increased leukemic stem cell self-renewal in our Mtf2+/' virus-infected mice
but surprisingly detect more transformed cells that have been associated with loss of
p53 (Hegde, Hankey et al. 2012). The role of Mtf2 to repress leukemic blast expansion

provides insight into the tumor suppressor function of the PRC2.
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Tightly regulated epigenetic control of gene expression is critical for coordinated
development. Here, for the first time we demonstrate a unique role for Mtf2 in
erythroid development, HSC self-renewal and leukemic progression. Collectively, our
data illustrate how Mtf2 functions as a critical PRC2 component in the hematopoietic
system and through its control of PRC2 components, regulates PRC2-mediated
promoter-proximal H3K27me3 epigenetic regulation of multiple gene networks that are

essential for hematopoietic development and function.

Materials and Methods

Generation of Mice and Embryonic Analysis

Gene targeted mouse C57BI/6 ESCs were obtained through EUCOMM and were
aggregated with CD1 blastocysts to form chimeras. Germline transmission was
confirmed using PCR-based genotyping (primers listed in Table S5) and all future
breeding was done on the C57BI6/) strain to maintain this background. Peripheral blood
analysis on embryos was completed as described (Masuoka and Townes 2002). Blood
smears were stained with Wright-Giemsa. For Mtf2 expression in developing tissues,
wild-type and Mtf2-null mice at various embryonic stages of development were fixed in
4% PFA and paraffin-embedded. Immunofluorescence was performed on 4um sections
of paraffin embedded embryos via overnight incubation with antibody against Mtf2
(also known as M96, Genway). Microscopy was performed using a Zeiss Inverted

LSM510 microscope. For CFU analysis, 2x10° fetal liver cells were isolated and plated in
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methylcellulose media containing growth factors (Stem Cell Technologies), and colonies

were enumerated after 12 days of growth.

Flow Cytometry

For flow cytometric analyses, samples were first subject to red blood cell lysis and
stained with antibodies directed against lineage markers. Mouse peripheral blood, fetal
liver or bone marrow was stained with antibodies directed against CD4 (Clone GK1.5),
CD8 (53-6.7), CD11b (M1/70), CD71 (R17217), Ter119 (TER119), B220 (RA3-6B2), and
Grl (RB6-8C5) for lineage analysis. To distinguish donor-derived cells during
transplantation, samples were also stained with anti-CD45.2 (104). For mouse stem and
progenitor cell analysis, mouse BM and FL cells were first incubated with purified
antibodies against CD3 (17A2), CD4, CD5 (53-7.3), CD8, CD11b, Ter119, and B220 then
depleted using Sheep Anti-Rat Dynabeads (LifeTech), except CD11b was excluded in FL
analysis. Lineage-depleted samples were then stained with antibodies against cKit (2B8),
Scal (D7), CD34 (RAM34), CD16/CD32 (93), CD127 (A7R34), CD48 (HM48-1) and CD150
(mShad150). For cell cycle analysis, pregnant dams (el4.5) were injected with BrdU
(Img by i.p) and embryos were harvested 2 hrs later. Cells were fixed in ice-cold
ethanol, treated with 1.5M HCI for 30min then stained with an antibody against BrdU
(Millipore) and a fluorescently-conjugated secondary antibody. Cells were stained with
propidium iodide (Sigma) to assess cell cycle state. For erythroblast morphology
analysis, cells were stained with antibodies against Ter119 and CD71 as above, and with

Hoechst (LifeTech) and Thiazole Orange (Sigma) for nucleic acid detection. Cells were
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analyzed using the ImageStream imaging flow cytometer (Amnis) and classified based
on parameters outlined in (McGrath, Bushnell et al. 2008). Size measurements were
based on area of brightfield images and cells with centrally located nuclei were
determined based on delta XY centroid measurements (Konstantinidis, Pushkaran et al.

2014).

Capillary Electrophoresis Imnmunodetection

Hematopoietic cells were isolated from e14.5 mouse FL and enriched by CD45" selection
using immunomagnetic selection with anti-CD45 (eBioscience) and Sheep Anti-Rat
Dynabeads (Life Tech). Cells were lysed in Bicine/CHAPS buffer with DMSO and protease
inhibitors (Protein Simple). Lysates were prepared according to instructions for the
NanoPro 1000 and protein was quantified using the Bradford assay. Lysate containing
0.1mg of protein was combined with a G2 ampholyte mixture (pH 3-10, Protein Simple)
containing fluorescent standards and charge-based separation was performed within
glass capillaries using the NanoPro 1000 system (Protein Simple). After UV cross-linking,
samples were probed with antibodies for Mtf2 (Genway, 1:50), Jarid2 (Aviva, 1:50), Ezh2
(Active Motif 1:50), Ezh1l (Abcam 1:50), followed by secondary HRP antibodies (Protein
Simple, 1:100) and detection by chemiluminescence. Peaks associated with specific
protein expression were manually identified and area under the curve was calculated
and normalized to a loading control (Hsp70). Duplicate technical replicates were

performed for each biological sample (n=3-7 mice).
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Lentivirus production of Mtf2 shRNA

293T cells were co-transfected with lentiviral plasmids pMD2G, pPAX2 and pGIPZ
containing the shRNA of interest using polyethylenimine (see table below). The
supernatant containing the virus was collected 48 and 72 hours post transfection. The

virus was concentrated through ultracentrifugation and was stored at -80C.

shRNA Sequence
Mtf2 shRNA Clone 3 TAATGTATGTCATAAGCTC
Mtf2 shRNA Clone 7 TTGGCTTTATGTCCATCCT
Scrambled shRNA GTTACACGATATGTTATCA

Lentiviral-mediated Mtf2 knockdown of mouse bone marrow cells

Adult mouse bone marrow was isolated and lineage-depleted to enrich for stem and
progenitor cells (Stem Cell Technologies). Cells were maintained in IMDM media
containing bovine serum albumin, insulin, and transferrin (Stem Cell Technologies), 1%
PenStrep (Life Tech), SCF (50ng/mL), TPO (10ng/mL), FIt3 (10ng/mL), IL6 (10ng/mL).
Growth factors were purchased from Peprotech. On Day 1 of infection, cells were
incubated with polybrene (6mg/ml) for 2 hours at 37°C, then combined with viral
supernatants containing either a GFP-tagged Mtf2 shRNA clones or a scrambled shRNA
control (ThermoFisher). Cells were spun down at 400g for 20 minutes, then maintained
at 37°C. On Day 2, infection was repeated. Cells were grown for 3 days using a fed-batch
culture system, then sorted for high GFP-expression. Sorted cells were fixed in 4% PFA,

permeabilized with 0.3% Triton and stained for Mtf2 (Genway), Ezh2 (Cell Signaling),
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Suz12 (Millipore), or H3K27me3 (Millipore) and appropriate secondary antibodies.
Protein expression was determined by flow cytometry compared with an isotype-only
control. Data analysis compared mean fluorescent intensity values using a ratio paired t-

test.

RNA-seq and ChiP-seq

FL cells from el14.5 Mtf2”* and Mtf2”" mice were isolated and CD71'Ter1197° and
CD71'Ter119"8" fractions were sorted directly into lysis buffer using a MoFlo sorter. For
RNA-seq, RNA was isolated (Arcturus PicoPure Kit, LifeTech) and rDNase treated
(Qiagen). Quality of RNA was determined using a Bioanalyzer. Library preparation was
performed using 150ng of high-quality RNA (TruSeq Library Prep Kit, lllumina), and
sequencing on a HiSeq 2000 (lllumina). TopHat v1.4.1 and Cuffdiff v1.3.0 (Trapnell,
Roberts et al. 2012) were used to map reads to a reference mouse genome assembly
(mm9) and determine expression differences against the Ensembl release 67 gene
model. Significant fold changes were determined using Benjamini-Hochberg corrected p
value of 0.05. Raw RNA-seq data is available in GEO (Accession # - to be completed upon
acceptance). Data was analyzed using gProfiler bioinformatics tool for functional
annotation (Reimand, Kull et al. 2007, Reimand, Arak et al. 2011) and Cytoscape with
Enrichment Map plugin for visualization (Merico, Isserlin et al. 2010, Merico, Isserlin et
al. 2011). RNA-seq targets were validated by gqPCR after RNA was converted to cDNA
using Superscript Il (LifeTech). Raw RNA-seq data is available in GEO (Accession # - to be

completed upon acceptance).
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For ChIP-seq, sorted cells were crosslinked with 1% formaldehyde for 10 minutes
at room temperature. Samples were sheared using a Covaris sonicator until DNA
reached a final size of 75-700bp. 10ug of antibody (anti-Mtf2, Genway; anti-H3K27me3,
Millipore) was bound to pre-blocked Protein A magnetic beads (Millipore), combined
with sonicated DNA and incubated overnight. After incubation, beads were collected
and DNA-antibody complexes were eluted at 65°C. Crosslinks were reversed overnight
at 65°C. Samples were treated with Proteinase K and RNase A and DNA was purified
using phenol-chloroform. 500,000 cells per sample were used for both
immunoprecipiation and control (IgG, SantaCruz). For sequencing, 10 ug of DNA was
used for amplification and library preparation (Diagenode Microplex Library Preparation
Kit). DNA was analyzed for quality, quantity and size using a Bioanalyzer and digital PCR.
Libraries were used for sequencing on a HiSeq 2000 (lllumina). Bowtie v2.2.3 (Langmead
and Salzberg 2012) and MACS 1.3.7 (Zhang, Liu et al. 2008) were used for alignments
and peak calling, respectively. Gene annotations and peak profile analysis were
completed using PAVIS (Huang, Loganantharaj et al. 2013) and GREAT (McLean, Bristor
et al. 2010). The gProfiler bioinformatics tool was used for functional annotation with a
Benjamini-Hochberg FDR correction test, unless indicated (Reimand, Kull et al. 2007,
Reimand, Arak et al. 2011). Repeated k-means clustering analysis of methylation
occupancy was completed using segMINER (Ye, Krebs et al. 2011). Validation of ChlIP-
seq targets was completed by ChIP-qPCR. All gPCR analysis was completed on a Roche
Light Cycler 480 using Sybr Green MasterMix (Roche) and 0.1mM primers. Primer

sequences are listed in Table S5.
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Bone Marrow Transplants and Analysis

For homing experiments, 5x10° FL cells from Mth'/' or wild-type e14.5 embryos were
isolated and labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE)
(5mM/mL, Molecular Probes) and 5 x 10° washed cells were injected via tail vein into
lethally irradiated B6.SJL-Ptprca Pep3b/Boy) (CD45.1%) mice (Jackson Labs). BM was
harvested 17hrs later and assessed for CFSE fluorescence. For primary competitive
transplants, 0.5x10° million FL cells from either Mth'/' or wild-type e14.5 embryos
(CD45.2") were combined with 0.5x10° BM cells from adult CD45.1" mice and injected
via tail vein into lethally irradiated CD45.1" mice. Peripheral blood was assessed by flow
cytometry at various time points up to 4 months post-transplantation. For secondary
transplants, 5x10° cells were isolated from BM of primary transplant recipients and

injected via tail vein into lethally irradiated CD45.1" mice.

Friend Virus

Pcl2”” mice were backcrossed onto a BALB/c background to produce Pcl2”" mice lacking
the Fv2 gene, leading to susceptibility of the Friend virus. Mice (5-8 weeks of age) were
injected with murine Friend virus at saturating doses via tail vein injection. Hematocrits
were determined weekly by saphenous leg bleed. For BFU-E experiments, mice were
sacrificed at 2 weeks post-infection and splenocytes collected and seeded in Methocult
(Stem Cell Technologies) containing IL3 (2.5ng/ml) + SCF (100ng/ml). Uninfected cells

were plated in the same media with the addition of Epo (3U/ml). Cells were seeded at a
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density of 1.5x10° cells per well in triplicate and scored for benzidine positive colony
formation after 8 days. For all other experiments, mice were sacrificed at 4 weeks post-
infection, and splenocytes collected. Flow cytometry was performed using antibodies
cKit (2B8), Scal (D7) and CD133 (13A4) (eBioscience). For colony-forming assays,
splenocytes were seeded at 2x10° cells/ml in Methocult without growth factors (Stem
Cell Technologies). After 12 days, growth-factor independent colonies were

enumerated.

Statistics
All data were expressed as mean + SEM. Data was analyzed using Prism 5.0 (GraphPad
Software). Statistical significance of differences was measured by 2-tailed Student’s t

test. A p value < 0.05 was used as a cut-off to indicate statistical significance.

Study Approval

All animal experiments were conducted with the approval of the University of Ottawa
Animal Care Committee, in accordance with the Canadian Council on Animal Care
Standards and the Province of Ontario's Animals for Research Act. Hematological
parameters were measured using a HEMAVET 950 (Drew Scientific) on peripheral blood
collected from the saphenous vein of 6 and 8 week old animals. For specific studies
mentioned, mice were injected with either a single dose of phenylhydrazine (PHZ,
Sigma, 120mg/kg body weight), a single dose of 5-fluorouracil (5FU, Sigma Aldrich,

150mg/kg body weight) or repeated doses of 5FU (120mg/kg) every 7 days.
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Figure S2.1. Mtf2 expression in the mouse hematopoietic system. (A) Mtf2 protein
expression is high in LSK stem and progenitor cells, including ST-HSC and LT-HSCs.
Dotted lines indicate level of isotype control. (B-C) Mtf2 protein expression was
analyzed in progenitor and mature hematopoietic lineages by flow cytometry. A
representative gating strategy is shown for progenitor analysis. Mtf2 expression is
generally low in mature cells (B cells, T cells) and more restricted progenitors such as
MEP, GMP, CMPs. (LK, lineage cKit). In mature cells, Mtf2 protein levels are highest in
erythroid progenitors (CD71" and/or Ter119) (n=3). (D) In CD71" Ter119'erythroid
progenitors, Mtf2 expression is also regulated during the cell cycle, with highest

expression seen in during S and G,/M phase, based on BrdU/PI staining.
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Figure S2.2. Morphology of wild-type and Mth'/' fetal liver and peripheral blood
erythrocytes. (A) Fetal liver from e14.5 wild-type and Mtf2‘/‘embryos were isolated and
stained for markers of erythrocyte development (CD71, Ter119). Using imaging flow
cytometry, we can see that cells from either genotype within the S2 and S3 populations
of erythroblasts (A and B, respectively), have similar morphology. (C) Representative
pictures from imaging flow cytometry on Mtf2'/'e14.5 peripheral blood. Mth'/'Ter119hi
cells that are present are larger (Brightfield area) with more centrally located nuclei
(lower delta XY centroid values) than their wild-type counterparts. (D) Representative
cell cycle profiles of wild-type and Mtf2'/' Ter119° and Ter119" fetal liver erythroblasts
was assessed using BrdU and PI staining. In the Ter119" fraction, there are fewer Mtf2'/'

cells in Go/G; and more in S phase, compared to wild-type cells.
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Figure S2.3. Knockdown of Mtf2 in adult lineage-depleted mouse bone marrow also

reduces core PRC2 proteins and methylation levels. (A) Mtf2 levels are reduced after

lentiviral-mediated knockdown using two different shRNA clones. Mtf2 levels cells

transduced with a scrambled shRNA control vector are shown for comparison. (B-E)
Upon knockdown of Mtf2, levels of Suz12 (B), Ezh2 (C), Ezh1 (D) and H3K27me3 (C) are

also reduced. (p<0.001)
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Figure S2.4. H3K27me3 binding in wild-type erythroblasts correlates well with publicly
available data. (A) Using publicly available H3K27me3 binding in Ter119" erythroblasts
(from ENCODE) and sampling at a similar read depth, we observe very similar
enrichment patterns between published data and our wild-type cells. k-means clustering
(using segMINER program) was used to visualize H3K27me3 enrichment patterns across
all genes. A heatmap of enrichment densities are centered around the transcriptional
start site of each gene and span +/- 5kb. (B) Plotting read density within 5kb of the TSS
for genes contained within Cluster A (indicated in panel A), we observe as similar
enrichment pattern, at a lower read depth, in our wild-type cells compared to Ter119*
erythroblast data from ENCODE. (C) Annotated genes associated with peak H3K27me3

binding in wild-type Ter119"&"

erythroblasts also overlaps well with published data from
Ter119" erythroblasts. Number of genes annotated with H3K27me3 peaks called by
MACS 1.3.7 are shown. (D) Examples of traces from our H3K27me3 ChIP-seq and RNA-
seq from wild-type and Mtf2'/' cells at Gata2 and Gfil loci. ChIP-seq peaks called by

MACS 1.3.7 are indicated by blue bars.
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Figure S2.5. Genes associated with Mtf2 binding in erythroid cells show little overlap
with Mtf2 and PRC2 targets in ESCs. (A) Mtf2 targets determined by ChIP-seq are
distinct from Mtf2 targets identified in ESCs. (B-D) Targets of PRC2 members identified
in ESCs show little overlap with Mtf2 targets identified in primary erythroid cells. (ChIP-
seq data from ESCs: Mtf2 data (Walker, Chang et al. 2010), Ezh2 & Jarid2 data (Peng,
Valouev et al. 2009), Suz12 & Phf19 data (Hunkapiller, Shen et al. 2012)).
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Figure S2.6. de novo motif analysis using Mtf2 promoter occupancy data in
erythroblasts failed to find a consensus motif. Peaks identified from Mtf2 ChIP data in
erythroblasts were used to search for a consensus DNA-binding motif. We took a
rigorous approach by using multiple de novo motif-finding algorithms, under the
assumption that a true consensus motif will be realized by multiple programs, despite
differences in algorithms used. Examples of consensus motifs found from Mtf2
occupancy data using (A) CisFinder, (B) MEME and (C) DREME programs. While each
program did provide a list of potential motifs and the position weight matrix of each
one, no similarities were found between results. Additionally MEME and DREME failed
to find any centrally located motifs (a common feature usually associating with the
strongest portion of each peak) or motifs associated with any known transcription
factors (based on data from the JASPAR database).
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Figure S2.7. An Mtf2-PRC2 GRN controls chromatin modifiers and cell cycle regulators
during erythroid differentiation. (A) Genes misregulated during Mtf2'/' erythroblast
differentiation (Figure 2.6F, Group B & C) which are also Mtf2-PRC2 targets are
associated with chromatin modifications, cell cycle and other critical cell processes. The
GRN includes genes that are direct targets of Mtf2 in erythroid cells (solid lines) and
those that have lost H3K27me3 (defined as PRC2 targets, dotted lines). (B) Validation of
RNA-seq data by qPCR in Mth'/'erythrobIasts shows upregulation of regulators of the
cell cycle including E2F2 and p21 (Cdkn1a). Data is shown as mean + SEM, n=3, *p<0.05,
**p<0.01, ***p<0.001.
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Figure S2.8. Mtf2+/'mice have normal recovery kinetics after induction of cytopenia.

(A) Adult wild-type and Mtf2+/' mice were injected with a single dose of phenylhydrazine
(120mg/kg body weight) on Day 0 and hematocrit levels were tracked over 12 days.

Mtf2+/'mice had similar hematocrit recovery kinetics as wild-type mice in the 12 days

following injection. (B) Adult wild-type and Mtf2+/'mice were injected with a single dose

of 5FU (150mg/kg body weight) on Day 0 and hematocrit levels were tracked over 12

days. Mtf2+/' mice had similar hematocrit levels as wild-type cells in the 12 days

following injection.
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Chapter 3

Discussion and Future Directions
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3.1 Thesis Summary and Major Findings

The Stanford lab identified the importance of Mtf2 in stem cell fate by GRN
analysis in mESCs (Walker, 2007); the decision to study the role of Mtf2 in mESCs was
made in part by our analysis of tissue microarrays that identified Mtf2 as being highly
expressed in utero as well as in hematopoietic tissues within the adult. Because the
Stanford lab had identified a critical role of Mtf2 in regulating self-renewal and
commitment in mESCs (Walker, 2010), together with the tissue arrays data, | undertook
this project to determine the role of Polycomb-like 2 in vivo and test our hypothesis that
Mtf2 plays a similar role in the hematopoietic system as it does in mESCs. My thesis
revealed an indispensible role of Mtf2 in hematopoietic development and regulation
and a previously unrecognized, wider role for Polycomb accessory proteins. Using
complementary approaches, including mouse models of disease, molecular and cellular
biology, next generation sequencing technologies ChIP-seq and RNA-seq, and
bioinformatics, | have taken a systems approach to investigate the role of Mtf2 outside
of the ESC model system. Collectively, these data have expanded the role of Mtf2
beyond a canonical Polycomb accessory protein and has also opened many avenues of
future research, including pre-clinical studies of Mtf2 as a potential biomarker or
therapeutic target in leukemia.

The major findings outlined in this thesis place Mtf2 as a critical regulator of

hematopoietic development. We show that the loss of Mtf2 results in the post-
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transcriptional reduction of core PRC2 proteins and genome-wide promoter proximal
loss of H3K27me3. The downstream effect of this loss of methylation perturbs Mtf2-
PRC2 gene regulatory networks leading to a defect in erythroid differentiation, loss of
HSC self-renewal and an expansion of progenitor cells in a model of leukemia. These
results reveal unique control of hematopoietic development by Mtf2, something not
originally predicted by its role in ESCs. Our data highlights a tissue-specific role for this
Polycomb protein, and advances its role from an accessory protein in ESCs to a core-like

member of the PRC2 in the hematopoietic system.

3.2 Studying Mtf2 in a constitutive gene-targeted mouse model

Previous work addressing the role of Mtf2 in vivo had been limited to gene trap
mutants that display variable phenotypes. Interruption of Mtf2 between the 4™ and 5™
exon produces viable mice with skeletal abnormalities (Wang, He et al. 2007). A second
mutant strain, using mixed background gene-trapped ESCs, phenocopied the skeletal
phenotype seen previously but also led to early post-natal lethality (Li, Isono et al.
2011). Additionally, using a polyA trap Mtf2 model developed in the Stanford lab, we
observed pre- and post-natal lethality and pleiotropic defects (Stanford Lab,
unpublished data). Breeding difficulties led to a loss of the mouse strain, but not before
we observed other developmental defects, including situs inversus, and a hair cycling
defect suggestive of a role in hair follicle stem cells. In addition, pathological analysis of
neonatal mice showed enlarged lymph nodes bordering on lymphoma, suggesting a role

for Mtf2 in hematopoiesis. Since gene trap mutants can often be hypomorphic
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(Stanford, Cohn et al. 2001), and to maintain strain fidelity which has also led to variable
phenotypes with other Polycomb mutants (Motoyama, Kitajima et al. 1997, Kitajima,
Kojima et al. 1999), we chose to generate Mtf2 null (Mtf2'/') mice in a C57BL/6J

background using gene targeted ESCs.

While our gene-targeted Mtf2 knockout mouse model provides an excellent
model to study the role of Mtf2 during early stage development in vivo, it is not without
its drawbacks. Because the Mtf2 null mutation leads to embryonic lethality, the role of
Mtf2 in non-hematopoietic adult tissues has not been assessed. In addition, if Mtf2
plays a role in the hematopoietic niche, including the fetal liver, the niche could
contribute to the hematopoietic phenotype. | demonstrated that the erythroid
maturation defect in Mtf2-deficient embryos is cell-intrinsic, as it is recapitulated in
competitive reconstitution experiments, where supporting wild-type recipient bone
marrow stromal cells have normal Mtf2 expression. Defining components of the BM
niche and mapping interactions between hematopoietic cells and the stromal
microenvironment have become the subject of many recent studies (Mendez-Ferrer,
Michurina et al. 2010, Ding, Saunders et al. 2012, Ding and Morrison 2013, Greenbaum,
Hsu et al. 2013). In the context of diseases such as myelodysplasia or leukemia, these
interactions may be critical and studies have shown a reciprocal relationship where
alterations in the BM niche may influence disease development and malignant cells can

alter the BM niche (Medyouf, Mossner et al. 2014).
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Other Polycomb proteins have roles in the BM niche, displaying both
hematopoietic cell-autonomous and non-autonomous phenotypes. Bmil plays a cell-
intrinsic role in HSC self-renewal (Park, Qian et al. 2003); in addition, the BM
microenvironment of Bmil”" mice does not support HSC function (lwama, Oguro et al.
2004). The role for Jarid2 in erythroid maturation has been attributed to
microenvironmental defects in certain mouse strains rather than a cell-intrinsic defect
(Takeuchi, Yamazaki et al. 1995, Motoyama, Kitajima et al. 1997). While we demonstrate
that the erythroid maturation defect of Mtf2 null cells is cell-autonomous, this cannot
rule out a role of Mtf2 in any of the non-hematopoietic supporting cells of the fetal liver
microenvironment (hepatocytes, fibroblasts, etc). Creating a bone marrow or fetal liver
stroma lacking Mtf2 and assessing wild-type hematopoietic cell growth and function in
that microenvironment will elucidate the role of Mtf2 in supporting normal

hematopoiesis.

3.3 The changing role of Polycomb accessory proteins

One unique result that has come out of this study is the changing role of
Polycomb accessory proteins. Classically, work has been focused on the “core” PRC2
proteins, Suz12, Ezh2 and Eed based on their importance in ESCs and early development
(Faust, Schumacher et al. 1995, O'Carroll, Erhardt et al. 2001, Pasini, Bracken et al.
2004). Accessory proteins like Jarid2, Aebp2, Pcl proteins (Phfl/Mtf2, Phf19) and
ePRC48 were originally defined based on their co-immunoprecipitation association with

the PRC2 core complex members (Cao and Zhang 2004, Nekrasov, Klymenko et al. 2007,
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Kim, Kang et al. 2009, Peng, Valouev et al. 2009, Shen, Kim et al. 2009, Pasini, Cloos et
al. 2010, Walker, Chang et al. 2010) but their role was considered minor in defining
targeting to particular loci or assisting in the enhancement of methylation. In our study
of Mtf2 in the hematopoietic system, we begin to define a novel role for Polycomb
accessory proteins. While their “supporting” role in ESCs may be limited to “fine-tuning”
PRC2 function, perhaps these accessory proteins only play their “starring” role within
distinct tissues. Each Polycomb accessory protein has a more restricted expression in
adult tissues compared to the ubiquitous expression of core complex members (Zhang,
Morris et al. 2004).

Prospective identification of PRC2 targets in various cell types has proven
difficult and the field has yet to define a molecular binding site for PRC2 in any cell type.
Motif analysis on Jarid2 and PcI3 binding sites has yielded only CpG rich regions (Peng,
Valouev et al. 2009, Hunkapiller, Shen et al. 2012) and defining a classic Polycomb
Response Element (PRE), as is common in flies (Simon, Chiang et al. 1993, Chan, Rastelli
et al. 1994), has also proven challenging in mammalian cells (Sing, Pannell et al. 2009,
Woo, Kharchenko et al. 2010). Our own motif analysis of Mtf2 binding in ESCs (Stanford
lab, unpublished data) or erythroblasts failed to reveal a consensus motif. Together this
suggests that PRC2 binding through accessory proteins may be loosely defined for the
purpose of acting on different targets in different cell types. The addition of co-factors,
including various isoforms of PRC2 core proteins, and the use of tissue specific enhancer
elements, may all work together to create a wide range of transcriptional control by

PRC2 in various cell types.
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Based on our observations of Mtf2 in the hematopoietic system, we see post-
transcriptional regulation of core complex members leading to major downstream
effects. We propose that Mtf2 in hematopoietic cells function as a core PRC2 complex
member and is necessary for PRC2 stability. Future biochemical studies of PRC2 complex
stability, such as gel elutriation studies using proteosomal inhibitors will be integral to
confirm our proposed role for Mtf2 and aid in tracing the fate of PRC2 proteins in cells
deficient of Mtf2. The role for PRC2 accessory proteins in complex stability in specific
tissue may not be limited to Mtf2. A recent paper investigating the role of Jarid2 in the
hematopoietic system using shRNA mediated knockdown described a phenotype similar
to the loss of Suz12 (Kinkel, Galeev et al. 2015). There was no change in transcript level
of other PRC2 proteins after loss of Jarid2, although protein levels were not analyzed. It
will be critical to determine whether other PRC2 accessory proteins also play a role in
complex stabilization in particular tissues or cell lineages, a feature previously described
only for core PRC2 proteins.

In data shown in this thesis, | describe unique roles for Mtf2 in hematopoietic
cells that were not predicted from ESC work. In ESCs, loss of Mtf2 leads to enhanced
self-renewal (Walker, Chang et al. 2010), while in HSCs we observe loss of self-renewal
and exhaustion of the stem cell pool. Although the PRC2 complex is repressive in nature,
its targets could easily change from cell type to cell type. For instance, without Mtf2,
loss of methylation at targets that have a negative effect on self-renewal (i.e. p57) may
lead to decreased self-renewal (Matsumoto, Takeishi et al. 2011). Very recently, the

PRC2 field has reported a non-canonical, activating role of the PRC2 in the
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hematopoietic system, based on a complex that contains Suz12 and Ezh1, but not Eed
(Xu, Shao et al. 2015). It will be interesting to determine whether this secondary,
activating role for this alternative PRC2 is active in other cell types, and what role

accessory proteins play in this non-canonical PRC2 complex.

3.4 Using a systems biology approach to define the role of Mtf2 in development

Using next-generation sequencing techniques we have provided unique insight
into the role of a poorly understood Polycomb protein in the context of hematopoietic
development. While technically challenging, our analysis of Mtf2 binding in low
numbers of sorted primary cells was key to fully understand the role of transcription
and chromatin remodeling factors in particular cell types. The discrepancy with Mtf2
binding sites identified in ESCs prompted the need to draft cell-specific GRNs to gain
insight on the functional consequences of transcriptional regulator depletion or mis-
expression. This phenomenon is not globally recognized and some TFs may have a more
consistent binding profile across many cells types (for example, CTCF) (Shen, Yue et al.
2012, Griffon, Barbier et al. 2015). With the abundance of publically available ChIP-seq
datasets, large-scale analyses of TF binding or histone occupancy across cell types has
become possible (Griffon, Barbier et al. 2015). Many factors have been shown to
contribute to cell-type specific transcription factor binding, including changes in
chromatin confirmation and accessibility by histone modifications (Heintzman, Hon et
al. 2009, Ernst and Kellis 2013), DNA methylation status (Deaton and Bird 2011, Wiench,

John et al. 2011), unique enhancer elements (Shen, Yue et al. 2012) and DNase
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accessibility (Thomas, Li et al. 2011). Another key factor is the abundance of
transcription factor expression in a certain cell type (Wang, Zhuang et al. 2012) or the
expression of necessary cofactors. Cell type specific interactions and binding are key for
delineating differential gene expression (Teng, He et al. 2014), and this integrative
approach allowed us to uncover the function of Mtf2-PRC2 during hematopoietic
development.

To define a gene regulatory network controlled by the Mtf2-PRC2 complex
within the hematopoietic system | used a systems biology approach and integrated
transcriptomic, transcription factor binding and methylation binding data. Using
H3K27me3 ChIP from wild-type and Mth'/' erythroblasts, we identified more than 2500
genes which specifically lost H3K27me3 at regions proximal to their transcriptional start
site. This list contained master regulators of differentiation including members of the
Gata, Lhx and Hox families. The Gata family in particular plays a key role during
erythroid maturation. A switch from high levels of Gata2 expression to Gatal expression
and change in target occupancy allows erythroid cells to terminally differentiate
(lkonomi, Rivera et al. 2000, Bresnick, Lee et al. 2010, Kaneko, Shimizu et al. 2010, Snow,
Trowbridge et al. 2011, Dore, Chlon et al. 2012, Suzuki, Kobayashi-Osaki et al. 2013). A
recent paper by the Orkin group (Xu, Shao et al. 2015) demonstrated that during
erythroid maturation, the “Gata switch” mediates the expression of Ezh1, which allows
re-occupancy of targets formerly bound by Ezh2 and binding of non-canonical PRC2
complexes, leading to gene activation. As we have shown that Mtf2 post-

transcriptionally regulates core PRC2 members in the erythroid system, it likely acts as a
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critical factor during this Gata activation. Further work on the binding of Mtf2-
containing PRC2 complexes at erythroid-specific enhancer elements and at targets
bound by either Gatal or Gata2 will help elucidate the role of Mtf2-PRC2 in the

regulation of red blood cell development.

3.5 Implications for normal hematopoietic stem-cell development

Another important finding has been the role of Mtf2 in controlling self-renewal
of HSCs. In ESCs, loss of Mtf2 resulted in increased self-renewal via a feed-forward
mechanism that enhances the pluripotency network controlled by Oct4 and Sox2
(Walker, Chang et al. 2010). In my thesis, | show how HSCs that lack Mtf2 eventually
exhausted, resulting in a buildup of multipotent progenitors in secondary transplant
recipients. These opposing roles for Mtf2 can be explained through the multiple gene
regulatory networks controlled by the Polycomb Repressive complexes in various
tissues. For example, PU.1 is also critical for HSC self-renewal and differentiation. While
PU.1 expression is necessary for HSC self-renewal (Arinobu, Mizuno et al. 2007),
expression of PU.1 is low in HSCs and increases as cells differentiate to a multi-potent
progenitor stage (Iwasaki, Somoza et al. 2005). Thus, upregulation of PU.1 in Mth'/' LT-
HSC could contribute to defective self-renewal.

One caveat to my studies is how assays were performed to assess HSC self-
renewal. We performed bulk primary and secondary transplants and observed a robust
phenotype. This was recapitulated in our serial 5FU transplants. Nonetheless, it is

important to accurately enumerate HSC and test their individual capacity for self-
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renewal. Using in vitro and in vivo limiting dilution assays (transplants and LT-CICs)
would provide greater resolution in understanding the regulation of HSC self-renewal by
Mtf2.

The construction of our Mtf2-PRC2 hematopoietic-specific gene regulatory
network is also highly influenced by the expression levels of co-factors and Polycomb
protein isotypes, by the accessibility of targets via chromatin compaction or other
epigenetic modifications; all factors that are tissue and cell type specific. In ESCs, Mtf2
does not transcriptionally or post-transcriptionally regulate other PRC2 complex
members, and is important for regulating H3K27me3 at a subset of targets. In contrast,
the post-transcriptional control of core PRC2 members by Mtf2 and the resulting effect
on global methylation may be the cause of its widespread effect on major cell functions,

including stem cell self-renewal.

3.6 The role of Mtf2 in hematological diseases

The role of Mtf2 in hematopoietic differentiation is not only interesting from a
development point of view, but from a clinical perspective as well. Mutations and mis-
expression of multiple PRC1 and PRC2 proteins have been associated with the
development of cancer, including lymphomas and leukemias (reviewed in (Sauvageau
and Sauvageau 2010)). Our work with the Friend Virus leukemia model suggested that
with loss of Mtf2, there is expansion of erythroid progenitor cells at the expense of LSCs.
Recognizing the limitations of the FV erythroleukemia model and its distance from

clinically-relevant models of leukemia, we tested our progenitor expansion hypothesis in

112



two other mouse models of cancer (Figure Al). Through collaboration with the Paulson
lab, we knocked down Mtf2 levels in a mouse model of acute myeloid leukemia (created
via expression of the MLL-AF9 fusion oncogene) and in a model of chronic myeloid
leukemia (created via expression of the BCR-ABL fusion oncogene). In both models,
again we observed expansion in the progenitor cells and reduction in LSCs. Re-
transplanting BCR-ABL infected LSCs with reduced Mtf2 levels led to reduced white
blood cell counts at 4 weeks post-infection, compared to LSCs with normal levels of
Mtf2 and led to longer overall survival. We now see a common role for Mtf2 in
progenitor cell expansion in 3 different models of leukemia.

These results — the increased morbidity in the FV model and the amelioration of
leukemia in both an AML and a CML mouse model — suggest that a common mechanism
of progenitor cell expansion can either be positive or detrimental, depending on the
circumstances. During rapid expansion of leukemic blasts the risk of acquiring a
mutation increases. This can be observed during the tracking of pre-leukemic clones
that, due to their increased genetic instability, have an increased rate of accumulating
mutations during clonal expansion (Jan, Snyder et al. 2012). If a cell first experiences a
loss of PRC2, then gains a mutation driving a leukemic phenotype - as in the case of the
Friend Virus model - our data suggests this would be detrimental and would exacerbate
the leukemia. Instead if a cell first gained a leukemia-inducing mutation and later
experienced loss of PRC2 (due to mutation or hypomethylation), data from our study
and others (Neff, Sinha et al. 2012, Tanaka, Miyagi et al. 2012) suggest the secondary

loss of PRC2 may ameliorate the disease. In each case, the order of mutation acquisition
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may play a profound role in the future of the disease. Adopting disease models that
carefully consider the timing of multiple mutations and polyclonal models of disease will
help to refine our understanding of leukemia progression. And although current patient
diagnostics may not be tracking mutation load, the creation of new deep-sequencing
technologies at relatively low cost could track leukemic and pre-leukemic clones and use
that information to dictate treatment regimes. While many prospective leukemia
treatments being developed focus on eradicating LSCs (Herrmann, Blatt et al. 2012, Dos
Santos, McDonald et al. 2013, Saito, Yuki et al. 2013, Guzman, Yang et al. 2014) thereby
preventing recurrences, we must also consider disease in terms of tumor burden. A
rapidly expanding population of leukemic progenitor cells with a reduced level of Mtf2
could create a high tumour burden that is difficult to control with current treatments. It
will be critical to understand the molecular mechanisms behind expanding progenitor
populations and LSC self-renewal to develop a multi-pronged approach to treating

leukemias.

3.7 Future studies

The data generated from the Mtf2 null mouse model has been beneficial beyond

the basic knowledge of hematopoietic stem cell and erythroid development. We have

generated several avenues of future research that could be further pursued.
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3.7.1 Mtf2 regulates cell cycle control in HSCs

Firstly, in trying to uncover a mechanism of action for Mtf2, our in vivo data
suggests cell cycle regulation is affected with the loss of Mtf2. Mtf2-null cells showed
increased cycling, with fewer cells in the Go/G; phase and more cells in S-phase. Cell
cycle regulators, such as p16™* and p19*% are known targets of PRC2 that have been
well established (Jacobs, Kieboom et al. 1999, Bracken, Kleine-Kohlbrecher et al. 2007,
Kotake, Cao et al. 2007). | hypothesize that Mtf2 is acting through post-transcriptional
regulation of core PRC2 proteins, thus controlling canonical PRC2-mediated H3K27me3
gene repression. We observe levels of cell cycle regulators being affected in our Mth'/'
mice. Overexpression of some key cell cycle regulators, such as Cdk6, have been
recently implicated in human HSC cycle kinetics, maintenance of the stem cell pool and
control of exit from quiescence. In work from the Dick group, overexpression of Cdk6
led to a decrease in Gp transit time, therefore increasing HSC cycling and leading to
exhaustion of the stem cell pool (Laurenti, Frelin et al. 2015). Since we also observe
overexpression of Cdk6 in our Mtf2'/' LT-HSCs, we proposed new experiments to test
whether these cells have a decreased Gy transit time, which could be a reason for the
observed stem cell exhaustion. Due to our limitations in sorting LT-HSCs to absolute
purity (Kiel, Yilmaz et al. 2005), we felt it critical to observe cycle transit times in
individual HSCs. We singly sorted LT-HSCs from both wild-type and I\/Itf2+/'adult mice
and visually observed their time to first and 2" cell divisions over a 96hr period (Figure

A2). It was critical to study cycling times within adult HSCs which follow a cell cycle
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profile that includes a Go quiescent phase, which is not present in the rapidly expanding
HSC population in the developing fetal liver (Nygren, Bryder et al. 2006, Pietras, Warr et
al. 2011). The time to first cell division includes both transit time through Gy (tgo exit) plus
the time for cell division (tis: cell division), While a second cell division of LT-HSCs does not
require the cell to re-enter Go. Therefore, we can calculate the apparent resident time in
Gp by subtracting the time for first cell division from the time to 2" cell division (teoexit =
t1st cell division — t2nd cell division) (Laurenti, Frelin et al. 2015). Cell cycle time to 2" cell division
was not different in LT-HSCs from wild-type or Mtf2+/' mice (average time was ~ 18 hrs)
but the time to first cell division was approximately 3.16 hrs shorter in Mtf2+/' LT-HSCs,
although not statistically different from wild-type. Since the time for 2" cell division is
comparable between genotypes, we conclude that the difference observed in 1* cell
division kinetics are due to a shortened Gg transit time in Mtf2+/' LT-HSCs. The small
sample number (n=3 per genotype) and use of HSCs expressing 50% normal levels of
Mtf2, the effects observed are likely more pronounced in cells deficient in Mtf2.
Nevertheless, the observation of shortened Gg transit time follows the same trend
recently reported for human LT-HSCs overexpressing Cdk6 (Laurenti, Frelin et al. 2015).
The observed increase in Cdk6 in cells with reduced Mtf2 may regulate the exit of
guiescence, leading to more rapid entry in to the cell cycle and eventual exhaustion of
the stem cell pool. Transplanting fetal liver Mtf2'/' HSCs into the bone marrow of an
adult recipient mouse will allow them to re-enter a quiescent state and could be a
model to study exit of quiescence in adult HSCs deficient in Mtf2. Our observations

using adult Mtf2+/' mice also provide clinical relevance to the state of HSCs in a
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pathological situation, where Mtf2 levels may be reduced due to mutation or changes in
promoter methylation state.

A unique feature we observed in hematopoietic cells from our Mtf2'/' mice is
upregulation of Pcgf family transcripts, including Bmil, and multiple Cbx proteins (Figure
A3). There has been a significant amount of research describing the cross talk between
PRC1 and PRC2, although transcriptional control of the Polycomb family of proteins is
still poorly understood. At the functional level, the classic recruitment model of PRC2
proposes that H3K27me3 marks originally laid down by PRC2 are recognized by the
Bmil protein in the PRC1 complex, which can mono-ubiquitinate H2A at lysine 119
(H2AK119ubl1 mark) through its action of Ringlb (Wang, Wang et al. 2004). As we gain
information on the complexity of Polycomb complexes in various tissues, this classic
model may appear too simple and there are cases, at least in ESCs, of PRC2 targets not
bound by PRC1 (Ku, Koche et al. 2008) or some PRC1 targets that are independent of
PRC2 binding (Boyer, Plath et al. 2006). Some known Bmil regulators such as cMyc
(Wang, Liu et al. 2013) and E2F1 (Nowak, Kerl et al. 2006) are also upregulated upon loss
of PRC2 in particular cell types, suggesting indirect regulation, but H3K27me3 levels are
also lost at PRC1 genes upon loss of Mtf2. In flies, there is direct evidence to suggest
positive regulation of Cbx homologues by esc and E(z) (homologues of Eed and Ezh1/2,
respectively)(Ali and Bender 2004). Our data would suggest that in mammalian cells,
misregulation of PRC2 proteins leads to hypomethylation at PRC1 promoters that may
lead to transcriptional activation. Similar examples are seen in primary adipocytes,

where knockdown of Ezh2 increases expression of Bmil (Wang, Jin et al. 2010) and in
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embryonic fibroblasts, where activation of Bmil is seen in cells with knockdown of
Suz12 or Eed (Bracken, Dietrich et al. 2006). Bmil has a well-established role in
controlling development and regulating senescence. When PRC1 target genes are not
properly de-ubiquitinated (via loss of Mysm1, a histone 2 de-ubiquitinase),
hematopoiesis was impaired, specifically in HSC function and erythroid development
(Nijnik, Clare et al. 2012). Overexpression of Bmil can lead to many downstream
changes in gene expression since Bmil is the rate-limiting component of PRC1
monoubiquitination controlling gene repression (Cao, Wang et al. 2002). One target of
Bmil, at least in ESCs, is p57 (Bommi, Dimri et al. 2010), a member of the CIP/KIP family
of cell cycle inhibitors, which is also down-regulated in our Mtf2'/' LT-HSCs. While
transcript levels of p57 did not appear different than wild-type at the CD71'Ter119"&" or
CD71'Ter119'%/™d erythroblast stages used for our RNA-seq analysis, we did observe a
significant decrease in p57 in Mth'/' LT-HSCs.

We sought to investigate the role of Mtf2 at the early erythroblast stage
(Ter119’) using an in vitro differentiation method to determine its role in erythroid
maturation and propose a mechanism of p57 control through both PRC2 and PRC1.
Using transcription factor ChIP-seq for Mtf2 in our wild-type erythroblasts, we show
strong binding of Mtf2 at the Bmil promoter (Figure A3). Ezh2 can also be found bound
to the p57 promoter (Tan, Yang et al. 2007, Yang, Karuturi et al. 2009). This sets up a
model with at least two repressive inputs feeding into the p57 promoter. If Mtf2
negatively regulates Bmil and post-transcriptionally controls the levels of Ezh2, then

loss of Mtf2 may lead to both reduced Ezh2 repression at p57 and increased Bmil
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repression of p57. As with all networks with multiple inputs, we must consider timing
and strength of inputs. Using our data, we propose a model where the repressive
influence of increased Bmil may overshadow the de-repression via Ezh2 loss, resulting
in overall decreased levels of p57. To test this model, we overexpressed p57 in Mtf2-null
erythroblasts and tested their ability to differentiate in vitro. Wild-type e13.5 Ter119
erythroblasts are able to differentiate in vitro with the addition of Epo and turn on
expression of Ter119, a critical step in terminal erythroid maturation. In contrast, most
Mtf2-null e13.5 erythroblasts fail to turn on Ter119 in vitro, resulting in a decrease in
Ter119" cells over 3 days of differentiation. When we overexpress p57 in these cells, we
see an increased number of Ter119" cells at both day 2 and 3 of differentiation.
Although the results were variable, we conclude that overexpression of p57 may
partially rescue the erythroid differentiation defects seen with loss of Mtf2. Since we
know that both Bmil and Ezh2 bind to the p57 promoter, we assessed levels of
H3K27me3 and H2AK119ub1 at the p57 promoter as a functional consequence of Mtf2
deficiency. Interestingly, there was very little enrichment of H3K27me3 or H2AK119ub1
compared to the IgG control in either wild-type or Mtf2 null erythroblasts. Mtf2 null
erythroblasts express very low levels of Mtf2 transcript due to the gene-targeted
cassette but we observed an even further reduction in Mtf2 transcript in cells with p57
overexpression. This suggests a feedback loop may exist between p57 and Mtf2,
potentially through other intermediaries, which may act to regulate the levels of Mtf2.

This hypothesis of indirect down-regulation of a cell cycle component via upregulation
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of the PRC1 may be one mechanism that explains the defect in hematopoietic self-

renewal and a defect in erythroid maturation we see in Mtf2-deficient mice.

3.7.2 Identifying the role of Mtf2 in disease to improve diagnosis and therapies

The function of a protein in normal development can often provide insight into
disease progression and the development of new therapies. Increased proliferation and
abnormal cell cycle observed in our Mtf2'/' cells along with the association of
misregulated core Polycomb proteins and cancer, restricted expression of Mtf2 in the
adult hematopoietic system and our initial work with the Friend Virus erythroleukemia
model, led us to hypothesize that Mtf2 expression may be correlated with the initiation
or progression of leukemia in humans. Furthermore, we drafted an Mtf2-PRC2 gene
signature based on data gathered from our Mtf2-knockdown ESCs (Walker, Chang et al.
2010) and compared this to publically available datasets from 10 different cancers. We
observed a close relationship between the gene signature upon Mtf2 knockdown and
patients with AML. This provided the rationale to further study the association between
Mtf2 and AML. We are currently moving all our future studies into human
hematopoietic stem and progenitor cells (HSPCs) derived from umbilical cord blood and
acute myeloid leukemia (AML) samples, cell lines or AML patient bone marrow
aspirates.

Using our transcriptomics and promoter binding data to identify misregulated
genes in Mth'/'erythrobIasts, we observed an enrichment in genes involved in DNA

damage response (Figure A4). Considering a dysfunctional DNA damage response is one
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of the hallmarks of cancer (Hanahan and Weinberg 2000, Hanahan and Weinberg 2011),
a potential link between Mtf2 expression and DNA damage response could be
interesting in the context of developing leukemia. What this association may mean in
normal and leukemic cells will be a future avenue of study.

Many studies in the cancer field have reported overexpression of Polycomb
components, including Ezh2, associated with various forms of cancer (Bracken, Pasini et
al. 2003, Kleer, Cao et al. 2003, Collett, Eide et al. 2006). Recently, small molecule
inhibitors of Ezh2 such as DZNep (Tan, Yang et al. 2007), which inhibits Ezh2 mediated
methylation, have been developed and show promise in multiple types of cancer
(Puppe, Drost et al. 2009, Suva, Riggi et al. 2009, Rao, Chinnasamy et al. 2011). Some of
these inhibitors have also shown promise in treating lymphomas as well (McCabe, Ott et
al. 2012, Garapaty-Rao, Nasveschuk et al. 2013). But we should be critical of these
inhibitors as a “magic bullet” for cancer treatment. As more and more treatments move
from the bench to the bedside, it is important to look closely at the expression of all
PRC2 components in a patient and the functional outcome of PRC2 misexpression.
There is strong evidence that overexpression of PRC2 components can be as detrimental
as loss of their expression. For instance, overexpression of Ezh and Suz12 have been
associated with breast cancer, colon cancer and lymphomas (van Kemenade, Raaphorst
et al. 2001, Bracken, Pasini et al. 2003, Kirmizis, Bartley et al. 2003, Martin-Perez, Piris et
al. 2010). Upregulation of Phf19 has been implicated in many cancers including colon,
skin, lung (Wang, Robertson et al. 2004) and medulloblastomas (Boulay, Rosnoblet et al.

2011). Recent work in our lab screening AML patients has revealed two distinct patient
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groups with either low or high levels of Mtf2, both of which have poor response to
current treatment strategies. Our data suggest that misregulated Mtf2 levels affect
overall H3K27me3 levels via control of canonical PRC2 signaling. Therefore Mtf2 may
present a novel target for controlling PRC2-mediated H3K27me3. Using Mtf2 as a
treatment target would provide more specificity due to its restricted expression in the
adult. Alternatively, understanding that abnormal levels of Mtf2 may be correlated with
poor prognosis, we could screen additional treatment options that may be effective for
this patient group. Using levels of Mtf2 as a biomarker would allow us to stratify

patients and suggest more appropriate or aggressive types of treatment.

3.8 Conclusions

Building upon our knowledge of the Mtf2 protein in ESCs, we wanted to move away
from a model system and understand the role of Mtf2 in vivo. Instead of simply taking a
reductionist approach using a knockout mouse model, we used an integrative method
to combine multiple facets of data to build a comprehensive story of the role of Mtf2
during hematopoietic development and disease. Relying not only on transcript
expression, we used functional outcomes to assess changes in Polycomb proteins which
uncovered unique roles for Mtf2, a protein previously characterized as simply a PRC2
accessory protein. The data provided in this thesis helps re-define the role of Polycomb
accessory proteins and highlights the tissue-specificity of their functions. We also open

the avenue for understanding the role of Mtf2 both in normal hematopoietic
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development and in the context of disease. Our future work on Mtf2 will help broaden
our knowledge of Polycomb proteins in leukemic development and help develop novel

therapies and improved diagnostic and prognostic markers.
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Figure Al. Reduced Mtf2 levels in other models of leukemia also leads to progenitor
cell expansion. (A) In a mouse model of AML driven by the MLL-AF9 fusion protein,
infected bone marrow cells with reduced Mtf2 levels produced fewer leukemic stem
cells colonies. ***p<0.001 compared to scrambled control. (B) Similarly, in a mouse
model of chronic myeloid leukemia (CML), driven by the BCR-ABL fusion protein,
infected CD34'CD133%Kit'Scal® LSCs with reduced Mtf2 levels gave rise to more
progenitor colonies (CFU-GM) at the expense of leukemic stem cell (LSC) colonies.
**p<0.01, scramble shRNA control compared to shRNA clone. Data is representative of
two independent experiments (C) Mice were transplanted with BCR-ABL induced LSCs
with reduced Mtf2 levels. Four weeks after transplantation, mice receiving LSCs with
reduced Mtf2 levels decreased peripheral white blood cell counts compared to mice
infected with LSCs with normal Mtf2 levels. Data is representative of two independent
experiments.
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Figure A2. Isolated single Mtf2+/' HSCs have a reduced time to 1% cell division
compared to wild-type LT-HSCs. (A) Schematic showing experimental design. LT-HSCs
(LSK CD48°CD150") were sorted from adult wild-type or Mtf2+/' mice and plated as single
cells in supportive media. After 16 hrs, cells were observed every 3 hours and time to
1°* and 2™ cell divisions were recorded. Cells that did not divide after 72 hrs were
excluded. (B,C) The average time to first cell division was slightly shorter in Mtf2+/' LT-
HSCs compared to Mtf2** LT-HSCs (37.7 hrs vs 40.8 hrs). (D, E) The time to 2™ cell
division was similar between genotypes (approx. 17 hrs). (F) The G transit time
(calculated as the time difference between first cell division and 2" cell division), is
approximately 3 hours shorter in I\/Itf2+/' LT-HSCs.
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Figure A3. Overexpression of p57 can partially rescue the erythroid differentiation
defect seen in Mth'/' erythroblasts. (A) Heatmap showing multiple PRC1 genes are
significantly upregulated in Mtf2'/' Ter119" cells. (B) Wild-type Ter119™ cells isolated
from e13.5 fetal liver are able to differentiate in-vitro with addition of Epo and turn on
expression of Ter119". In contrast Mth'/' erythroblasts fail to differentiate.
Overexpression of p57 in Mth'/' erythroblasts partially rescues this defect and some
cells begin to express Terl19. (C) Mtf2 directly binds to the Bmil promoter in
erythroblasts. (D) H3K27me3 and (E) H2AK119ub1 levels are not significantly different at
the p57 promoter in Mtf2'/' erythroblasts compared to wild-type, despite the overall
changes in Ezh2 and Bmil levels. (F) Bmil and Ezh2 have been previously shown to bind
the p57 promoter. Our data suggests that loss of Mtf2 decreases Ezh2, which negatively
regulates p57, but also increases Bmil expression that negatively regulates p57. The
increase in Bmil has a stronger effect leading to overall decrease in p57. Possible
feedback loops may further control levels of Mtf2 in wild-type cells.
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GO Term Gene List p-value

DNA damage i [MAPKAPK2,CRY1,CDKN1A,NEK6, TRP73,CLOCK, TIPIN,CDC14B,BRSKL,PLKS,SOX4 0.0256
signal ion in response to DNA damage WNT1,CDKN1A,SPRED1, TRP73,TWISTL,SNAIL, HIC1,CDKN2A,BCL3,50X4 0.00712
DNA damage response, signal transduction by p53 class mediator ICDKN1A,SPRED1,TRP73,TWIST1,SNAIL,HIC1,CDKN2A,BCL3,50X4 0.00438
intrinsic apoptotic signaling pathway in response to DNA damage HMOX1,EPHA2,CDKN1A,NFATC4,BOK,NACC2,BCL2L11,DYRK2,TRP73,PHLDA3,SNAIL,HIC1,SFN,BCL3,BCL2 0.000731
regulation of DNA damage response, signal transduction by p53 class mediator ISPRED1, TWIST1,SNAIL,HIC1,CDKN2A 0.0431
cellular response to DNA damage stimulus IAXIN2, HMOXL,EPHA2, MAPKAPK2,5GK1,NUAK1,CRY1,NKX3-1,BCL6, WNT1,CDKN1A, NFATC4,MMS19,CBXS, 0.00367

BOK,NEK6,NACC2,SPRED1,BCL2L11,ZMAT3, DYRK2, PLK3,TRP73,SPATA18,CLOCK,GGN, TIPIN,CDC14B,VAV3,

EGLN3, BRSK1, SOX4, CCDC13, HSPALA,SPDYA,YAP1,BCL3, HMGA2,BCL2,FIGN

PLKS, TWIST1,PHLDA3,CCNO,SNAIL,HIC1,FOXO1,CDKN2A, SN,

B Pcl2+/+ vs Pcl2-/-
Ter119high Erythroblasts
Gene log2FoldChange | Adj p value

BCL2 3.323 0.000196
HMGA2 2.608 0.000276
SOX4 2.533 0.000434
NEK6 1.666 0.000910
HSPA1A 2.703 0.001427
PLK3 2.312 0.002730
CBX8 2.664 0.002762
CRY1 2.380 0.003165
VAV3 1.978 0.003353
CDKN1A 1.934 0.004682
FOXO1 2.357 0.005865
DYRK2 2.344 0.006180
IAXIN2 2.621 0.007181
MMS19 0.718 0.009767
EGLN3 2.232 0.009804
CDC14B 1.663 0.017196
PHLDA3 1.843 0.017399
MAPKAPK2 1.637 0.017635

Figure A4. Genes without promoter-proximal H3K27me3 marks in Mtf2-deficient
erythroblasts are related to the DNA damage and repair pathways. (A) By analyzing the
list of genes that have lost promoter-proximal methylation in Mth'/' erythroblasts
(Rothberg, 2016; Table 2), we observe a significant overrepresentation of genes
associated with gene ontology (GO) terms for cellular response to DNA damage. GO
analysis was performed using gProfiler data and a Benjamini-Hochberg FDR statistical
test. (B) Examples of genes associated with GO terms listed in Table A and their changes
in expression level in I\/Itf2'/' Ter119"e" erythroblasts compared to wild-type. Most
genes are significantly upregulated, keeping with the role of Mtf2 as a transcriptional
repressor.
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Methods

Single cell HSC kinetics

Single cell cycle kinetics were analyzed based on methods outlined in (Benveniste, Frelin
et al. 2010). Briefly, bone marrow was isolated from adult (8-12 wk old) Mtf2”* and
Mtf2+/' mice.  After lysis using NH4Cl, cells were lineage depleted (Stem Cell
Technologies), then stained with antibodies against cKit (2B8), Scal (D7), CD48 (HM48-
1) and CD150 (mShad150) (eBioscience). LSK CD48° CD150" cells were sorted on a MoFlo
sorter and single cells were deposited into a wells of a 96-well plate that contained
100ul of media (IMDM + 1%FBS, 0.1%BSA, IL-11 (10ng/ml), SCF (50ng/ml), FIt3
(50ng/ml); transferrin (Sug/ml), insulin (5ug/ml)). Wells containing single cells were
identified using an inverted microscope (Leica) 16 hrs after plating. Wells were then
visualized every 3 hours for 96 hrs and cell divisions were recorded. A minimum of 35
clones were observed per mouse. The proportion of cells divided at each time interval
was plotted and fit to a sigmoid curve (Graph Pad) and time of 1*" and 2" cell divisions
were calculated as the logECsy of each respective sigmoid curve. The time of Gy exit is

defined as teoexit = trirstbiv — tsecondpiv, @S outlined in (Laurenti, Frelin et al. 2015).

In Vitro Erythroid Differentiation

In vitro erythroid differentiation experiments were modified from an assay described
previously (Zhang, Socolovsky et al. 2003). Briefly, fetal liver from e13.5 I\/Itf2+/+ and
Mtf2'/' mice was labeled with purified Ter119 antibody (eBioscience) and Ter119 cells

were isolated using magnetic bead depletion according to manufacturer’s instructions
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(Invitrogen). Cells were transduced with lentivirus containing RFP-expressing plasmids
encoding p57 cDNA or scrambled control (constructs from Applied Biological Materials).
Cells were cultured on fibronectin-coated plates in erythroid maintenance media (IMDM
containing 15% FBS, 1% BSA, 200g/mL holo-transferrin (Sigma), 10g/mL recombinant
human insulin (Sigma), 2 mM L-glutamine, 10* M b-mercaptoethanol, and 2 U/mL Epo)
for 2 days, then in erythroid differentiation media (IMDM containing 20% FBS, 2mM L-
glutamine, and 10* M b-mercaptoethanol) for one day. At days 2 and 3, the percentage
of Ter119" cells was assessed by flow cytometry.

Other leukemia models

CML was induced in C57BL/6 mice as previously described (Hegde, Kaushal et al. 2011).
MLL-AF9 or CML CD34'CD133"Kit*Scal® leukemia stem cells (LSCs) from CML mice were
isolated by FACS using antibodies to CD34 (Biolegend, San Diego, CA), CD133 (Millipore,
Burlington, MA), cKit (Biolegend) and Scal (Biolegend). The cells were infected with
lentiviruses expressing Mtf2 shRNAs clone 3 and clone 7 or scramble control. Infected
cells were selected in puromycin containing media. For in vitro assays cells were plated
in methylcellulose media containing Shh (200 ng/ml), GDF15 (30 ng/ml), SCF (50ng/ml)
and IL-3 (10 ng/ml) for LSC colony assay or Methocult 3234 containing 10 ng/ml GM-CSF
for CFU-GM assays. The cells were incubated for 7 days and colonies scored. For in vivo
assays, lentiviral infected LSCs were transplanted into secondary recipients as previously
described (Hegde, Kaushal et al. 2011). White blood cell counts were performed at 4
weeks post-transplantation. All data from MLL-AF9 and BCR-ABL mouse models is

representative of two independent experiments.
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Janet Rothberg - CV

Education
Doctor of Philosophy,

Cellular and Molecular Medicine, University of Ottawa (transfer)

Doctor of Philosophy,

Sept 2011- Present

Sept 2009-Aug 2011
Institute for Biomaterials and Biomedical Engineering, University of Toronto

Master of Science, Department of Physiology, Western University Sept 2005- Aug 2007

Bachelor of Medical Science (Hons.),

Department of Physiology & Pharmacology, Western University

Skills & Workshops

2nd International Advanced Course on
Regenerative Medicine Manufacturing
Hilton Head, SC

Foundations of Project Management Il
Mitacs, Ottawa, ON

Communication & Commercialization Workshop,
Stem Cell Network, Toronto, ON

Imaging Flow Cytometry (ImageStream) Training Workshop,
Amnis, Seattle, WA

Advanced Multi-colour Flow Cytometry,
Stem Cell Network, Vancouver, BC

Sept 2001- April 2005

March 2016

March 2014

March 2013
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May 2011
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Scholarships and Awards
Oral Presentation Award, 2" place, Lightning Round,

2015 Till & McCulloch Meeting 2015
Ontario Graduate Scholarship 2013-2014
University of Ottawa, Excellence Scholarship 2011-2016
Oral Presentation Award, 1st place, OHRI Research Day 2013 2013
Stem Cell Network Soft Skills Workshop Bursary 2013
CIHR Banting and Best Canada Graduate Scholarship 2010-2013
Queen Elizabeth Il Scholarship (declined) 2012
Oral Presentation Award, Lightning Round, 2013 Till & McCulloch Meeting 2012
University of Ottawa, CMM Seminar Award 2012
Stem Cell Network Advanced Multi-colour Flow Cytometry Course Bursary 2011
University of Toronto Barbara and Frank Milligan Scholarship 2010-2011
Ontario Graduate Scholarship (declined) 2010-2011
Ontario Graduate Scholarship 2009-2010
University of Toronto Open Fellowship 2009-2010

Peer-Reviewed Publications (as Rothberg or Manias)

Nag S, Manias JL, Kapadia A, Stewart DJ. Molecular changes associated with the
protective effects of Angiopoietin-1 during blood-brain barrier breakdown post-injury.
Molecular Neurobiology. 2016 June 22.

Julian LM, Carpenedo RL, Rothberg JL, Stanford WL. Formula G1: Cell cycle in the
driver’s seat of stem cell fate determination. Bioessays. 2016 April.

Chitilian JM, Thillainadesan G, Manias JL, Chang WY, Walker E, Isovic M, Stanford WL

Torchia J. The p/CIP/SRC-3 oncogene is required to maintain pluripotency of embryonic
stem cells. Stem Cells. 2013 Oct 1.
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Chang WY, Lavoie JR, Kwon SY, Manias JL, Chen Z, Ling V, Stewart DJ, Stanford WL.
Feeder-Independent derivation of induced-pluripotent stem cells from peripheral blood
endothelial progenitor cells. Stem Cell Res. 2013 Mar;10(2):195-202.

Chang WY, Garcha K, Manias JL, Stanford WL. Deciphering the complexities of human
diseases and disorders by coupling induced-pluripotent stem cells and systems
genetics.Wiley Interdiscip Rev Syst Biol Med. 2012 Jul;4(4):339-50.

Walker E*, Manias JL*, Chang WY* and Stanford WL. PCL2 modulates gene regulatory
networks controlling self-renewal and commitment in embryonic stem cells. Cell Cycle
2011 Jan; 10(1): 45-51. *co-authors

Shuhendler AJ, Cheung RY, Manias J, Connor A, Rauth AM, Wu XY. A novel doxorubicin-
mitomycin C co-encapsulated nanoparticle formulation exhibits anti-cancer synergy in
multidrug resistant human breast cancer cells. Breast Cancer Res Treat. 2010
Jan;119(2):255-69.

Nag S, Manias JL, Stewart DJ. Pathology and new players in the pathogenesis of brain
edema. Acta Neuropathol. 2009 Aug;118(2):197-217.

Nag S, Manias JL, Stewart DJ. Expression of endothelial phosphorylated caveolin-1 is
increased in brain injury. Neuropathol Appl Neurobiol. 2009; 35:417-426.

Manias JL, Plante |, Gong XQ, Shao Q, Churko J, Bai D, Laird DW. Fate of connexin43 in
cardiac tissue harbouring a disease-linked connexin43 mutant. Cardiovasc Res. 2008 Dec
1;80(3):385-95.

Yeung D, Manias JL, Stewart DJ, Nag S. Decreased junctional adhesion molecule-A
expression during blood-brain barrier breakdown. Acta Neuropathol. 2008
Jun;115(6):635-42.

Langlois S, Mayer AC, Manias JL, Shao Q, Kidder GM, Laird DW. Connexin levels regulate
keratinocyte differentiation in the epidermis. J Biol Chem. 2007 Oct 12;282(41):30171-
80.

Wong HL, Rauth AM, Bendayan R, Manias JL, Ramaswamy M, Liu Z, Erhan SZ, Wu XY. A
new polymer-lipid hybrid nanoparticle system increases cytotoxicity of doxorubicin
against multidrug-resistant human breast cancer cells.

Pharm Res. 2006 Jul; 23(7):1574-85.
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McLachlan E, Manias JL, Gong XQ, Lounsbury CS, Shao Q, Bernier SM, Bai D, Laird DW.
Functional characterization of oculodentodigital dysplasia-associated Cx43 mutants. Cell
Commun Adhes, 2005 Jul-Dec;12(5-6):279-92.

Conference Presentations and Publications

Manias-Rothberg JL, Maganti H, Porter CJ, Palidwor GA, Perkins TJ, Paulson R, Ito C,
Stanford WL. The in vivo role of Polycomb-like 2. 2015 Till & McCulloch Annual Meeting
(Lightning Round Oral Presentation, won 2™ place)

Rothberg, JL. “Presenting Your Research to a Lay Audience”. Invited workshop at
CALAS Annual Symposium, May 2015.

Rothberg JL, Stanford WL. Polycomb-like 2 (Pcl2/Mtf2) is required for epigenetic
regulation of hematopoiesis. 2015 Ottawa Institute for Systems Biology Symposium,
May 2015. (Oral Presentation)

Manias JL, Maganti H, Porter CJ, Palidwor GA, Perkins TJ, Paulson R, Ito C, Stanford WL.
The in vivo role of Polycomb-like 2. 2014 Till & McCulloch Annual Meeting (Poster)

Rothberg, JL. “Presenting Your Research to a Lay Audience”. Invited workshop at
Trainee Poster Competition and Workshop, Arthritis Network/Canadian Arthritis
Foundation, November 2013.

Rothberg (Manias) JL, Stanford WL. Polycomb-like 2 (Pcl2) is critical for normal
hematopoietic development. 2013 OHRI Research Day (Oral Presentation, won 1st
prize)

Manias JL, Maganti H, Porter CJ, Palidwor GA, Perkins TJ, Paulson R, Ito C, Stanford WL.
The in vivo role of Polycomb-like 2. 2013 Till & McCulloch Annual Meeting (Poster)

Manias JL, Stanford WL. The in vivo role of Polycomb-like 2. 2012 Till & McCulloch
Annual Meeting (Lightning Round Oral Presentation, won top PhD presentation prize)

Manias JL, Stanford WL. Review of Sing, A et al. (2009). A vertebrate Polycomb response
element governs segmentation of the posterior hindbrain. Cell 138, 885-897. (F1000)
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Manias JL, Kapadia A, Nag S. Detection of multiple proteins in intracerebral vessels by
confocal microscopy. Methods Mol Biol. 2011;686:177-92. (Book Chapter)

Manias JL, Laird, DW. Expression and Fate of Cx43 in vivo and in Cardiac-derived Cells
Harboring an Autosomal Dominant Gjal (Cx43) Gene Mutation. American Society of Cell

Biology 46th Annual Meeting. December 2006. (Poster)

Manias JL, Laird DW. The role of disease-linked connexin43 mutations in cardiac
function. Canadian Student Health Research Forum, Winnipeg, MB. June 2006. (Poster)
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Table S1. Genes identified as losing H3K27me3 in Mtf2-/- erythroblasts

Mtf2+/+ vs Mtf2-/- Mtf2+/+ vs Mtf2-/-
Ter119-/lo Erythroblasts Ter119high Erythroblasts
Gene Name log2FoldChange | Adj p value| Significant p<0.05 | log2FoldChange | Adj p value| Significant p<0.05
0610010012Rik 2.6501 0.1643 no 2.3812 0.1211 no
1110012J17Rik 8.0000 1.0000 no 18.0000 1.0000 no
1110032F04Rik 1.6204 0.3129 no 2.2126 0.0269 yes
1110067D22Rik 0.2483 0.9997 no 1.8882 0.0119 yes
1190005106Rik 0.6894 0.9802 no -0.7435 1.0000 no
1300014106Rik 2.8239 0.0042 yes 1.7044 0.0120 yes
1520402A15Rik 1.3637 0.5980 no 0.4942 0.7969 no
1600021P15Rik 1.4149 1.0000 no 1.0249 1.0000 no
1600029015Rik -6.0000 1.0000 no 18.0000 1.0000 no
1700001C19Rik 0.1104 1.0000 no -1.1472 1.0000 no
1700001022Rik 8.0000 1.0000 no 0.0000 1.0000 no
1700018A14Rik 0.0000 1.0000 no 0.0000 1.0000 no
1700019N12Rik 8.0000 1.0000 no 18.0000 1.0000 no
1700025G04Rik 2.4364 0.0554 no 0.9311 0.2099 no
1700054NO08Rik 0.2353 0.9997 no 0.0622 0.9591 no
1700101E01Rik 0.4990 1.0000 no -1.1444 1.0000 no
1810019J16Rik 1.4665 1.0000 no 18.0000 1.0000 no
1810027010Rik 0.3497 0.5868 no -1.1053 0.0155 yes
2010107G23Rik 2.0753 0.1591 no 3.6454 0.0599 no
2010300C02Rik 8.0000 1.0000 no 18.0000 1.0000 no
2210411K11Rik -0.0166 0.9997 no 0.9281 0.1949 no
2310014H01Rik NA NA NA NA NA NA
2410017117Rik 0.0000 1.0000 no 0.0000 1.0000 no
2410022L05Rik 0.1964 0.9997 no 2.1028 0.0223 yes
2510009E07Rik 1.5162 0.3510 no 1.2627 0.1836 no
2610017109Rik 0.0000 1.0000 no 0.0000 1.0000 no
2610019F03Rik -0.0283 0.9997 no 18.0000 0.0371 yes
2610109H07Rik 1.0174 1.0000 no -12.0000 1.0000 no
2700046G09Rik -0.5767 1.0000 no 18.0000 1.0000 no
2700086A05Rik 8.0000 1.0000 no 0.6097 1.0000 no
2810025M15Rik 0.0321 0.9997 no 1.3412 0.1249 no
2810030E01Rik 1.9018 1.0000 no 1.1522 1.0000 no
2810032G03Rik 0.0000 1.0000 no 18.0000 1.0000 no
2810055F11Rik 1.8035 0.1069 no 1.8165 0.0625 no
2810410L24Rik 8.0000 1.0000 no 1.5771 0.2475 no
2810459M11Rik 1.9963 0.0270 yes 0.6165 0.4678 no
2900092D14Rik NA NA NA NA NA NA
3830403N18Rik 0.6354 0.9871 no 0.1402 0.9173 no
3830431G21Rik 1.6378 0.2398 no 4.2527 1.0000 no
4430402118Rik -0.2461 1.0000 no 18.0000 1.0000 no
4732471D19Rik 0.1851 0.9997 no 2.3770 0.0000 yes
4833427G06Rik 0.0000 1.0000 no 0.0000 1.0000 no
4921515J06Rik -6.0000 1.0000 no 0.0112 1.0000 no
4930412013Rik 8.0000 1.0000 no 18.0000 1.0000 no
4930420K17Rik 1.6353 0.2730 no 1.2071 0.2149 no
4930429B21Rik 0.0000 1.0000 no 0.0000 1.0000 no
4931408A02Rik 0.9708 1.0000 no 0.0006 0.9995 no
4931429111Rik 0.0000 1.0000 no -12.0000 1.0000 no
4932441)04Rik 0.0221 1.0000 no 0.0000 1.0000 no
4933406118Rik 0.0000 1.0000 no 0.0000 1.0000 no

4933421010Rik 0.7414 0.9414 no 0.2719 1.0000 no



4933439C10Rik
5430405G05Rik
5430407P10Rik
5730528L13Rik
5730559C18Rik
6030419C18Rik
6030429G01Rik
6230409E13Rik
6330512MO04Rik
6430527G18Rik
6430548MO08Rik
6430704MO03Rik
8430427H17Rik
9030224M15Rik
9030409G11Rik
9030612E09Rik
9130024F11Rik
9130206124Rik
9330182L06Rik
9430021MO5Rik
9430076C15Rik
9830001HO06RIk
A330050F15Rik
A430107013Rik
Adgalt
A530013C23Rik
A930011G23Rik
Abca5

Abcblb

Abcgl

Abhd15

Abhd6

Ablim3

Abtb2

Acan

Accnl

Accn2

Accn4

Acer2

Acotl

Acsl6

Actléb

Actnl

Acvrl

Acvrlb

Acvr2a

Acvr2b

Adam11l
Adam15
Adam19
Adam23
Adamts14
Adamts2
Adamts20
Adamts7
Adamts8

Adapl

Adap2

0.3894
0.0000
2.8297
2.8298
8.0000
0.0000
1.3297
8.0000
0.5750
5.0052
2.6617
-6.0000
0.3200
0.0275
NA
0.0000
0.0000
2.9486
2.5231
0.0000
0.0000
-0.6195
-6.0000
1.4840
3.9637
0.0000
-6.0000
0.3128
1.6205
1.6980
0.7326
1.0881
-6.0000
1.6817
0.0000
0.0000
0.0300
-0.1368
-0.0068
1.6150
-0.6700
-6.0000
1.2791
1.1918
1.5410
0.3556
0.0961
8.0000
2.3720
1.0234
8.0000
8.0000
0.5378
1.4991
0.8112
8.0000
0.8736
1.7085

NA

0.9765
1.0000
0.0008
0.0046
1.0000
1.0000
1.0000
1.0000
1.0000
0.0007
0.0069
1.0000
0.9502
1.0000

1.0000
1.0000
0.0001
0.0460
1.0000
1.0000
0.8117
1.0000
0.9340
1.0000
1.0000
1.0000
0.9997
0.2844
0.1313
0.9095
0.3586
1.0000
0.0982
1.0000
1.0000
1.0000
1.0000
0.9997
0.2447
0.2521
1.0000
0.0093
0.4116
0.2498
0.9997
0.9997
0.1243
0.0001
0.9311
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2338
0.0802

no
no
yes
yes
no
no
no
no
no
yes
yes
no
no
no
NA
no
no
yes
yes
no
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no

2.3368
0.0000
1.8146
4.2116
18.0000
18.0000
3.3957
18.0000
1.8167
2.6252
2.4551
18.0000
-0.0633
1.5413
NA

0.0000
18.0000
3.1465
2.3666
0.0000
0.0000
0.6851
0.0000
0.1172
18.0000
18.0000
0.0000
0.6957
1.9723
1.1503
1.8455
0.4871
-12.0000
-0.4138
0.0000
18.0000
1.4876
18.0000
0.8214
0.8620
2.0060
18.0000
0.9980
1.3183
2.4118
0.7420
3.0961
0.6312
1.4358
-0.1966
1.9264
1.3965
-2.6198
4.4149
-0.7591
0.0000
2.2350
1.1653

NA

0.0087
1.0000
0.0099
0.0004
1.0000
1.0000
1.0000
1.0000
1.0000
0.0039
0.0004
1.0000
0.9154
1.0000

1.0000
1.0000
0.0005
0.0269
1.0000
1.0000
0.3980
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0273
0.1872
0.0240
0.5060
1.0000
0.6636
1.0000
1.0000
1.0000
1.0000
0.3530
0.3819
0.0089
1.0000
0.0288
0.0767
0.0034
0.4692
0.0388
1.0000
0.0016
0.8751
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.0675

yes
no
yes
yes
no
no
no
no
no
yes
yes
no
no
no
NA
no
no
yes
yes
no
no
no
no
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
no
yes
no
yes
no
yes
no
yes
no
yes
no
no
no
no
no
no
no
yes
no



Adarbl
Adc
Adcy2
Adcy3
Adcy5
Adm
Adora2b
Adrald
Adra2a
Adra2c
Adrbl
Aebpl
Agapl
Agap2
Agpat3
Agpat9
Ahdcl
Ahnak
Al118078
Al314831
Al646023
Al661453
Al836003
Aifll
Aim1
Ajapl
AK129341
Ak4

Ak5
Akap12
Aldhla2
Aldh5al
Alox12
Alpl
Als2cl
Alx3

Alx4
Amigol
Amigo2
Amn
Amotl2
Amph
Ank1
Ank3
Ankrd13b
Ankrd33b
Ankrd34a
Ankrd34b
Ankrd44
Ankrd56
Ankrd57
Ankrd6
Ankslb
Anks6
Anob6
Aplm2
Apbal
Apbb2

2.329810000000(

NA
NA

3.1497
-1.1885
1.8382
0.0415
1.5158
3.0013
3.8503
-6.0000
8.0000
0.0000
2.6492
2.2373
1.0822
0.5545
1.3363
-0.5009
0.0171
2.6160
0.0000
0.0000
-0.9701
3.7943
0.0000
0.0656
1.8150
0.0000
0.6818
0.2649
0.0346
1.4669
1.0474
2.0921
1.4359
2.4282
3.0318

0.0000
0.3430
0.3818
1.0358
2.4015
2.3500
0.2631
1.8462
0.3809
8.0000
3.4424
0.0000
1.4118

-0.1892
0.0000
-0.0030
0.6684
8.0000
2.4818
2.6607

NA
NA

0.0061
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0029
0.2847
0.9300
0.0004
1.0000
0.9997
0.0055
1.0000
1.0000
1.0000
0.0262
1.0000
0.9997
0.0202
1.0000
0.9706
0.9997
1.0000
1.0000
1.0000
0.0756
0.2887
0.0272
0.0000
1.0000
1.0000
0.9997
1.0000
1.0000
0.0310
1.0000
0.3464
0.0008
0.5455
1.0000
1.0000
1.0000
0.1931

0.9997
1.0000
1.0000
0.5637
1.0000
1.0000
0.5204

yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
yes
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
NA
NA
no
no
no
no
no
no
no

NA
NA

-0.1490
18.0000
0.9588
1.2235
0.1456
0.2668
0.0791
-1.5821
2.7254
18.0000
-0.5701
1.2923
2.6287
2.8577
1.8603
0.6969
2.2870
2.0885
0.0000
0.0000
-1.6321
1.5398
0.0000
2.0477
2.1407
0.0000
2.6288
2.7676
18.0000
0.7100
0.2536
1.5663
0.6508
-0.5134
1.9556
0.0000
0.0000
1.2079
1.0930
1.5204
0.2897
0.7877
-0.7418
0.8828
3.5407
0.3873
0.0000
18.0000
2.4379

0.3900
-12.0000
2.3905
0.9419
-0.0254
2.8055
0.9013

NA
NA

1.0000
1.0000
1.0000
0.2194
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0474
0.0004
0.0003
0.0000
0.7752
0.0031
0.0019
1.0000
1.0000
1.0000
1.0000
1.0000
0.1774
0.0023
1.0000
1.0000
0.0000
1.0000
1.0000
1.0000
0.0852
0.4978
0.6208
0.0118
1.0000
1.0000
1.0000
1.0000
1.0000
0.8002
1.0000
0.0208
0.1530
0.0000
1.0000
1.0000
1.0000
0.0015

0.7005
1.0000
1.0000
0.0815
1.0000
1.0000
0.6840

no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
yes
no
yes
yes
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
yes
no
yes
no
no
no
yes
NA
NA
no
no
no
no
no
no
no



Apc2
Apcddl
Aqp5
Arap2
Arf3

Arg2
Arhgap20
Arhgap26
Arhgap29
Arhgap31
Arhgef10l
Arhgefl6
Arhgefl7
Arhgef26
Arhgef37
Arhgef5
Arhgef7
Arid3c
Arldc
Arnt2
Arntl
Arpp21
Arsb

Artn
Arvcf
Asap2
Asb4
Asb8
Ascl2
Atf3

Atnl
Atoh7
Atoh8
Atplla
Atp6vlc2
Atp8b1l
Atp8b2
Atp9a
Atrnll
Atxnl
AU023871
AW011738
AWS555464
Axin2
B3galntl
B3gnt3
B4galntl
B4galnt2
B4galnt3
B4galnt4
B4galt2
B4galt4
B4galt5
B4galt6
B830017HO8Rik NA
B930041F14Rik
Bahccl
Bahd1l

1.8443
8.0000
0.0000
3.6203
0.2615
0.5780
-6.0000
4.1377
0.5708
1.1863
1.4063
1.1707
1.6113
1.0469
1.9951
2.2534
0.1827
0.0000
1.3514
3.3441
-0.0152
0.1433
1.2231
2.4175
-0.8032
0.7778
2.1585
-0.1369
1.7792
0.6742
1.4083
0.0000
2.8812
0.7417
2.0836
0.4927
1.6318
-0.5022
0.0669
0.1458
1.4523
6.3688
1.9808
1.0037
0.2961
0.9463
0.5150
0.4425
0.4558
0.5677
0.7047
1.7409
1.7096
2.8596

3.2564
0.8187
0.0496

NA

1.0000
1.0000
1.0000
0.1630
0.9733
1.0000
1.0000
0.0000
0.6697
0.3255
0.0611
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
0.9997
1.0000
0.3099
0.0007
0.0282
0.5046
0.0792
0.9997
1.0000
1.0000
0.1068
1.0000
1.0000
0.2848
1.0000
1.0000
0.0507
0.9758
0.9997
1.0000
0.6956
0.0013
0.0067
0.7835
1.0000
0.6767
0.6800
0.9997
1.0000
1.0000
0.7422
0.2843
0.0119
0.0018

1.0000
0.2468
0.9997

no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
yes
yes
NA
no
no
no

NA

0.2470
18.0000
0.0000
0.5453
1.6610
1.5301
-2.2346
1.9621
1.0607
1.1329
1.9788
1.8221
1.3396
1.5407
1.2036
2.2635
1.0119
0.0000
1.1113
18.0000
1.7633
3.0052
2.1767
-0.1540
0.9461
2.2294
1.7442
0.2559
3.6474
1.3707
1.4013
0.0000
18.0000
1.1918
18.0000
1.1970
2.8353
1.2044
0.7573
0.2685
1.5350
1.8674
1.7690
2.6208
0.1531
-0.6293
2.9609
0.2320
-1.6087
1.4687
0.9230
0.4142
0.8500
2.6067

1.2439
2.0111
0.5132

NA

1.0000
1.0000
1.0000
0.5620
0.0040
1.0000
1.0000
0.0158
0.0573
0.1269
0.0002
0.0174
1.0000
1.0000
1.0000
0.0115
0.1419
1.0000
1.0000
1.0000
0.0139
1.0000
0.0047
0.7967
0.0401
0.0007
0.0577
0.6688
1.0000
0.2337
0.0788
1.0000
1.0000
0.0539
1.0000
1.0000
0.0000
0.3138
0.4232
1.0000
0.1468
0.0333
0.0042
0.0072
0.9097
0.4978
0.0000
1.0000
0.0918
1.0000
0.1398
0.6256
0.0922
0.0007

1.0000
0.0029
0.2381

no
no
no
no
yes
no
no
yes
no
no
yes
yes
no
no
no
yes
no
no
no
no
yes
no
yes
no
yes
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
yes
yes
no
no
yes
no
no
no
no
no
no
yes
NA
no
yes
no



Bail

Bai2
Baiap2
Baiap3
Barhl1
Barhl2
Barx1
Barx2
Batf3
BC005764
BC022687
BC030476
BC057022
BC061194
BC068157
Bcan
Bcarl
Bcar3
Bclllb
Bcl2
Bcl2l11
Bcl3

Bcl6

Bcer
Beanl
Bend4
Bend5
Bend6
Bend7
Bfspl
Bhlhe22
Bhlhe23
Bhlhe40
Bhlhe41
Biccl

Bik

Binl
Blvrb

Bmf

Bmil
Bmpl
Bmp2
Bmp6
Bmp7
Bmper
Bmprla
Bncl
Bnc2

Boc

Bok

Boll

Brskl
Brsk2
Brwd1l
Bsn

Bspry
Bves
C030039L03Rik

0.0000
8.0000
1.2410
0.1934
-6.0000
0.0000
8.0000
0.0000
2.3747
0.4575
1.5020
0.0000
0.0962
0.0000
1.4869
0.0000
1.5874
2.1267
2.0364
1.0883
-0.2020
2.3942
2.7756
2.1090
0.0000
2.5043
8.0000
1.1308
2.7798
1.3897
0.0000
0.0000
2.2738
2.9811
1.8434
1.8605
2.0802
0.1085
1.7718
0.7186
2.1962
3.2571
-0.4013
3.0749
8.0000
1.4912
0.0000
0.4089
8.0000
4.3562
1.7206
8.0000
8.0000
0.1327
0.1138
0.2567
0.9898
1.0719

1.0000
1.0000
0.2120
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.8023
0.4068
1.0000
1.0000
1.0000
1.0000
1.0000
0.1537
1.0000
1.0000
0.6948
0.9997
0.0242
1.0000
0.0001
1.0000
0.0204
1.0000
1.0000
0.0292
1.0000
1.0000
1.0000
0.2343
1.0000
1.0000
0.2983
0.0082
0.9590
0.5709
0.0918
0.0022
0.0078
1.0000
1.0000
1.0000
0.0679
1.0000
1.0000
1.0000
0.0599
1.0000
1.0000
1.0000
0.9997
0.9997
1.0000
1.0000
0.6000

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
yes
no
no
yes
no
no
no
no
no
no
no
yes
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

0.0000
18.0000
1.1644
1.6951
0.0000
0.0000
18.0000
0.0000
1.4309
2.0629
1.5927
2.6076
2.6815
18.0000
1.6155
1.9286
1.1278
0.7253
0.0000
3.3226
0.5949
1.2916
1.2875
3.1446
0.0000
2.3969
-0.5042
1.1716
1.6561
2.5546
18.0000
0.0000
1.3214
-0.0892
1.4812
3.3444
1.4518
-1.0710
0.3132
2.8412
2.0721
0.4078
1.7076
2.5348
0.0000
1.0659
18.0000
1.8196
-0.0658
0.4461
18.0000
2.4145
1.8979
1.6864
-0.0384
0.0933
1.0378
-0.0784

1.0000
1.0000
0.1020
1.0000
1.0000
1.0000
1.0000
1.0000
0.2092
0.0003
0.1238
1.0000
1.0000
1.0000
1.0000
1.0000
0.2458
1.0000
1.0000
0.0002
0.3199
0.0950
0.1886
0.0000
1.0000
0.0059
1.0000
1.0000
0.0294
1.0000
1.0000
1.0000
0.1740
1.0000
1.0000
0.0185
0.0716
0.0025
0.8059
0.0000
0.0003
1.0000
1.0000
1.0000
1.0000
0.1245
1.0000
1.0000
1.0000
1.0000
0.0619
1.0000
1.0000
0.0030
0.9708
1.0000
1.0000
1.0000

no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
yes
no
no
yes
no
no
no
no
no
no
yes
no
yes
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no



C130071C03Rik
C130074G19Rik
Clqll
Clql2
Clql3
Clgla
Clgtnfd
C2cd4b
C2cd4d
C530028021Rik
C630004H02Rik
C77080
C77370
Cablesl
Cabp7
Cachdl
Cacnala
Cacnalb
Cacnalc
Cacnalg
Cacnalh
Cacnali
Cacnals
Cacna2dl
Cacna2d2
Cacna2d3
Cacnbl
Cacnb2
Cacnb3
Cacnb4
Cacngd
Cadml
Cadm3
Cadm4
Cadps2
Camkild
Camk2b
Camk2d
Camk2n1l
Camk2n2
Camk4
Camkk1
Camkv
Capn2
Carll
Carl4d
Card
Car7
Card10
Caskinl
Caszl
Cbfa2t3
Cbfb
Cbinl
Cbr3

Cbs

Cbx2
Cbx4

8.0000
2.1332
0.4417
0.0000
-6.0000
0.0000
1.1216
1.2144
0.0000
8.0000
1.0742
0.9243
8.0000
2.1458
-0.1051
0.8826
0.9344
8.0000
2.0186
1.7245
0.4320
0.0000
0.0000
1.9878
8.0000
8.0000
0.0702
2.6097
2.3359
-1.1445
8.0000
0.8570
1.4789
2.6538
-5.7389
1.4258
2.5263
1.0153
2.9480
1.4358
0.4917
1.4138
3.3535
2.0901
2.2149
1.3187
8.0000
2.5383
2.8276
0.3260
3.3476
0.1313
1.3014
0.0000
2.8494
2.8907
0.5287
0.8512

1.0000
0.0538
1.0000
1.0000
1.0000
1.0000
0.6707
1.0000
1.0000
1.0000
1.0000
0.7107
1.0000
0.0451
0.9997
0.4995
0.9842
1.0000
0.0310
0.0001
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.6494
1.0000
0.7252
0.2603
1.0000
1.0000
0.2318
1.0000
0.3637
0.0088
1.0000
1.0000
0.1827
1.0000
0.0155
1.0000
0.4154
1.0000
0.0158
0.0032
1.0000
1.0000
0.9997
0.0180
1.0000
1.0000
0.0001
0.9402
0.5082

no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
yes
yes
no
no
no
yes
no
no
yes
no
no

18.0000
1.1148
1.4941

18.0000
0.0000
0.0000

-0.0839

18.0000
0.0000
0.0000
0.1135
1.9351
1.0292
2.3689
0.6724

-0.9323
6.9259

18.0000
1.9890

-0.2374
0.9795
0.0000
0.0000
0.2418

18.0000
2.2414
1.6004
2.2988

-2.9422

-1.5953
0.9840
0.2199

-1.1626
3.1110
4.4998
1.4156
1.3275
1.5575
1.4020
2.1197
0.6787
1.7907

18.0000
1.1439

18.0000
0.6099

18.0000
2.0287
2.5082
2.5897
2.7082
0.6583
2.1506
0.0000
0.7034
2.3618
2.9552
2.2047

1.0000
0.2365
1.0000
1.0000
1.0000
1.0000
0.9498
1.0000
1.0000
1.0000
1.0000
0.0145
1.0000
0.0029
0.5206
0.1147
0.0060
1.0000
0.0208
0.6182
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0131
1.0000
1.0000
1.0000
0.7765
0.1599
1.0000
1.0000
0.2413
1.0000
0.0332
0.1406
1.0000
1.0000
0.0558
1.0000
0.1399
1.0000
0.5628
1.0000
0.0092
0.0000
1.0000
0.0005
0.1188
0.0000
1.0000
1.0000
0.0002
0.0010
0.0005

no
no
no
no

no
no

no
no

yes
no
yes
no
no
yes
no
yes
no
no
no

no
no

no
yes

no
no
no
no
no

no
no
yes
no
no

no
no

no
no

yes
yes

yes
no
yes
no
no
yes
yes
yes



Cbx7
Cbx8
Ccdc102a
Ccdc109b
Ccdc13
Ccdc136
Ccdc3
Ccdc40
Ccdc48
Ccdcb4
Ccdc85c¢
Ccdc92
Ccnal
Ccnd2
Ccenjl
Ccno
Ccrl0
Cd109
Cdi4
Cd302
Cd63
Cd70
Cd9
Cdcl4b
Cdc42bpb
Cdc42epl
Cdhl
Cdh2
Cdh22
Cdh4
Cdk14
Cdk18
Cdk5r2
Cdkl1
Cdknla
Cdknlc
Cdkn2a
Cdr2l
Cds1
Cdv3
Cdx1
Cdx2
Cdyl2
Cebpa
Cebpb
Cebpd
Cecrb
Celsrl
Celsr2
Celsr3
Cgn
Cgnll
Ch25h
Chd3
Chd5
Chnl
Chn2
Chpf

0.4804
-1.0577
-0.1198

0.3404

0.0000

8.0000

1.7546
-1.7674

2.4699

0.6549

0.8033

3.8496

8.0000

0.7751

0.6137

2.0652
-0.2280

8.0000

1.9460

1.3910

2.4501

0.0000

2.3728

1.1300

0.7135

2.5731

2.6332

2.3616

0.0000

8.0000

2.2097

1.3660

8.0000

1.1037

2.2601

1.6995

8.0000

2.2966

2.0020
-0.1182
-6.0000

0.0000
-0.5078

2.6451

1.0553

1.3878

0.0000

3.4121

1.0901

3.1680

0.5384

0.5915

8.0000

1.3783

0.3591

0.7193

2.4578

0.3861

0.8434
0.6086
0.9997
0.9460
1.0000
1.0000
1.0000
0.0538
1.0000
0.8238
0.8808
0.0022
1.0000
0.0688
1.0000
1.0000
1.0000
1.0000
1.0000
0.3019
0.0008
1.0000
0.0011
0.0306
0.5955
0.0259
0.0043
0.0018
1.0000
1.0000
0.0142
0.2610
1.0000
0.6448
0.0062
0.0162
1.0000
1.0000
0.6457
0.8832
1.0000
1.0000
0.9997
0.0032
0.5817
0.4447
1.0000
1.0000
0.1398
1.0000
0.7858
1.0000
1.0000
0.0002
1.0000
0.6873
0.0011
0.8867

no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
yes
yes
no
yes
yes
yes
no
no
yes
no
no
no
yes
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no

0.7664
2.6641
2.3560
-0.4581
0.0000
18.0000
0.9641
2.3124
0.6786
0.8559
2.8368
2.2777
18.0000
3.0731
1.2790
2.1102
18.0000
0.5985
0.2805
0.5103
2.0283
0.0000
1.3021
1.6627
1.6099
1.3780
1.7932
1.4634
0.0000
0.9432
0.9537
1.3886
18.0000
-1.2542
1.9337
0.6250
0.0000
0.8311
1.2308
0.7782
0.0000
0.0000
0.6228
1.5023
1.0875
2.3750
18.0000
3.3135
3.3601
2.5997
-0.8429
0.6142
18.0000
1.3414
1.3951
0.8586
1.7290
3.3224

0.1374
0.0028
0.0067
0.3735
1.0000
1.0000
1.0000
0.0605
1.0000
0.3588
0.0019
0.1309
1.0000
0.0000
1.0000
1.0000
1.0000
1.0000
0.8244
0.5968
0.0032
1.0000
0.0790
0.0172
0.0390
0.1422
0.0311
0.0293
1.0000
1.0000
0.2704
0.1428
1.0000
0.1319
0.0047
0.4118
1.0000
1.0000
0.3974
0.0058
1.0000
1.0000
0.5665
0.0642
0.2332
0.0056
1.0000
1.0000
0.0951
1.0000
0.1136
1.0000
1.0000
0.0000
1.0000
0.4048
0.0018
0.0000

no
yes
yes
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
yes
no
no
yes
yes
no
yes
yes
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no
yes
no
no
yes
yes



Chrd
ChrdI2
Chrm4
Chrna5s
Chrnbl
Chstl
Chst15
Chst2
Chst3
Chsy3
Cidea
Cilp2
Citedl
Ckap4
Ckb
Clcfl
Cldn10
Cldn23
Cldn3
Cldn5
Cldn6
Cldn7
Clec2l
Clgn
Clicé
Clip1
Clock
Clstnl
Clstn2
Cmtm4
Cmtm7
Cnih3
Cnnl
Cnn2
Cnn3
Cnnm1
Cnrl
Cntfr
Cntnapl
Cobll1l
Coch
Col18al
Col23al
Col27al
Col2al
Col4a2
Col5al1
Col8a2
Col9a2
Colec12
Comp
Copz2
Coro2a
Coro6
Cox8a
Cpebl
Cpeb2
Cpm

8.0000
0.0000
1.5921
8.0000
2.8675
8.0000
-0.4717
1.6379
0.8011
1.2762
8.0000
-0.9255
1.9461
2.7549
1.5289
8.0000
-1.4667
8.0000
0.2560
1.3294
0.0000
8.0000
2.3528
1.3047
4.7368
-0.0044
0.1352
0.7386
1.0414
0.5697
1.9118
8.0000
0.0190
2.3840
-0.5342
2.8360
8.0000
2.0889
3.9507
1.8815
-1.9696
1.4751
0.8086
3.0983
2.0285
0.7159
-0.3694
1.0440
3.1174
0.6994
-0.1358
3.2066
2.5786
-0.8974
-0.0684
8.0000
1.7298
2.0306

1.0000
1.0000
0.2205
1.0000
1.0000
1.0000
0.9842
1.0000
1.0000
1.0000
1.0000
1.0000
0.0021
0.0000
0.1812
1.0000
0.5060
1.0000
1.0000
0.5942
1.0000
0.0430
1.0000
0.2603
1.0000
0.9997
0.9997
0.6712
1.0000
0.9997
0.0000
1.0000
1.0000
0.0000
0.5012
0.0004
1.0000
1.0000
1.0000
0.2436
1.0000
0.0038
1.0000
0.0000
1.0000
0.6767
0.8764
1.0000
1.0000
0.9499
1.0000
0.0560
0.0009
1.0000
0.9997
1.0000
0.0108
0.0143

no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
yes
no
yes
no
no
no
no
no
yes
no
yes
no
no

no
no
no
no
no
yes
no
no
no
yes
yes

1.0226
0.0000
4.4111
0.0000
18.0000
18.0000
1.5958
1.5239
0.9091
0.1923
0.0000
-12.0000
1.0175
1.9651
0.5923
4.0350
-2.3321
0.0000
18.0000
0.7273
0.0000
1.8830
1.2495
1.5168
4.9061
0.8445
0.9178
2.4095
0.0443
2.8912
2.5029
0.0000
-0.0173
2.1290
1.8345
18.0000
18.0000
18.0000
2.1918
0.6021
18.0000
1.0554
4.5081
1.3447
-2.1175
0.6824
0.7454
18.0000
18.0000
0.6482
0.9080
0.6718
2.4008
18.0000
-0.0411
18.0000
2.0987
1.5734

1.0000
1.0000
1.0000
1.0000
0.0756
1.0000
0.1014
1.0000
1.0000
1.0000
1.0000
1.0000
0.1226
0.0000
0.5202
1.0000
0.0368
1.0000
1.0000
0.5070
1.0000
0.2545
1.0000
0.0074
1.0000
0.0008
0.0842
0.0124
1.0000
0.0019
0.0000
1.0000
1.0000
0.0000
0.0114
0.0001
1.0000
1.0000
1.0000
0.5872
1.0000
0.0441
1.0000
0.0170
1.0000
0.4096
0.2234
1.0000
1.0000
0.5258
1.0000
0.4226
0.0000
1.0000
0.9678
1.0000
0.0050
0.0444

no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
yes
no
yes
no
yes
no
yes
yes
no
no
yes
yes
yes
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
yes
no
no
no
yes
yes



Cpne2

Cpne5

Cpne7

Cpxm1

Crabpl

Crabp2

Crb2

Crb3

Crhrl

Crim1

Crifl

Crmpl

Crtacl

Crtc3

Cryl

Csfl

Csnkle

Csrnpl

Csrnp2

Ctbp2

Ctgf

Cthrcl
Ctnnbipl
Ctnnd2

Ctsf

Cttnbp2
Cttnbp2nl
Cuedcl

Cul9

Cux1

Cux2

Cwh43

Cx3cll

Cxcrd

Cxcr7

Cxxc5

Cyfip2

Cygb

Cyplbl
Cyp26al
Cyp27b1
Cyp46al

Cyr61

Cysl
D030025P21Rik
D18Ertd653e
D19Ertd652e NA
D430041DO05Rik
D430050G20 NA
D630045J12Rik
D730039F16Rik
D8Ertd82e
D930020B18Rik
D930020E02Rik NA
D930048N14Rik
Dabl

Dab2ip

Dactl

2.0342
0.1675
-0.2280
4.1013
8.0000
-1.5470
-3.5931
1.5644
0.0000
-0.3423
0.4047
1.9446
0.0000
-0.1371
0.5887
1.8489
0.5869
2.0040
0.2602
0.2650
0.8741
0.0000
0.7194
2.4294
1.8404
0.9718
1.4863
1.3938
3.3511
0.2090
2.1370
0.0000
8.0000
3.2173
8.0000
2.5949
0.7774
8.0000
8.0000
1.3983
1.8167
8.0000
1.3675
1.4682
0.0000
3.1807

2.6829

-0.2173
3.2064
1.7580
0.0000

0.7860
0.0000
1.1650
-0.4749

NA

NA

NA

0.1807
1.0000
0.9997
0.0081
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
0.9997
1.0000
1.0000
0.9997
0.9084
0.0097
0.5265
0.1412
0.9997
0.9712
1.0000
1.0000
0.7974
1.0000
0.0047
0.6523
1.0000
0.9629
1.0000
0.7786
1.0000
1.0000
1.0000
0.0000
0.0161
0.0143
0.1669
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0016

1.0000

0.9997
0.0113
1.0000
1.0000

1.0000
1.0000
0.3243
1.0000

no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
yes
yes
no
no
no
no
no
no
no
no
no
yes
NA
no
NA
no
yes
no
no
NA
no
no
no
no

NA

NA

NA

1.8921
0.7615
2.1949
-0.7000
18.0000
0.1039
0.9279
2.7104
0.0000
1.5247
-0.5774
0.2140
1.9445
1.6180
2.3797
0.4873
1.5790
2.1822
1.4923
2.9912
1.2561
0.0000
1.8714
2.7907
-0.6375
-0.9151
0.5110
0.1918
1.6499
0.2731
1.6917
0.0000
-0.6569
2.2734
1.5841
1.5688
2.8330
18.0000
-12.0000
0.2207
18.0000
18.0000
0.8921
-0.1796
0.0000
-0.8913
NA
-2.5392
NA
0.2366
2.6553
1.0652
18.0000
NA
-1.4855
-12.0000
1.4167
2.1319

0.0531
1.0000
0.0002
1.0000
1.0000
1.0000
1.0000
0.0458
1.0000
0.0886
0.5167
1.0000
1.0000
0.0145
0.0032
0.3901
0.0007
0.0168
1.0000
0.0000
1.0000
1.0000
0.0171
1.0000
0.4106
0.2493
1.0000
1.0000
1.0000
0.3912
1.0000
1.0000
1.0000
0.0000
0.0869
0.0760
0.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2620

1.0000

1.0000
0.0043
1.0000
1.0000

1.0000
1.0000
0.0789
1.0000

no
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
yes
no
yes
yes
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
NA
no
NA
no
yes
no
no
NA
no
no
no
no



Dact2
Dagl
Dapkl
Dbnl
Dbndd1
Dbndd2
Dbx1
Dcbld2
Dcdc2a
Dchsl
Dclk2
Ddn
Ddrl
Ddx25
Ddx43
Dennd2a
Dennd5b
Depdc?7
Dgka
Dgki
Dhh
Dio3
Dio3os
Dip2b
Dip2c
Discl
Dkkl1
Dleu?7
Dlg5
Dlgap2
Dlgap3
Dlgap4
DIk2
DIl1
DIll4
DIx1
DIx2
DIx3
DIx4
DIx6
DIx6as
Dmbx1
Dmrt2
Dmrt3
Dmrtal
Dmrta2
Dmrtc2
DmxI2
Dnajc22
Dnajc6
Dnm1l
Dnmt3a
Dnmt3b
Doc2a
Doc2b
Dock1l
Dock3
Dock4

NA

3.2133
0.0782
0.1836
0.7265
0.1391
0.8466
0.0000
1.0739
-0.9868
1.9015
0.5673
4.1283
1.5021
1.0233
8.0000
0.9162
1.0991
0.9134
1.8713
8.0000
0.7486
8.0000
8.0000
0.1840
0.2585
3.4843
-0.2626
8.0000
1.9469
0.0000
8.0000
-0.0626
8.0000
0.0621
0.4796
-0.2660
8.0000
0.0000
3.7887
0.7034

0.0000
1.3605
0.0000
0.0000
0.0937
0.0000
1.3134
2.3063
3.3482
2.1800
0.0048
0.3188
-0.0220
0.0000
2.1137
0.7218
0.7296

NA

0.0129
0.9997
0.9997
0.8177
0.9997
0.9170
1.0000
0.0792
1.0000
1.0000
0.6354
1.0000
1.0000
1.0000
1.0000
1.0000
0.5341
0.8377
0.1627
1.0000
1.0000
1.0000
1.0000
0.9997
0.9997
1.0000
0.9997
1.0000
0.0001
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0554
0.0533
0.0066
0.3126
0.9997
0.8177
0.9997
1.0000
0.0532
0.9997
1.0000

yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no

NA

1.0904
0.8873
0.9484
0.6815
1.4486
1.2323
0.0000
0.2381
18.0000
1.4078
-0.8753
0.6681
1.9542
2.0135
18.0000
1.0091
1.4429
1.7240
2.0198
18.0000
1.5201
18.0000
-0.0278
1.6596
1.4076
4.2891
2.3977
18.0000
1.9344
0.0000
0.9172
1.8854
18.0000
1.6845
0.3641
-1.9234
0.0000
18.0000
2.7738
-1.0347
NA
0.0000
4.2172
0.0000
0.0000
-0.1300
0.0000
1.9557
1.2468
4.7874
2.3860
1.6739
2.7483
1.5921
0.0000
1.4870
2.7948
0.6849

1.0000
0.1201
0.0598
0.4632
1.0000
0.3347
1.0000
0.7187
1.0000
1.0000
0.0602
1.0000
0.0630
1.0000
1.0000
1.0000
0.0960
0.0410
0.0231
1.0000
1.0000
1.0000
1.0000
0.0001
0.0167
1.0000
0.0151
1.0000
0.0034
1.0000
1.0000
0.0002
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0269
0.1888
1.0000
0.1202
0.0000
0.0000
0.0575
1.0000
0.0915
1.0000
1.0000

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
yes
yes
no
yes
no
yes
no
no
yes
no
no
no
no
no
no
no
no
NA
no
no
no
no
no
no
yes
no
no
no
yes
yes
no
no
no
no
no



Dock?7 -0.8328

Dock9 0.1852
Dok7 8.0000
Dos 1.1065
Dpfl 0.3186
Dpysl|5 8.0000
Drd4 0.0000
Dscam 0.0000
Dse 1.0319
Dsp 1.2842
Dtx4 2.3751
Duox2 0.0000
Duoxa2 0.0000
Duspl4 1.7215
Dusp2 0.6291
Dusp22 1.3017
Dusp4 0.6375
Dusp5 1.9561
Dyrk2 0.2931
Dzipl -0.4744
E130012A19Rik 2.3801
E130201HO2Rik 0.1224
E330009J07Rik 1.3270
E330016A19Rik 1.9548
E530011L22Rik 0.0389
Ebfl 8.0000
Ebf2 -0.3993
Ebf3 0.0000
Ebfa 8.0000
Ece2 -0.3748
Ecell 0.0000
Echdc3 1.8078
Efcabda 0.4938
Efemp2 2.9436
Efhdl 0.0000
Efnal 2.4067
Efna2 2.0651
Efna3 8.0000
Efna5 0.6051
Efnb2 0.1623
Efr3b 1.3496
Efs 3.2741
EG434280 NA

Egin3 3.4800
Egrl 1.5278
Egr2 0.0000
Egr3 0.0000
Egrd 0.0000
Eid2 1.7417
Eif2c4 2.7680
Eif4e3 1.8627
Elacl 0.2219
Elavi2 4.8993
Elavi3 8.0000
Elfnl 8.0000
Elk3 1.9374
ElovI2 2.0498

EloviI3 1.5927

0.0090
0.9997
1.0000
0.2468
0.9997
1.0000
1.0000
1.0000
0.7139
0.3225
0.0168
1.0000
1.0000
1.0000
0.9423
0.3822
1.0000
0.1601
0.9997
0.9997
0.0152
1.0000
0.3792
0.0001
1.0000
0.3747
1.0000
1.0000
1.0000
0.9824
1.0000
0.1609
0.9811
0.0000
1.0000
0.3234
0.1968
1.0000
1.0000
1.0000
1.0000
1.0000

0.0022
0.2888
1.0000
1.0000
1.0000
0.2152
1.0000
0.1857
0.9997
0.0065
1.0000
1.0000
0.0021
0.0407
1.0000

yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
NA
yes
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
no

NA

1.2092
2.0971
2.9407
0.8649
3.3442
2.3493
0.0000
0.0000
0.4811
0.7622
2.6131
0.0000
0.0000
0.1402
4.2346
0.5612
0.9267
1.3579
2.3439
-0.6852
3.5525
-0.8858
2.1749
3.0848
-12.0000
2.3975
-0.6260
0.0000
18.0000
1.7589
18.0000
1.4306
1.3996
0.8895
18.0000
0.5263
18.0000
0.0000
18.0000
0.3298
1.9718
3.4529

2.2322
1.5380
18.0000
0.0000
0.0000
2.9716
1.8211
1.9260
1.8970
4.0294
2.2930
-0.4885
1.6225
0.6519
18.0000

NA

0.0008
0.0007
0.1788
0.2992
0.1256
1.0000
1.0000
1.0000
0.6515
0.3657
0.0009
1.0000
1.0000
1.0000
0.0000
0.5744
1.0000
0.1536
0.0062
0.5150
0.0000
1.0000
0.0087
0.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0348
1.0000
0.1444
0.0444
0.1831
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.0098
0.0919
1.0000
1.0000
1.0000
0.0011
1.0000
0.0296
0.0316
0.0332
1.0000
1.0000
0.0001
0.5094
1.0000

yes
yes
no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
no
yes
no
yes
no
yes
yes
no
no
no
no
no
yes
no

yes
no
no
no
no
no
no
no
no
no
NA
yes
no
no
no
no
yes
no
yes
yes
yes
no
no
yes
no
no



Elovl4 8.0000

Elovl7 2.4602
Emidl 2.5455
Emll -0.7154
EmI5 0.2469
Emx1 8.0000
Emx2 0.0000
Emx20s 0.7818
Enl 0.0000
En2 0.0000
Enah 2.3184
Encl 0.7998
Eno2 8.0000
Enox1 0.0000
Enppl -0.1097
Entpd4 -0.0912
Eomes 8.0000
Epasl 1.3227
Epb4.1l1 2.2951
Epb4.1l14a 0.8490
Epb4.1l4b 1.7977
Epcam 8.0000
Epha2 3.5909
Epha4d 2.1914
Epha7 1.5969
Epha8 2.8167
Ephb2 49048
Ephb3 3.7660
Ephx4 8.0000
Epn2 0.3558
Eps8 2.0642
Erbb2 2.7864
Erbb2ip -0.2276
Erbb3 0.9606
Erbb4 0.0000
Errfil 1.8551
Esam 1.4420
Espn 0.9074
Esr2 8.0000
Esrpl 8.0000
Esrp2 0.7775
Esrrb 8.0000
Etv4 0.8306
Etv5 0.4720
Evl 1.0389
Evx2 0.0000
Exoc6b 0.6203
Extll 1.9573
F2ril 8.0000
F730043M19Rik 1.0456
Fa2h 0.0000
Faah 2.1369
Fabp3 8.0000
Fam101b 1.4641
Fam102a 1.8277
Fam113b 0.4195
Faml114al 1.7525

Fam123a -1.8491

1.0000
1.0000
0.0002
0.9820
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.8901
1.0000
1.0000
0.9997
0.9997
1.0000
0.4872
0.0000
1.0000
0.0097
1.0000
1.0000
1.0000
1.0000
0.0077
1.0000
0.0101
1.0000
0.9997
0.2393
0.0460
0.8686
0.7931
1.0000
0.1211
0.3183
0.2672
1.0000
1.0000
0.8014
1.0000
1.0000
0.9295
0.0502
1.0000
0.6625
1.0000
1.0000
0.9342
1.0000
0.0092
0.0767
0.2658
0.1620
0.9997
0.0865
1.0000

no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
no
no
no
yes
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no

0.0000
2.3289
2.6298
0.0360
1.1912
0.0000
0.0000
-12.0000
0.0000
0.0000
1.8074
2.3743
1.7556
0.0000
1.9152
1.6106
0.0000
1.3118
0.1483
1.5678
1.6482
1.5767
1.4828
0.8214
2.4937
0.6262
1.8752
3.1914
18.0000
1.9752
1.7315
1.4735
0.7291
1.6724
-12.0000
0.9337
-0.0343
2.5767
0.0000
18.0000
0.6624
0.7907
0.0825
0.9924
1.6757
0.0000
-0.2786
-0.3496
1.2963
-0.0252
0.0000
2.3451
2.1390
2.7994
1.7647
-0.5441
0.5428
18.0000

1.0000
1.0000
0.0001
1.0000
0.1644
1.0000
1.0000
1.0000
1.0000
1.0000
0.0323
0.0069
1.0000
1.0000
0.0006
0.0379
1.0000
1.0000
0.7511
1.0000
0.0126
1.0000
0.1714
1.0000
0.0470
0.5573
1.0000
1.0000
1.0000
0.0839
0.1949
1.0000
0.0565
1.0000
1.0000
0.2801
0.9746
0.0505
1.0000
1.0000
0.4113
1.0000
1.0000
0.1956
0.0013
1.0000
0.7136
1.0000
1.0000
1.0000
1.0000
0.0002
1.0000
0.0004
0.0853
0.5670
0.6037
1.0000

no
no
yes
no

no
no
no
no
no
yes
yes
no
no
yes
yes
no
no
no
no
yes
no

no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
yes
no
no
no
no



Fam131la
Fam131b
Fam131c
Fam135a
Fam150b
Fam159a
Fam163a
Fam169a
Faml171al
Fam171a2
Fam171b
Fam174b
Fam176b
Fam181b
Fam184a
Fam189al
Fam189a2
Fam190a
Fam19a2
Fam19a3
Fam19a4
Fam19a5
Fam20c
Fam43a
Fam43b
Fam46b
Fam49b
Fam57a
Fam59b
Fam65a
Fam65b
Fam69b
Fam69c
Fam78b
Fam83f
Fam83h
Fam89a
Farpl
Fblim1
Fbll1
Fbnl
FbxI16
Fbxo43
Fdx1
Fermt2
Fes

Fev

Fgdl
Fgfll
Fgf12
Fgfl15
Fgfl6
Fgf17
Fgf18
Fgf2

Fgf3

Fgfd

Fgf8

1.1835
-6.0000
-0.0014

2.6503
-0.1238

8.0000

8.0000

0.1077

1.5210
-0.4048

1.0194

1.9505

2.3269

8.0000
-1.5060

0.0000

8.0000

0.0000
-0.9284

0.0000

0.0000

0.0000

3.8558

2.7316

0.0000

1.0657
-0.0495
-0.2600

8.0000
-0.0995

0.2990

0.6716

0.0000

1.6573

8.0000

2.6140

1.1105

1.0028

0.5839

0.0000

1.8584

8.0000

8.0000

0.1013

2.0704

2.9064

0.0000

1.2668

3.1112

0.0000

4.0343

0.0000

8.0000
-6.0000
-0.3703

2.8168

0.0000

8.0000

0.5150
1.0000
1.0000
0.0181
0.9997
1.0000
1.0000
0.9997
0.0243
0.9997
1.0000
0.1069
0.0107
1.0000
0.9308
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.0135
1.0000
1.0000
0.9997
0.9845
1.0000
0.9997
0.9920
0.9683
1.0000
1.0000
1.0000
1.0000
0.7861
0.6523
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
0.0147
0.0001
1.0000
0.4031
0.0034
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000

no
no
no
yes
no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
yes
no
no
no
no
no
no
no
no
no

0.8712
1.2213
0.9460
2.7742
-0.9156
0.0000
0.0000
0.1666
1.6520
1.4936
18.0000
3.4298
0.8184
-0.6599
3.1717
18.0000
1.3631
0.0000
-0.0548
0.0000
0.0000
18.0000
1.0038
2.1743
0.0000
18.0000
1.5451
1.8945
18.0000
2.6595
1.8445
2.4825
0.0000
1.8097
1.3062
1.9878
3.4641
0.3713
0.3839
0.0000
0.6060
18.0000
0.0085
1.5778
0.6671
2.3447
0.0000
0.6558
1.6377
18.0000
18.0000
0.0000
0.0000
18.0000
0.8802
0.2973
0.0000
0.0000

0.3643
1.0000
1.0000
0.0014
0.3705
1.0000
1.0000
0.8603
0.0060
0.1831
1.0000
0.0001
0.3328
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2120
0.0132
1.0000
1.0000
0.0210
0.0013
1.0000
0.0002
0.0003
0.0675
1.0000
1.0000
1.0000
1.0000
0.0143
0.7185
0.8437
1.0000
1.0000
1.0000
1.0000
0.0773
0.3615
0.0005
1.0000
0.4877
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.8215
1.0000
1.0000

no
no
no
yes
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
no
yes
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no



Fgf9
Fgfrl
Fgfr3
Fgfrd
Fhdcl
Fhi3
Fhod1l
Fhod3
Fibcdl
Fign
Filipll
Fix1
Fkbplb
Fkbp5
Fkbp9
Flil
FInc
Fltl
FIt3
Flt4
Fmnll
Fmnl2
Fmnl3
Fnl
Fnbp1l
Fnbp1ll
Fndc3a
Fndc3b
Fndc4
Fndc5
Fndc8
Fosll
Fosl2
Foxal
Foxb1
Foxb2
Foxcl
Foxc2
Foxd1
Foxd2
Foxd3
Foxd4
Foxel
Foxe3
Foxfla
Foxf2
Foxgl
Foxi3
Foxjl
FoxI1
FoxI2
Foxl20s
Foxol
Foxo6
Foxp4
Foxql
Frasl
Frem3

8.0000
1.6764
1.4421
3.7679
1.1371
1.8448
0.4079
-0.4220
8.0000
-1.1713
1.8140
2.8898
1.6595
0.1962
0.5747
2.4666
0.9046
2.2184
2.4677
1.3876
2.6611
1.5884
1.8767
2.4044
0.2701
1.1484
0.7277
1.7151
2.3233
1.4190
0.2414
0.2035
2.7235
2.1064
0.0000
0.0000
8.0000
-6.0000
8.0000
1.6850
0.0000
0.0000
8.0000
0.0000
8.0000
0.0000
0.0000
0.0000
1.7263
0.0000
0.0000
0.0000
0.6403
8.0000
0.2062
8.0000
1.6098
-2.1621

1.0000
1.0000
0.1013
0.0005
0.0029
0.0082
0.9303
0.9997
1.0000
1.0000
0.1412
0.0253
0.3119
0.9997
0.7772
0.0126
1.0000
0.0611
0.0032
0.3618
0.0000
0.0417
0.0048
0.0000
0.9842
0.5280
0.3166
0.1149
0.0054
0.3881
1.0000
1.0000
0.0161
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9558
1.0000
0.9758
1.0000
1.0000
1.0000

no
no
no
yes
yes
yes
no
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
yes
yes
yes
yes
no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

0.0000
3.4545
1.6970
1.6611
-0.9610
2.1825
1.7417
0.6563
18.0000
0.5376
0.7458
2.3931
2.5911
1.8020
1.6070
1.8288
1.5063
1.1344
2.5867
0.9383
2.9821
1.1289
1.6764
1.3974
1.7435
1.4548
1.4720
1.8449
3.4144
0.9318
0.9549
1.5141
1.7721
1.2893
0.0000
0.0000
18.0000
0.0000
18.0000
18.0000
0.0000
0.0000
-12.0000
0.0000
18.0000
0.0000
0.0000
0.0000
0.6135
0.0000
0.0000
0.0000
2.3570
0.0000
1.9211
18.0000
-0.7451
-12.0000

1.0000
0.0119
0.0431
0.2195
0.0006
0.0001
0.0061
1.0000
1.0000
1.0000
0.4566
1.0000
0.0103
0.0011
0.0500
0.0268
1.0000
0.1329
0.0000
0.3338
0.0000
0.0611
0.0002
0.0014
0.0001
0.0952
0.0231
0.0234
0.0000
0.3497
1.0000
1.0000
0.0439
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0059
1.0000
0.0003
1.0000
1.0000
1.0000

no
yes
yes
no
yes
yes
yes
no
no
no
no
no
yes
yes
no
yes
no
no
yes
no
yes
no
yes
yes
yes
no
yes
yes
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
no
no



Frmd4a
Frmd5
Frmpdl
Frs3
Frzb
Fscnl
Fsdil
Fst
Fstl4
Furin
Fzdl
Fzd2
Fzd3
Fzd4
Fzd6
Fzd8
Fzd9
G530011006Rik
G630025P09Rik NA
G6b NA
Gabl
Gabbrl
Gabbr2
Gabrb3
Gadl
Gad2
Gadd45b
Galnt12
Galnt3
Galnt6
Galntll
Galr2
Galr3 NA
Gapdh
Gasl
Gasb
Gata2
Gata3
Gatad
Gata5
Gatab
Gbx1
Gbx2
Gegr
Gent4d
Gdf10
Gdf1l
Gdfé
Gdf7
Gdnf
Gdpd5
Gfil
Gfod1l
Gfral
Gfra3
Gfrad
Ggn
Ggt7

0.8363
0.5080
-0.5392
0.5636
8.0000
2.5962
0.1886
1.5769
0.0000
1.8362
2.1747
-6.0000
-0.1572
1.9947
1.8315
1.3007
1.7934
0.6038

NA

NA
-0.3651
2.2689
-6.0000
0.0000
0.0000
-1.1985
2.8959
3.3468
2.8044
2.0290
8.0000
-0.5520

NA
-0.1986
0.0940
2.7965
2.2535
3.2781
1.5717
1.7700
1.7324
2.0679
4.1281
2.0446
1.6986
1.2859
2.4184
0.0000
0.0000
0.0000
0.3203
2.8568
1.4662
1.5823
0.0000
0.0000
2.7161
0.4089

0.0005
0.9712
0.9997
0.9985
1.0000
0.0000
0.9997
1.0000
1.0000
0.0002
1.0000
1.0000
1.0000
1.0000
0.1393
0.5354
1.0000
0.9971

0.7758
0.0599
1.0000
1.0000
1.0000
1.0000
0.0241
0.0062
0.2811
0.0378
1.0000
1.0000

0.9637
1.0000
0.0147
0.0013
0.0497
0.1285
1.0000
0.2544
1.0000
0.0013
0.0129
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.3099
0.4105
1.0000
1.0000
1.0000
0.9997

yes
no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
NA
NA
no
no
no
no
no
no
yes
yes
no
yes
no
no
NA
no
no
yes
yes
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no

NA
NA

NA

-0.5591
0.9844
1.0702
0.3004

-0.0475
1.5619
1.1654
1.9421
0.0000
1.7415

-0.0099
1.8947

18.0000
0.6686
2.2990
2.5207
4.3743
0.4919

-0.0045
2.3071
-0.0570
0.0000
0.0000
-3.6398
2.6836
2.9104
2.7563
1.3473
0.0000
2.2424

0.8562
2.2975
1.0357
2.0430
4.2186
0.1262
18.0000
1.0401
18.0000
3.2604
0.8126
3.3227
0.8628
2.9519
0.0000
0.0000
0.0000
0.7731
2.8741
1.6780
1.7826
0.0000
2.3992
2.0529
1.3398

NA
NA

NA

0.1022
1.0000
1.0000
1.0000
1.0000
0.0019
0.3189
1.0000
1.0000
0.0014
1.0000
1.0000
0.0959
1.0000
0.0123
0.0080
1.0000
0.6797

0.9960
0.0716
1.0000
1.0000
1.0000
1.0000
0.0044
0.0030
0.0220
0.0509
1.0000
1.0000

0.1583
1.0000
0.2836
0.0001
0.0257
0.8918
1.0000
1.0000
1.0000
1.0000
0.2218
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.0563
0.0790
1.0000
1.0000
1.0000
1.0000

no
no
no
no
no
yes
no
no
no
yes
no
no
no
no
yes
yes
no
no
NA
NA
no
no
no
no
no
no
yes
yes
yes
no
no
no
NA
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no



Gipc2
Gipc3
Gja3

Gjb2

Gjcl

Gjd3
Gkapl
Gldc

Glil

Gli3

Glis1
Glis2
Glis3

Gls2
Glt25d2
Gm10125
Gm10190
Gm10345
Gm10406
Gm106
Gm11190
Gm11529
Gm12824
Gm1337
Gm13889
Gm14207
Gm1564
Gm1568
Gm1673
Gm266
Gm2694
Gm3230
Gm347
Gm4349
Gm4980
Gm5577
Gm581
Gm628
Gm6320
Gm6623
Gm6762
Gm70
Gm7854
Gm88
Gm8909
Gm9880
Gm996
Gnail
Gnal
Gnaol
Gnaq
Gnas
Gnb4
Gngl2
Gng8
Gplbb
Gp5

Gpcl

NA
NA

NA

NA

NA

1.3412
8.0000
0.0000
-0.2928
8.0000
0.0000
1.2831
2.0056
-3.7740
-0.9276
-0.0107
2.5989
1.6829
1.4270
0.8518
-0.3848
0.0000
0.4401
8.0000
8.0000
0.0000
0.0000
8.0000
3.9180
-6.0000
0.8807
2.3978
8.0000
1.4507
8.0000
0.8671
NA
NA
-0.4259
-6.0000
0.0871
NA
0.0000
0.0000
0.0000
-0.8698
NA
-6.0000
-0.1448
-4.2846
NA
3.3685
1.3395
0.1653
-0.2796
1.5973
-0.0298
-0.1719
0.5833
0.0000
1.5902
0.7013
2.7434

0.3475
1.0000
1.0000
0.9997
1.0000
1.0000
0.2114
0.0144
1.0000
1.0000
0.9997
0.0382
1.0000
0.0045
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.7035
1.0000
1.0000

0.9997
1.0000
0.9997

1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000
0.9997
1.0000
0.1334
0.9997
0.9997
0.3687
1.0000
0.2444
0.9404
0.0050

no
no
no
no
no
no
no
yes
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
NA
NA
no
no
no
NA
no
no
no
no
NA
no
no
no
NA
no
no
no
no
no
no
no
no
no

no
yes

NA
NA

NA

NA

NA

0.7879
18.0000
0.0000
2.9885
18.0000
0.0000
3.3646
1.2631
1.2532
1.0196
0.8309
1.5098
3.7649
3.6538
0.5499
0.5557
0.0000
0.3926
18.0000
-0.0234
0.0000
0.0000
18.0000
2.7957
18.0000
1.8452
-2.3013
18.0000
0.7927
18.0000
-0.6172
NA
NA
0.9909
0.0000
0.7750
NA
0.0000
0.0000
0.0000
0.1645
NA
18.0000
-1.8602
2.3879
NA
18.0000
-0.3419
-1.2479
-0.1584
2.0913
-0.1809
1.9766
1.8623
0.0000
0.2245
1.3602
2.5735

0.4441
1.0000
1.0000
0.0007
1.0000
1.0000
0.0000
0.0528
1.0000
1.0000
1.0000
0.1164
0.0098
0.0043
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.5215
1.0000
1.0000

0.3256
1.0000
0.4109

1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000
0.0807
1.0000
0.0088
0.5450
0.0001
0.0000
1.0000
0.8351
0.1401
0.0011

no
no
no
yes
no
no
yes
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
NA
NA
no
no
no
NA
no
no
no
no
NA
no
no
no
NA
no
no
no
no
yes
no
yes
yes
no
no
no
yes



Gprl24
Gprl35
Gprl37c
Gprl53
Gprl56
Gprl60
Gprl62
Gprl76
Gpr25
Gpr27
Gpr3
Gprd
Gpr45
Gpr6
Gpr62
Gpr88
Gpro8
Gprc5b
Gprc5c¢
Gprinl
Gpt2
Gpx7
Grasp
Grb10
Grebl
Greb1l
Grhll
Grhl2
Gridl
Grid2
Grik3
Grik4
Grin2c
Grin2d
Grin3b
Gripl
Grm8
Grwd1
Gsc
Gsc2
Gsgll
Gstt3
Gsx1
Gsx2
Gucy2e
Gxylt2
H1f0
H1fx
H2-BI
H2-K1
H2-Q10
H2-Q6
H2-Q7
H2-Q8 NA
H2afy2
Hand1
Hand2
Hapl

1.3749
0.0558
0.0873
2.6975
0.0000
2.0931
8.0000
0.6183
8.0000
8.0000
8.0000
2.1941
0.0000
0.0000
8.0000
0.0000
3.9044
3.9329
1.5502
8.0000
0.6431
1.6300
3.2348
-0.0584
3.2152
0.5160
0.3755
8.0000
1.0260
0.0000
0.0000
3.5965
8.0000
1.9573
0.5474
0.6912
8.0000
-0.1244
0.0000
8.0000
1.6106
1.4260
0.0000
0.0000
8.0000
8.0000
1.2117
2.1168
0.3436
0.5388
2.2411
0.8477
1.9352

2.9113
0.0000
1.5263
2.1317

NA

0.4353
1.0000
1.0000
1.0000
1.0000
0.0049
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.3786
1.0000
0.2028
1.0000
0.7822
1.0000
1.0000
0.9997
1.0000
1.0000
0.9971
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9497
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
0.2615
1.0000
1.0000
1.0000
1.0000
0.0127
0.1235
0.9997
0.1972
0.0010
0.6669
0.0090

0.0041
1.0000
1.0000
1.0000

no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
yes
NA
yes
no
no
no

NA

1.4170
18.0000
-1.5963
-0.9704
0.0000
2.4611
1.5187
18.0000
0.0000
18.0000
0.0000
1.4155
0.0000
0.0000
0.0000
18.0000
1.2113
1.0579
1.1205
18.0000
1.8216
1.6008
2.3821
1.0829
2.1562
0.3973
-0.8204
18.0000
-12.0000
0.0000
0.0000
0.2003
18.0000
-12.0000
-0.7972
1.7205
0.0000
2.4230
0.0000
18.0000
0.9441
2.2659
0.0000
0.0000
18.0000
-12.0000
1.8792
2.0259
1.5102
1.5929
0.8336
1.8569
1.2614
NA

2.6767
18.0000
0.3415
1.1038

0.1245
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2133
1.0000
0.0039
0.1250
1.0000
0.0032
1.0000
1.0000
0.2346
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
1.0000
1.0000
0.0124
1.0000
1.0000
1.0000
1.0000
0.0086
0.0323
0.1403
0.0000
0.2607
0.0145
0.0325

0.0048
1.0000
1.0000
1.0000

no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
no
no
yes
yes
no
yes
no
yes
yes
NA
yes
no
no
no



Hapln4
Has3
Hbegf
Hcn2
Hcn3
Hcn4
Hcrtrl
Hdac5
Hdgfrp3
Hectd2
Hecw?2
Hesl
Hes2
Hes5
Hes7
Heyl
Hey2
Heyl
Hhex
Hicl
Hiplr
Hivep2
Hivep3
Hix
Hmga2
Hmox1
Hmx1
Hmx2
Hmx3
Hnflb
Homer2
Homer3
Hopx
HoxalO
Hoxall

Hoxallas

Hoxal3
Hoxa2
Hoxa3
Hoxa4
Hoxa5
Hoxab
Hoxa7
Hoxa9
Hoxb13
Hoxb4
Hoxb6
Hoxb7
Hoxb8
Hoxb9
Hoxc10
Hoxc12
Hoxc13
Hoxc5
Hoxc6
Hoxc8
Hoxc9
Hoxd1

0.0659
-0.2533
0.4267
1.9478
-0.2907
0.0000
-6.0000
0.6630
3.0959
2.3139
0.1726
2.0193
-6.0000
-1.5552
0.0573
0.3264
3.8556
2.8413
1.4071
1.9398
0.3744
2.2428
1.7742
1.8789
2.4101
1.5360
0.0000
0.0000
0.0000
1.6167
0.6837
0.1550
0.9217
8.0000
0.0000
0.0000
0.0000
0.1766
0.0000
2.4780
2.8105
8.0000
8.0000
1.7187
8.0000
2.0444
8.0000
8.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0148
0.0000
0.0000
0.0000

1.0000
0.9997
1.0000
0.0527
0.8484
1.0000
1.0000
0.0282
0.0024
0.0067
1.0000
0.0982
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.1037
1.0000
0.8500
1.0000
0.4474
0.1659
0.0004
0.0000
1.0000
1.0000
1.0000
1.0000
0.5634
0.9997
0.8245
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.6282
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

no
no
no
no
no
no
no
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

18.0000
0.9265
1.8204
3.0355

-0.5800

18.0000
0.0000
0.2712
2.2861
0.6875
3.7687
0.8145

18.0000

18.0000
0.9209

-0.0183

-0.0496

18.0000
1.6008
1.5057
1.8619
0.5462
1.8628
2.5491
2.6082
0.4458
0.0000

18.0000
0.0000
2.2791
1.1800
1.1183
3.5247
0.2655
0.0000
0.0000
0.0000

18.0000
0.0000
0.4354
2.6323

18.0000
2.9994
2.9284
0.0000
1.4615
0.0000
0.0000
0.0000

18.0000
0.0000
0.0000
0.0000

18.0000
0.0000
0.0000
0.0000
0.0000

1.0000
0.2980
0.0712
0.0109
0.4643
1.0000
1.0000
0.3876
0.0054
1.0000
0.0024
0.4120
1.0000
1.0000
1.0000
1.0000
0.9707
1.0000
0.0103
1.0000
0.0001
1.0000
0.0834
0.0054
0.0003
0.3295
1.0000
1.0000
1.0000
1.0000
0.1652
0.0175
0.0028
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2412
0.0311
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

no
no
no
yes
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
yes
no
yes
no
no
yes
yes
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no



Hoxd10
Hoxd11
Hoxd13
Hoxd8
Hoxd9
Hpca
Hpcald
Hpdl
Hr
Hrh3
Hrk
Hs3st3b1
Hs3st6
Hs6st3
Hsd11b2
Hsd17b1
Hsfa
Hsf5
Hspala
Hspalb
Hspall
Hspa2
Hspbl
Htrld
Htré
Htr7
Htral
Htrad
Hunk
Ical
Icall
Icaml
Icam5
Id1

Id2

Id3

Id4
ler5l
Iffo2
lgdcc3
lgdcca
Igf2
Igf2as
lgf2bp2
lgfbp2
lgfbp4d
lgfbp5
lgfbp6
lgfbp7
lgsf1l
Igsf9
Ihh
Ikzf3
11
17d
117ra
17rd
[120ra

0.0000
0.0000
0.0000
0.0000
0.0000
8.0000
0.0000
0.2382
0.0078
0.0000
0.0000
2.6672
0.0000
0.0000
-0.0909
3.4726
8.0000
-6.0000
1.8942
1.8999
0.0161
0.3270
8.0000
0.0000
-6.0000
8.0000
0.0000
-6.0000
1.4707
1.8396
-0.1905
1.9076
0.4960
0.8523
2.2498
2.2034
8.0000
1.2996
1.5582
8.0000
2.0365
2.2370
1.3007
2.0663
2.5640
2.2986
0.9743
8.0000
2.3103
8.0000
0.1586
1.5857
0.3518
0.2673
0.1355
0.4624
0.8739
3.1992

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
0.0100
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
0.1157
0.0497
0.9997
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0226
0.9997
0.0856
0.9997
0.6906
0.0115
0.0274
1.0000
1.0000
0.0753
1.0000
0.0679
0.0000
0.9682
0.0002
1.0000
0.0000
1.0000
1.0000
0.0094
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.7883
1.0000
1.0000

no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
yes
no
no
no
no
no
yes
no
yes
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no

0.0000
0.0000
0.0000
0.0000
0.0000
-0.6571
0.0000
3.3819
1.6531
0.0000
0.0000
1.2946
-12.0000
18.0000
1.0885
2.8499
18.0000
-12.0000
2.7033
2.9063
0.7307
2.1165
18.0000
0.0000
0.0000
0.0000
-12.0000
0.0000
1.3300
1.3867
4.0501
1.1201
-0.3747
1.2047
1.4370
1.6559
0.0000
1.8668
0.8216
18.0000
1.3932
1.1456
1.6302
3.0246
-0.0377
1.8797
0.4923
1.9305
0.8022
18.0000
2.7604
0.1548
2.7863
0.0000
-0.2507
1.0534
-1.4400
3.4704

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0171
1.0000
1.0000
1.0000
0.1619
1.0000
1.0000
1.0000
0.0192
1.0000
1.0000
0.0014
0.0000
0.4840
0.0171
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0081
1.0000
0.2145
0.7467
0.1501
0.0692
0.0318
1.0000
1.0000
1.0000
1.0000
0.1157
0.0001
0.1353
0.0000
1.0000
0.0000
1.0000
1.0000
0.4515
1.0000
0.4515
1.0000
1.0000
1.0000
1.0000
0.1627
1.0000
1.0000

no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
yes
no
no
yes
yes
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
yes
no
yes
no
yes
no
no
no
no
no
no
no
no
no
no
no
no



1128ra
ll6ra
ll6st
lldr2
Impdh1l
Ina
Inadl
Inf2
Inhbb
Inppll
Insi3
Insm1
Insm2
Insrr
Igsec3
Irak3
Irfl
Irf5
Irfé
Irs1
Irx2
Irx3
Irx4
Irx5
Isl2
Islr2
Isml
ltgal
Itga3
Itga5
Itgab
Itga9
ltgav
Itgh4
Itgb5
Itpka
Itpr2
Itpr3
Itpripl2
ltsnl
Jagl
Jag2
Jakmip3
Jazfl
Jdp2
Jmjdlc
Jphl
Jph3
Jph4d
Jub
Jun
Kankl
Kank4
Kazaldl
Kbtbd13
Kcna3
Kcna7
Kenbl

8.0000
1.7809
1.7451
8.0000
0.1968
0.0590
0.6413
1.0044
1.6591
1.7884
1.9400
0.0000
0.0000
0.0000
0.0000
2.0847
1.8716
-0.0612
3.0379
1.2480
8.0000
8.0000
8.0000
0.0000
0.0000
-2.1876
0.0000
2.1640
-0.0786
0.7481
0.8993
1.5118
1.5785
3.0298
1.5012
1.3578
0.2650
2.0819
2.0800
1.6470
1.0431
1.5450
-6.0000
8.0000
2.6522
-0.4714
2.6431
0.6257
8.0000
1.3260
2.4242
1.1448
8.0000
0.4670
0.0000
3.0789
8.0000
8.0000

1.0000
0.1383
0.1358
1.0000
0.9997
1.0000
0.8874
0.2467
1.0000
0.0390
0.7855
1.0000
1.0000
1.0000
1.0000
0.0016
0.0006
0.9997
0.0587
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0775
0.9997
0.3535
0.1798
0.0228
0.0671
1.0000
0.0602
0.4784
0.9997
0.0495
0.1132
0.0000
1.0000
1.0000
1.0000
1.0000
0.0245
0.2138
1.0000
1.0000
1.0000
0.5149
0.0002
0.2735
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no

18.0000
1.7342
1.4661

-12.0000
2.7946

18.0000
1.2472
1.9518
0.7098
1.7313
1.1422
0.0000

18.0000
0.0000
0.0000
2.0928
1.4648
0.7485
1.8511
0.7931
0.0000

18.0000
0.0000

-0.0547
0.0000
2.1534

18.0000
0.9202
1.7512
2.1033
1.7869
1.8398
1.6244
0.7211
1.1410
1.1196
0.7596
2.1198
1.5587

-0.7557
1.7284
4.5636

18.0000
1.3234
1.7619
1.2575

18.0000

18.0000

18.0000
0.9259
2.5048
1.0696
0.0000
0.2549

18.0000
2.5677
0.0000

18.0000

1.0000
0.0362
0.0980
1.0000
0.0000
1.0000
0.3140
0.0009
1.0000
0.0148
0.4913
1.0000
1.0000
1.0000
1.0000
0.0000
0.0106
0.2714
0.2414
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.3431
1.0000
0.0042
0.0001
0.0003
0.0093
1.0000
0.0505
0.2620
0.3224
0.0091
0.0993
0.0162
1.0000
0.0008
1.0000
1.0000
0.0190
0.0007
1.0000
1.0000
1.0000
0.3580
0.0000
0.0960
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

no
yes
no
no
yes
no
no
yes
no
yes
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
yes
no
no
no
no
yes
no
yes
no
yes
no
no
yes
yes
no
no
no
no
yes
no
no
no
no
no
no
no



Kencl
Kene3
Kcncd
Kend3
Kcng2
Kcng3
Kecnh2
Kenh3
Kcnh4
Kcnip2
Kcnip3
Kcnj2
Kcnj4
Kcnk12
Kenk13
Kenk3
Kcnk4
Kcnk6
Kcnk9

Kcnmal
Kcnmb4

Kengl
Kcng2
Kcng4
Keng5
Kcns3
Kentl
Kcp
Kctdl
Kctd12
Kctd17
Kdelc2
Kdelr3
Kdr
Kif13a
Kif17
Kiflb
Kiflc
Kif21a
Kif26a
Kif26b
Kif3c
Kif5a
Kif5¢c
Kifc3
Klc2
KIf14
KIf2
KIf4
KIf5

Kihdc8a

Klhi14
Klh12

Klhi21
Klh122
KlhI29
KIhI35
KIhI8

0.0000
3.0919
0.0000
0.0115
1.0178
8.0000
6.0356
2.8024
0.0257
-0.3117
1.8240
2.5021
0.0000
5.1330
1.5043
8.0000
8.0000
1.6538
0.0000
0.0000
1.7573
0.0117
-1.1785
0.3684
0.9319
0.1111
0.0000
5.0391
1.9679
2.1166
2.4995
1.7708
3.2233
2.0588
-0.0240
2.6664
0.7713
0.9179
0.5088
0.9568
0.0233
-0.1158
8.0000
-2.0920
2.1954
0.2609
0.0000
1.9751
2.7754
1.5445
1.0511
8.0000
-0.1164
-0.0559
-0.1817
8.0000
8.0000
0.4580

1.0000
1.0000
1.0000
1.0000
0.7858
1.0000
0.0035
1.0000
1.0000
0.9727
1.0000
1.0000
1.0000
0.0161
1.0000
1.0000
1.0000
0.1313
1.0000
1.0000
0.1966
1.0000
0.5002
1.0000
1.0000
1.0000
1.0000
0.0000
0.0116
0.0243
0.0094
0.2158
0.0223
0.0301
0.9997
1.0000
0.2035
0.1197
0.7366
1.0000
1.0000
0.9997
1.0000
0.6578
0.0039
0.9965
1.0000
0.1519
0.2247
0.2976
1.0000
1.0000
0.9997
0.9997
0.9997
1.0000
1.0000
0.9997

no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
yes
no
yes
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no

2.3765
18.0000
0.0000
-12.0000
4.6252
18.0000
1.3807
2.8996
18.0000
-1.2285
2.1920
2.4636
0.0000
2.4416
0.9338
0.0000
-0.0649
0.9103
0.0000
0.0000
0.7230
18.0000
-0.1830
18.0000
3.5543
-12.0000
0.0000
2.1191
3.4217
1.3105
1.1316
1.8636
2.4470
0.5848
2.3497
1.5078
1.6513
1.3999
2.3102
0.8211
0.0000
0.2295
18.0000
0.0658
1.3509
2.0543
0.0000
1.3569
1.4613
2.2069
0.0000
-12.0000
1.3868
0.4385
1.3898
0.0000
18.0000
1.2320

1.0000
1.0000
1.0000
1.0000
0.0145
1.0000
1.0000
1.0000
1.0000
0.0300
1.0000
1.0000
1.0000
0.0110
1.0000
1.0000
1.0000
0.3402
1.0000
1.0000
0.7185
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0960
0.0001
0.1052
0.1221
0.0379
0.0277
0.5314
0.0000
1.0000
0.0001
0.0101
0.0000
1.0000
1.0000
0.8058
1.0000
1.0000
0.0265
0.0003
1.0000
0.1536
0.1413
0.0137
1.0000
1.0000
0.1143
0.6358
0.0066
1.0000
1.0000
0.12901

no
no
no
no
yes
no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
no
yes
no
yes
yes
yes
no
no
no
no
no
yes
yes
no
no
no
yes
no
no
no
no
yes
no
no
no



Klrg2
Kras
Kremenl
Kremen2
Ksr2
L3mbtl NA
L3mbtl3
Ladl
Lama5
Lamcl
Laptm4b
Lassl
Lass6
Lats2
Lbx1
Lbx2
Ldlrad3
Lefl
Lemdl
Leprel
Leprel2
Lepreld
Lgi2

Lgi3
Lgrd
Lgré
Lhfp
Lhfpl2
Lhfpl3
Lhx1
Lhx2
Lhx3
Lhx4
Lhx6
Lhx8
Lhx9

Lif

Lifr
Limd2
Lingo3
Lipg
Lix1l
Lmo7
Lmtk3
Lmx1a
Lmx1b
LOC100034739 NA
LOC100045653 NA
Lor
LoxI2
Lparl
Lpar3
Lpgatl
Lphnl
Lpp
Lrfnl
Lrfn4d
Lrigl

2.3037
0.0562
-0.1669
8.0000
8.0000

0.4221
0.0000
3.2049
0.6382
2.5452
8.0000
2.2677
0.2104
0.0000
8.0000
1.7688
1.9972
0.0000
0.4017
2.3022
1.9040
3.5263
0.0000
0.3051
0.0000
1.1214
-0.6177
0.0000
8.0000
2.2236
-6.0000
0.0000
1.5525
0.0000
8.0000
8.0000
2.3830
2.5496
3.2249
8.0000
1.0188
0.5351
1.1762
5.2270
0.0000

0.0000
1.6126
1.1580
0.0000
1.8791
0.3531
1.5675
0.8135
0.3770
0.2348

NA

NA
NA

1.0000
0.9997
0.9997
1.0000
1.0000

0.9441
1.0000
0.0489
0.3739
0.0225
1.0000
0.0121
0.9997
1.0000
1.0000
0.1416
1.0000
1.0000
0.8177
0.0449
0.6563
1.0000
1.0000
0.9997
1.0000
1.0000
0.7911
1.0000
1.0000
0.4788
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0002
0.0000
1.0000
1.0000
0.7404
0.9997
1.0000
1.0000
1.0000

1.0000
0.2195
1.0000
1.0000
0.0014
0.9476
1.0000
1.0000
0.9871
0.9997

no
no
no
no
no
NA
no
no
yes
no
yes
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
NA
NA
no
no
no
no
yes
no
no
no
no
no

NA

NA
NA

18.0000
0.0197
2.3073

18.0000
0.7071

NA
2.0054
0.0000
2.7342
2.5036
1.4007

18.0000
2.2563
0.6474
0.0000

18.0000
2.4817
1.5785
0.0000
1.7481
0.2445

-0.1543
5.4051

18.0000
0.5440
0.0000
0.3696
1.7362
0.0000
3.3453
2.1441
0.0000
0.0000
0.2669
0.0000
0.0000
4.6341
0.6510
2.0365

18.0000

-12.0000
1.8089
2.1297

18.0000
2.3022
0.0000

NA

NA
0.0000
1.6555

-1.1071
0.0000
2.2627
2.0304
0.9052
1.5702
1.8796
0.1290

1.0000
0.9707
0.0069
1.0000
1.0000

0.0008
1.0000
0.0556
0.0000
0.1296
1.0000
0.0010
0.3201
1.0000
1.0000
0.0007
1.0000
1.0000
0.0001
1.0000
0.9313
1.0000
1.0000
0.3729
1.0000
1.0000
0.0337
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2745
0.0000
1.0000
1.0000
0.0474
0.0070
1.0000
0.0105
1.0000

1.0000
0.0590
1.0000
1.0000
0.0007
0.0004
1.0000
0.0890
0.0059
0.9091

no
no
yes
no
no
NA
yes
no
no
yes
no
no
yes
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
no
yes
no
NA
NA
no
no
no
no
yes
yes
no
no
yes
no



Lrpll
Lrp2

Lrp3

Lrp4

Lrp5

Lrp6
Lrrcl
Lrrc10b
Lrrcl5
Lrrcl6a
Lrrc26
Lrrc4
Lrrcdb
Lrrc8d
Lrrkl
Lrrn2
Ltb4r2
Ltbp2
Ltbp3
Ltbp4

Ltk

Luzpl
Ly6gbc
Ly6h
Lypd6b
Lysmd2
Mab21I2
Madd
Maf
Mafa
Mafb
Maff
Magi3
Manlcl
Man2a2
Maneal
Map3k10
Map3k3
Map3k5
Map3k9
Map4k3
Map4k4
Map6d1l
Mapk11
Mapk12
Mapk13
Mapk4
Mapk8ip1
Mapkapk2
Mapre3
Mapt
Marll NA
Mar9 NA
Marcks
Marcksl1
Mark1
Marveldl
Mast1

1.0115
0.0000
1.2259
1.6661
0.8475
-0.0072
-0.6109
2.0844
8.0000
3.1868
0.0000
1.9855
-6.0000
-0.0041
0.3337
0.0000
8.0000
1.2211
1.4770
1.3028
2.9027
1.5276
0.0000
0.0000
-6.0000
1.9275
0.0000
0.4382
1.5903
0.0000
1.5612
2.0633
0.5125
1.9470
1.1728
0.0000
-0.0612
0.3841
0.6984
4.3403
0.8681
0.9985
2.6189
3.9676
1.7732
3.1904
8.0000
2.3983
0.3383
1.6325
0.0403

1.6610
0.3178
4.2079
1.4763
0.6742

NA
NA

0.6751
1.0000
1.0000
1.0000
0.1786
0.9997
0.6618
1.0000
1.0000
0.0220
1.0000
1.0000
1.0000
0.9997
0.9552
1.0000
1.0000
0.6823
1.0000
0.5461
1.0000
0.0029
1.0000
1.0000
1.0000
0.1548
1.0000
0.6664
0.0376
1.0000
0.3158
0.0682
0.8853
0.0002
0.2427
1.0000
0.9997
0.7732
0.7372
1.0000
0.8177
0.0113
1.0000
1.0000
1.0000
0.0023
1.0000
1.0000
0.9127
0.6342
0.9997

0.0426
0.9845
1.0000
0.3119
0.9308

no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
NA
NA
yes
no
no
no
no

NA
NA

2.7959
18.0000
2.1011
2.8345
2.3562
0.9507
0.9064
18.0000
18.0000
1.5756
0.0000
0.3726
0.0000
1.0087
2.4673
18.0000
-0.1056
-0.6558
0.5763
0.4723
2.2761
1.8029
0.0079
18.0000
18.0000
2.0034
18.0000
0.5633
0.4067
0.0000
0.3987
2.2718
1.1003
1.5974
2.4321
0.0000
1.2840
1.1817
2.4499
2.2142
1.3995
1.8096
-0.0310
3.9151
0.9735
2.6514
-0.3361
2.2217
1.6366
0.5777
1.2274

0.4258
1.9652
2.4623
2.1740
0.5504

NA
NA

0.0748
1.0000
1.0000
1.0000
0.0000
0.2086
0.1415
1.0000
1.0000
0.0389
1.0000
1.0000
1.0000
0.0492
0.0000
1.0000
1.0000
0.4423
1.0000
0.7057
1.0000
0.0324
1.0000
1.0000
1.0000
0.0433
1.0000
0.0979
0.5941
1.0000
0.7281
0.0348
0.0753
0.0008
0.0002
1.0000
0.0284
0.0020
0.0047
1.0000
0.1274
0.0000
1.0000
1.0000
1.0000
0.0012
1.0000
1.0000
0.0176
1.0000
1.0000

0.6373
0.0080
1.0000
0.0108
0.5830

no
no
no
no
yes
no
no
no
no
yes
no
no
no
yes
yes
no
no
no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
yes
no
yes
yes
no
yes
yes
yes
no

yes
no
no
no
yes
no
no
yes
no
no
NA
NA
no
yes
no
yes
no



Mast4
Mboat2
Mcam
Mcc
Mcmbp
Mctpl
Mdgal
Mecom
Med12|
Megf10
Megfll
Megf6
Megf8
Meil
Meis1
Meis2
Mespl
Mest
Metrnl
Mettll
Mex3b
Mfap3l
Mfhas1
Mfsd4
Mfsd6
Mgat3
Mgat5b
Miat
Micalll
Mier3
Mir10b
Mir1199
Mir1247
Mirl24a-1
Mirl24a-3
Mir132
Mirl52
Mir1900
Mir1901
Mir193
Mir196b
Mir212
Mir3078
Mir3093
Mir34b
Mir34c
Mird49c
Mir574
Mir615
Mir9-1
Mir9-3
Mir92b
MixI1
Mkx
Mllt4
Mllt6e
Mmpl1l
Mmpl4

0.0813
0.7789
0.8178
1.7466
-0.1250
2.0573
0.3623
0.5878
1.9852
8.0000
1.5117
-0.1494
0.6359
0.0000
2.0751
1.9362
0.0000
1.4148
0.9767
0.1642
0.1712
2.8110
1.4025
-0.0098
1.9146
2.0199
0.0000
8.0000
0.3269
0.0000
0.0000
0.0000
0.0000
2.329829999999¢
0.0000
0.0000
0.0000
2.329839999999¢
0.0000
0.0000
2.329810000000(
0.0000
2.329829999999¢
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
NA
0.0000
0.0000
0.0546
4.4096
1.4328
1.0564
8.0000
1.5684

0.9997
0.3491
0.8671
1.0000
0.9997
0.0059
0.9682
1.0000
1.0000
1.0000
1.0000
1.0000
0.5150
1.0000
0.0025
0.4541
1.0000
0.0073
0.8113
0.9997
0.9997
1.0000
0.0058
0.9997
0.0535
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
0.1400
0.5690
1.0000
0.1306

no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
no

1.6939
0.3575
0.7611
1.0144
1.1286
2.1843
-0.1925
1.3030
2.0495
18.0000
0.9122
-1.3665
2.6760
0.0000
1.9384
-0.7180
0.0000
0.6448
-0.0303
2.6698
2.0258
1.9443
0.4854
0.2452
1.5500
0.9431
0.0000
18.0000
2.5256
-0.0918
0.0000
0.0000
0.0000
2.336160000000(
0.0000
0.0000
0.0000
2.336049999999¢
0.0000
0.0000
2.33614e-310
0.0000
2.336160000000(
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
NA
0.0000
0.0000
-0.0370
0.2147
0.5484
1.1546
3.0659
1.4231

0.1253
0.5238
0.4114
1.0000
0.0006
0.0000
0.7033
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
0.0002
0.7059
1.0000
0.3245
1.0000
0.0000
0.0305
1.0000
0.4675
0.7563
0.0343
1.0000
1.0000
1.0000
0.0020
0.9091
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
0.6489
0.2426
1.0000
0.1032

no
no
no
no
yes
yes
no
no
no
no
no
no
yes
no
yes
no
no
no
no
yes
yes
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
no



Mmp15
Mmpl7
Mmp23
Mmp24
Mmp25
Mmp28
Mms19
Mn1l
Mnx1
Mocos
Mos
Moxd1
Mpp3
Mpp6
Mpped2
Mras
Mrc2
Mreg
Msil
Msrb3
Msx1
Msx3
Mtag2
Mtapla
Mtaplb
Mtap6
Mtap7
Mtap7d2
Mtmr7
Mtss1l
Mtusl
Mtus2
Mucl
Mxra7
Myb
Mybl1
Mycll
Mycn
Myo10
Myolb
Myole
Myo5a
Myo5b
Mypop
Myrip
Myst4
N28178
N4bp3
Nabl
Nab2
Nacad
Nacc2
Nags
Nanos1
Nat8l
Navl
Nav2
Nbea

2.0554
2.0159
3.5359
-0.2255
8.0000
2.6691
0.1306
3.4413
0.0000
1.9651
0.0454
8.0000
2.3471
0.0669
0.9596
0.1553
-2.1255
1.4900
0.1710
1.5326
0.0000
0.0000
0.0000
1.1574
1.1832
0.0000
-0.2904
0.4136
-0.1102
1.1986
3.0887
-1.4361
0.0000
0.0345
-0.0954
0.3759
2.3617
2.0476
0.8315
1.9660
2.6188
1.4650
0.7883
0.7261
-6.0000
-0.1364
2.0425
1.4095
0.4294
2.0422
0.6183
0.1944
0.3963
0.9847
3.3095
1.5169
1.8182
1.2596

1.0000
0.0850
1.0000
0.9997
1.0000
0.2398
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
0.6451
0.9997
1.0000
0.4068
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
0.4610
0.0004
0.4790
1.0000
1.0000
0.9997
0.9997
1.0000
0.2823
0.6236
0.0596
0.0249
0.0001
0.6838
1.0000
1.0000
0.9997
1.0000
0.4537
0.8339
0.3451
0.9637
0.9997
0.8177
0.5923
1.0000
1.0000
1.0000
0.1552

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

0.6429
3.3456
0.7712
1.2490
3.3370
2.5490
0.7180
1.8245
0.0000
2.1720
-12.0000
0.0000
3.7823
1.9214
2.1554
3.3947
-2.1136
1.9953
-0.4873
0.5643
0.0000
0.0000
0.0000
1.9600
-0.2649
18.0000
2.2931
18.0000
0.8764
1.9321
2.3425
2.2432
-3.4962
-0.4530
2.6736
-1.1718
18.0000
2.4598
1.5239
0.4415
2.9649
2.1515
0.5256
2.5957
18.0000
0.0436
-0.3571
1.5619
1.8557
1.6871
-1.2668
1.3290
2.2552
-0.2424
2.3921
1.9387
2.1765
2.4026

1.0000
0.0006
1.0000
1.0000
1.0000
0.0035
0.0098
1.0000
1.0000
0.0216
1.0000
1.0000
1.0000
0.0000
0.2192
0.0874
1.0000
0.0389
0.7739
0.6609
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0003
1.0000
1.0000
0.0117
0.0000
1.0000
1.0000
1.0000
0.0000
0.0709
1.0000
0.0104
0.0405
0.6428
0.0009
0.0000
0.5733
1.0000
1.0000
0.9699
1.0000
0.1059
0.0001
0.1663
0.0844
0.1598
0.0000
0.8342
0.0079
1.0000
1.0000
0.0001

no
yes
no
no
no
yes
yes
no
no
yes
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
no
no
no
yes
no
no
yes
yes
no
yes
yes
no
no
no
no
no
no
yes
no
no
no
yes
no
yes
no
no
yes



Nbll
Ncald
Ncoal
Ncoa2
Ncoa3
Ncsl
Ndrgl
Necab2
Nedd4l
Nefh
Nefm
Nek6
Neol
Nes
Neurlla
Neurllb
Neurod2
Neurogl
Neurog2
Nexn
Nfatcl
Nfatc4
Nfe2l3
Nfia
Nfib
Nfic
Nfil3
Nfix
Nfkb1
Nfkbiz
Ngef
Ngfr
Nhlrcl
Nin
Nkainl
Nkain2
Nkd1
Nkpd1
Nkx1-2
Nkx2-1
Nkx2-2
Nkx2-3
Nkx2-4
Nkx2-5
Nkx3-1
Nkx3-2
Nkx6-1
Nkx6-2
Nlgn2
Nirp6
NM_001145974 NA
NM_001172117 NA
Nod1
Nodal
Nog
Nol3
Noslap
Notchl

-0.0210
2.2931
0.8566

-0.2707
0.7760
1.4340
2.3894

-1.3254
0.5419
1.3646
0.0000
0.2016
2.6009
2.3627
1.4436
8.0000
0.0000
0.0000
0.0000
1.0194
0.7852
1.2525

-1.0909
2.5378
0.3084
2.1886
3.1706
0.8156

-0.0645
0.7585
3.1078
0.6299
0.8242
0.4763
3.0040
0.0000
1.1736
1.0653
8.0000
0.0000
0.0000
8.0000
0.0000
0.0000
8.0000
0.0000
0.0000
1.0546
1.0473
2.2909

0.9962
0.0400
8.0000
0.6738
2.6665
1.5830

NA
NA

1.0000
0.1954
0.6098
0.9284
0.1493
0.5468
0.0003
1.0000
0.8219
0.1719
1.0000
0.9997
0.0115
0.0002
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.3141
1.0000
1.0000
0.0035
1.0000
0.0030
0.0065
0.2868
0.9997
0.8463
0.0046
1.0000
1.0000
0.3439
0.0045
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.2413
0.0164

0.5535
1.0000
1.0000
1.0000
0.0011
0.4186

no
no
no
no
no
no
yes
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
yes
no
yes
yes
no
no
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
NA
NA
no
no
no
no
yes
no

-0.6259
1.0466
1.7930
0.4733
1.6321
2.6484
1.1511

18.0000
2.0146
4.0218
0.0000
1.6657
1.1302
1.7660
0.9703
1.5217
0.0000
0.0000
0.0000
1.8093
2.3896
2.5713

-0.6649
3.2250
1.8675
1.9505
2.6033

-0.1209
2.0818
1.4559
1.1898

-0.0698
3.9709
2.4846
4.5446
0.0000
1.9753

18.0000

18.0000
0.0000
0.0000

-12.0000
0.0000
0.0000
0.0000
0.0000

18.0000
0.5586
3.2475
1.0604

NA
NA
0.4315

18.0000

18.0000
2.2016
0.1427
1.5922

NA
NA

1.0000
1.0000
0.0374
0.3047
0.0006
0.0036
0.0304
1.0000
0.0026
1.0000
1.0000
0.0009
1.0000
0.0012
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
1.0000
0.0831
1.0000
0.0042
0.0026
0.8995
0.0000
0.0877
1.0000
1.0000
1.0000
0.0000
0.0001
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0001
0.0899

0.6230
1.0000
1.0000
1.0000
0.8458
0.0177

no
no
yes
no
yes
yes
yes
no
yes
no
no
yes
no
yes
no
no
no
no
no
no
yes
no
no
no
no
yes
yes
no
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
NA
NA
no
no
no
no
no
yes



Notch3 0.7682
Notum 8.0000
Noval 1.5937
Npasl -1.0031
Npas3 0.0000
Npdcl 2.5173
Npnt 1.2386
Nppc 0.0000
Nprl 1.4324
Npr2 1.1721
Nptx1 0.0000
Nptxr 8.0000
Npw 2.6200
Npy 0.0000
NR_003258 NA

NR_027352 NA

NR_028280 NA

NR_029460 NA

NR_033135 NA

NR_036582 NA

NR_036665 NA

Nr2el 0.0000
Nr2fl 2.6386
Nr2f2 1.9104
Nr2f6 0.9683
Nrda2 0.7264
Nr4a3 -0.5555
Nr6al -0.4612
Nrarp -0.1395
Nrbp2 1.9504
Nrg2 2.4110
Nrg3 0.0000
Nrip3 2.8730
Nrp2 1.7397
Nrtn 1.3622
Nrxn2 8.0000
Nsgl -0.0412
Nt5cla 0.0000
Nt5c2 -0.4121
Ntf5 8.0000
Ntnl 2.0503
Ntn4 1.3406
Ntng2 3.0453
Ntrkl 8.0000
Nuakl1 0.1033
Nuak2 2.5790
Nxph3 0.0000
Nxph4 0.0000
Obsl1 2.8216
Ociad2 0.0506
Ocln 1.0336
Odf3b 1.3297
Odz4 0.1357
Olfm1 2.2292
Olfm2 8.0000
Olfml2b 2.2977
Olig2 0.0000
Onecutl 1.7715

NA
NA
NA
NA
NA
NA
NA

1.0000
1.0000
0.2719
0.7974
1.0000
0.1241
1.0000
1.0000
0.1149
0.6563
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
0.2278
0.1416
0.6491
1.0000
0.9539
0.9997
0.0714
0.1596
1.0000
0.0032
1.0000
0.4746
1.0000
1.0000
1.0000
0.4055
1.0000
1.0000
0.2604
0.3460
1.0000
1.0000
0.0122
1.0000
1.0000
0.0000
0.9997
0.7863
0.5144
1.0000
0.0082
1.0000
1.0000
1.0000
1.0000

no
no
no
no
no
no
no
no
no
no
no
no
no
no
NA
NA
NA
NA
NA
NA
NA
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
yes
no
no
no
no

NA
NA
NA
NA
NA
NA
NA

0.4960
18.0000
2.4762
0.7988
-1.0551
1.5170
0.6551
0.0000
1.4597
0.3232
0.0000
18.0000
18.0000
0.0000

0.0000
1.8251
0.9236
1.0572
2.7732
18.0000
2.0709
1.9463
1.9226
3.4830
0.0000
1.0504
0.6521
0.7262
1.9157
1.0980
0.0000
1.0512
18.0000
-12.0000
2.3020
18.0000
1.5033
1.1597
1.8448
0.0000
18.0000
1.5703
1.0141
1.7470
3.1323
-0.8314
3.1809
-0.0502
1.5807
0.0000
0.8361

NA
NA
NA
NA
NA
NA
NA

1.0000
1.0000
1.0000
1.0000
1.0000
0.1246
1.0000
1.0000
0.0089
0.8186
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
0.3119
0.0481
1.0000
1.0000
0.0442
0.0220
0.0269
0.0003
1.0000
0.2087
1.0000
0.5052
1.0000
1.0000
1.0000
0.0425
1.0000
1.0000
0.0715
0.0015
1.0000
0.5109
0.0145
1.0000
1.0000
0.0442
0.2810
0.0066
0.0296
1.0000
0.0000
1.0000
0.0954
1.0000
1.0000

no
no
no
no
no
no
no
no
yes
no
no
no
no
no
NA
NA
NA
NA
NA
NA
NA
no
no
no
yes
no
no
yes
yes
yes
yes
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
no
yes
no
yes
yes
no
yes
no

no
no



Onecut2
Onecut3
Oprdl
Osbpl6
Osr2
Otopl
Otp
OTTMUSGO000000101I NA
Otud1l
Otud7a
Otx1
Otx2
Ovoll
Ovol2
Oxrl
Oxt
P2rx5
P2rx6
P2ry2
P4ha2
P4ha3
Pacsinl
Pacsin3
Pak6
Panx2
Papolb
Paqgrd
Paqr8
Paqr9
Pard3
Pard6b
Parp12
Parpl4
Parp8
Pawr
Pax2
Pax6
Pax6osl
Pax9
Pcdhl
Pcdh12
Pcdh?7
Pcdh8
Pcdhac2 NA
Pcdhgc3 NA
Pcgf2
Pcnx
Pcolce2
Pcp4ll
Pcsk6
Pcsk9
Pdel0a
Pde2a
Pde3b
Pdeda
Pde4dip
Pde5a
Pde8a

2.9497
8.0000
0.0000
8.0000
8.0000
2.0398
0.0000

1.3697
8.0000
8.0000
0.0000
0.2508
0.0000
-0.0908
8.0000
-1.1960
-1.3132
1.5000
1.7834
0.5144
8.0000
1.1395
0.9748
0.0000
0.0000
0.6282
1.2054
2.3418
0.8309
0.6187
1.2128
0.7474
3.3500
0.7063
0.0000
-0.2159
0.0000
0.5244
2.5060
1.1316
0.3119
8.0000

0.3590
0.9440
3.6216
3.3260
2.7766
2.1313
3.1184
1.5006
0.0379
0.2045
0.3567
1.4593
2.3699

NA

NA
NA

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.4361
1.0000
1.0000
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
0.3882
0.0477
1.0000
1.0000
0.5358
0.2447
1.0000
1.0000
0.6566
1.0000
0.0000
0.7943
0.9590
0.3452
0.6751
0.0000
0.8515
1.0000
0.9997
1.0000
1.0000
0.0092
1.0000
1.0000
1.0000

0.9997
0.1132
0.0080
1.0000
0.0000
0.0033
1.0000
0.0078
0.9997
0.9997
0.9970
0.3115
0.0019

no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
NA
NA
no
no
yes
no
yes
yes
no
yes
no
no
no
no
yes

1.7484
-12.0000
-12.0000

1.5291

18.0000

0.0000

0.0000

NA

0.4624

0.0000

0.0000

0.0000

-0.4940
18.0000
0.7254
0.0000
18.0000

0.0000

2.9675

1.1947

1.5094

18.0000

0.5161

1.9684

0.0000

18.0000

0.5886

1.4670

2.0693

0.3500

1.4733

0.6604

1.0933

2.6480

1.9908

0.0000

0.6991

0.0000

-0.9986

1.9691

0.5447

2.5281

0.0000

NA
NA

1.1453

2.1885

2.7660

0.8087

3.9664

1.2542

0.5509

1.8914

2.3823

2.8870

1.0995

1.6672

2.7581

NA

NA
NA

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.6809
1.0000
1.0000
1.0000
1.0000
1.0000
0.2156
1.0000
1.0000
1.0000
0.0015
0.4158
1.0000
1.0000
0.4678
0.0070
1.0000
1.0000
0.5207
0.1862
0.0051
0.6746
0.1104
0.4376
0.1996
0.0000
0.0077
1.0000
0.4988
1.0000
1.0000
0.0042
1.0000
1.0000
1.0000

0.1046
0.0000
0.0100
1.0000
0.0000
0.1080
1.0000
0.0009
0.0001
0.0000
0.0956
0.0587
0.0002

no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
yes
yes
no
no
no
no
yes
no
no
no
NA
NA
no
yes
yes
no
yes
no
no
yes
yes
yes
no
no
yes



Pde8b
Pdgfa
Pdgfb
Pdgfra
Pdlim4
Pdpl
Peli2
Perp
Pfkfb3
Pfn2
Pghd5
Phactr2
Phc2
Phf13
Phf15
Phf21b
Phldal
Phlda3
Phldb1
Phldb2
Phox2a
Phyhip
Phyhipl
Pigz
Pik3c2b
Pik3ip1
Pitpnm1
Pitpnm3
Pitx1
Pitx2
Pitx3
Pkd2
Pkdcc
Pkdrej
Pknox2
Pkpl
Pkp2
Pkp4
Plagll
Plbd1
Plcgl
Plcl1
Pld2
Plec
Plekhal
Plekha2
Plekha5
Plekhgl
Plekhg3
Plekhg6
Plekhh1
Plekhh2
Plekhh3
Plekhol
Plk2
Plk3
PIk5
Plip

0.3568
4.3582
2.3161
2.6146
1.7573
0.1178
2.7516
1.8348
2.1807
2.5847
0.1007
0.6785
-0.1714
0.4987
0.0309
2.1035
2.2612
0.4654
1.6715
1.1617
0.7773
-0.0219
8.0000
4.0465
1.1338
0.7628
1.7102
0.0000
0.0000
0.0000
0.0000
3.3043
2.2555
0.9441
2.9889
8.0000
1.2128
-0.0006
1.6346
1.8360
0.4408
8.0000
-0.3167
0.9221
2.3673
2.9472
0.8260
1.2138
3.2341
1.8970
0.3711
2.6022
1.5630
1.3245
1.8615
1.5628
8.0000
1.6313

1.0000
1.0000
0.0876
1.0000
0.1511
0.9997
1.0000
0.1501
0.0011
0.1378
1.0000
0.7931
0.9916
0.9741
0.9997
0.3439
0.1119
0.9585
0.0024
0.2542
1.0000
0.9997
1.0000
0.0918
1.0000
0.8725
0.0000
1.0000
1.0000
1.0000
1.0000
0.0002
0.0005
1.0000
1.0000
1.0000
0.5552
0.9999
0.1258
0.0739
0.8517
1.0000
0.9997
0.0041
0.0000
0.0004
0.3200
1.0000
0.0001
1.0000
0.9997
1.0000
1.0000
0.0209
0.1827
0.0127
1.0000
1.0000

no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
no
no
yes
no
no
no
no
yes
no
yes
no
no

0.3384
18.0000
0.9203
-0.6892
1.6537
0.2207
1.8454
1.2183
2.6398
-1.0533
0.0000
1.7414
0.6933
-0.5956
1.1068
6.1688
4.1689
1.8427
2.4551
0.4722
0.9228
0.5825
18.0000
-0.0597
2.0724
2.5227
2.1662
0.0000
0.0000
18.0000
0.0000
2.9148
1.9947
2.1534
18.0000
0.3791
1.4049
0.9213
0.0818
1.4460
2.0847
2.5805
1.6086
2.0199
1.2019
2.0627
2.2400
-0.1504
1.8978
2.7619
1.8287
1.5834
-0.5861
1.3148
1.0442
2.3118
18.0000
-1.6191

1.0000
0.0086
0.3698
1.0000
0.0478
0.8060
0.0374
0.1837
0.0000
0.3908
1.0000
0.0095
0.2427
0.5223
0.0842
0.0082
1.0000
0.0174
0.0029
0.5064
1.0000
0.5724
1.0000
1.0000
1.0000
0.0298
0.0000
1.0000
1.0000
1.0000
1.0000
0.0007
0.0037
1.0000
1.0000
1.0000
0.1299
0.0069
0.9336
0.0312
0.0001
1.0000
0.3743
0.0000
0.0215
0.0005
0.0000
1.0000
0.0162
1.0000
0.0249
1.0000
1.0000
0.0166
0.2944
0.0027
1.0000
1.0000

no
yes
no
no
yes
no
yes
no
yes
no
no
yes
no
no
no
yes
no
yes
yes
no
no
no
no
no
no
yes
yes
no
no
no
no
yes
yes
no
no
no
no
yes
no
yes
yes
no
no
yes
yes
yes
yes
no
yes
no
yes
no
no
yes
no
yes
no
no



Pls1

Pltp
Plxdcl
Plxnal
Plxnad
Plxnbl1
Plxnb2
Plxncl
Plxnd1
Pm20d2
Pmepal
Pnma?2
Pnmal2
Podn
PodxI2
Pom12112
Popdc3
Pou2f3
Pou3fl
Pou3f2
Pou3f3
Pou4fl
Pou4f2
Pou4f3
Ppapdcla
Ppapdc2
Pparg
Ppargclb
Ppfia3
Ppig

Ppl
Ppmle
Ppm1lh
Ppm1j
Ppmln
Ppplrl6b
Ppplrlb
Ppp2r2c
Ppp3cc
Ppp4rl
Ppp4rad
Ppy
Prdm12
Prdm13
Prdm14
Prdm16
Prdm6
Prdm9
Prkaa2
Prkar2a
Prkca
Prkce
Prkch
Prkcz
Prkd3
Prkgl
Prkg2
Prox1

1.6572
0.4822
-0.8990
-0.0567
0.4526
1.8613
2.0272
0.2299
2.0193
1.7772
8.0000
8.0000
-6.0000
1.0033
8.0000
0.0000
2.9735
0.0000
0.0000
0.0000
8.0000
2.2867
0.0000
8.0000
0.0000
0.7497
3.3904
0.4076
0.2757
-0.0373
2.6053
0.0375
1.6260
2.2046
0.0362
0.8226
8.0000
8.0000
1.8854
0.1018
1.9418
0.0000
0.0000
0.0000
0.0000
1.1964
0.0000
0.2579
8.0000
0.7502
1.0554
0.5880
2.0834
0.7987
0.0410
1.6375
8.0000
2.5207

0.3724
0.9811
0.6767
0.9997
1.0000
0.2069
0.0000
0.9997
0.0031
0.3106
1.0000
1.0000
1.0000
0.3923
0.1849
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.4324
1.0000
1.0000
1.0000
0.9285
0.0028
0.9997
0.9997
0.9997
1.0000
0.9997
0.0336
1.0000
1.0000
1.0000
1.0000
1.0000
0.0540
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
0.3680
1.0000
0.9997
1.0000
0.2334
0.0759
0.9765
0.1255
0.7835
0.9997
1.0000
1.0000
0.0122

no
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes

1.2982
0.2855
3.0896
2.6018
-0.1944
1.4283
1.1630
1.4926
1.9122
3.6342
18.0000
0.0000
18.0000
0.0771
0.5952
0.0000
-1.0258
0.0000
0.0000
0.0000
0.0000
18.0000
0.0000
0.0000
0.0000
1.7790
1.3657
3.2227
2.1522
0.4608
1.1737
0.0576
2.3985
18.0000
0.0000
0.9327
0.0000
18.0000
1.7772
0.6836
2.0910
0.0000
0.0000
0.0000
0.0000
1.7183
0.0000
1.1749
18.0000
2.2854
1.2289
0.1682
1.1960
1.1094
1.6493
18.0000
-12.0000
1.2198

0.1869
0.6742
0.0012
0.0008
1.0000
0.1020
0.0089
0.0427
0.0055
1.0000
1.0000
1.0000
1.0000
0.9387
0.7090
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0508
0.0965
0.0003
0.1607
0.1296
1.0000
0.9498
0.0012
1.0000
1.0000
1.0000
1.0000
1.0000
0.0201
0.1033
0.0294
1.0000
1.0000
1.0000
1.0000
0.2409
1.0000
0.1760
1.0000
0.0015
0.0082
1.0000
0.2019
0.3664
0.0000
1.0000
1.0000
0.1361

no
no
yes
yes
no
no
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
yes
yes
no
no
no
yes
no
no
no



Prph 8.0000
Prr18 8.0000
Prr7 1.5217
Prrtl 8.0000
Prrt4 -0.9551
Prrx2 2.6635
PrrxI1 0.0000
Prss12 0.4663
Prss16 3.2540
Prss23 -0.9784
Prtg 8.0000
Psd -0.0187
Pstpip2 2.0673
Ptch2 -0.0448
Ptger3 1.8315
Ptgfrn 2.5661
Pthlr 1.5589
Pth2 0.0000
Ptms 2.2667
Ptpnl4 -0.0617
Ptpn21 0.7836
Ptpn3 2.8687
Ptpn5 0.0000
Ptpn9 0.3444
Ptprf 2.7050
Ptprg 2.4918
Ptprj 0.2348
Ptprn 0.0387
Ptprs 1.1340
Ptprt 8.0000
Ptpru 1.3925
Ptrf 0.1427
Pura 0.3670
Pus3 -0.3768
Pvrll 2.1138
Pvrl3 0.8330
Pygol -6.0000
Pyy 0.0000
Rab11fip3 1.4937
Rab11fip4 3.0225
Rab15 -0.5979
Rab19 3.0029
Rab20 2.0588
Rab27b 1.2518
Rab31 2.6457
Rab34 0.3391
Rab6b 2.6040
Rac3 0.3981
Radil 3.8468
Ralgds 1.9946
Ralgps2 0.0831
Ralyl 0.0000
Ramp2 2.1275
Ranbp9 -0.0349
Raplgap2 2.0172
Rap2a 0.5118
Rapgef3 2.3119

Rapgefd 3.7811

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0517
1.0000
1.0000
0.9997
0.0005
0.9997
0.0016
1.0000
0.3822
1.0000
0.0011
0.9997
0.7179
1.0000
1.0000
0.9997
0.0003
0.1185
0.9997
1.0000
0.0115
1.0000
0.0001
0.9997
0.9770
0.9105
0.0792
0.8859
1.0000
1.0000
0.0159
0.3439
1.0000
1.0000
0.1643
0.2675
0.0073
0.9997
1.0000
0.9997
0.0406
0.0765
0.9997
1.0000
0.0115
0.9997
0.0314
0.9705
0.0016
0.0000

no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
no
no
yes
no
no
no
no
no
yes
no
no
no
yes
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
no
no
no
yes
no
no
no
yes
no
yes
no
yes
yes

18.0000
18.0000
1.7662
18.0000
18.0000
0.0000
0.0000
-1.3997
2.0544
0.9833
0.9723
-0.6033
1.9989
0.5201
2.8564
1.9749
0.7823
0.0000
1.2063
1.5986
2.1525
-0.4199
18.0000
1.9373
1.2299
1.0488
1.2434
18.0000
2.2694
-2.0362
1.3417
1.7266
1.4667
1.1703
2.0142
1.8344
18.0000
0.0000
1.8490
2.0154
18.0000
-0.2407
0.0939
0.8242
1.8510
1.1179
2.9795
1.9257
1.0747
1.2530
0.6838
0.0000
0.8904
0.2897
1.4964
1.5038
1.1245
0.6155

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0201
1.0000
1.0000
0.5109
0.0000
1.0000
0.0000
1.0000
0.4678
1.0000
0.0650
1.0000
0.0064
0.8440
1.0000
0.0181
0.0237
0.5762
0.0715
1.0000
0.0000
1.0000
0.0089
0.0423
0.0744
0.0369
0.0257
0.0327
1.0000
1.0000
0.0013
0.0508
1.0000
1.0000
0.9447
0.2481
0.0251
0.0536
1.0000
0.0467
1.0000
0.0952
0.3995
1.0000
0.1680
0.6316
0.3456
0.0187
0.2446
0.1522

no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
yes
no
no
no
no
no
yes
no
no
yes
yes
no
no
no
yes
no
yes
yes
no
yes
yes
yes
no
no
yes
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
yes
no
no



Rapgefll
Raphl
Rara
Rarg
Rarresl
Rasa2
Rasal2
Rasd1l
Rasd2
Rasgeflc
Rasgrp2
Rasipl
Rasl10a
Rasl10b
Rasllla
Raslllb
Rassf5
Raver2
Rax
Rbfox2
Rbfox3
Rbm20
Rbm24
Rbm46
Rbm47
Rbms1
Rbpms
Rbpms2
Rcor2
Rcsd1
Reepl
Reep2
Rel
Relb
Reln
Rem1
Rem2
Ret
Rftnl
Rfx4
Rgll
Rgl3
Rgma
Rgmb
Rgnef
Rgs6
Rgs7bp
Rhbdfl
RhbdI3
Rhobtb1
Rhobtb3
Rhoc
Rhod
Rhoq
Rhou
Rhpnl
Rilpll
Rimkla

1.2437
1.9270
2.0469
2.0318
1.0206
0.3408
0.2984
1.8306
8.0000
0.0000
2.5309
1.4027
8.0000
1.6948
1.4039
0.9261
1.6729
2.1607
0.0000
2.0014
8.0000
-1.8860
0.0606
0.0000
1.1678
0.1604
2.2871
2.9021
0.9891
2.3501
0.4741
0.8236
2.9101
1.2237
3.3317
0.0000
0.0000
2.5537
0.4382
0.0000
1.8944
8.0000
-6.0000
3.7309
-0.2578
-6.0000
1.0314
4.0770
8.0000
-0.0594
0.9825
2.2530
1.5415
1.1559
3.1124
8.0000
0.5114
8.0000

1.0000
0.0015
0.0012
0.1163
1.0000
0.9985
0.9997
1.0000
1.0000
1.0000
0.0000
0.0989
1.0000
1.0000
0.4675
1.0000
0.1380
1.0000
1.0000
0.0013
1.0000
1.0000
1.0000
1.0000
0.9856
0.9997
0.0018
0.0115
0.2712
0.0000
0.9997
1.0000
0.0240
0.3676
0.0000
1.0000
1.0000
1.0000
0.9502
1.0000
0.0241
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
0.9997
0.4232
0.0078
0.5149
0.5625
0.0146
1.0000
0.9997
1.0000

no
yes
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
yes
no
yes
no
no
yes
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
no
no

18.0000
0.8812
1.4805
1.7119
0.1183
2.5811
0.9085
1.3062
2.8509

18.0000
1.9062
0.8976

-12.0000
1.4002
2.8557
1.7358
1.9711
1.4750
0.0000
1.2258

-0.8871
0.5646

18.0000
0.0000
1.5276

-0.5330
1.4983
1.5251
3.0147
1.8201
1.7376
0.6503
2.4890
1.2882
0.0000
1.5791
0.0000

18.0000
2.6407
0.0000
0.4117

18.0000

-12.0000
1.2039
3.7094
0.5960
1.1034
3.3521

-0.0726
1.3113
2.1855
0.5765
-0.3154
1.6691
2.0278
0.0661
0.8922
0.0000

1.0000
0.0749
0.1257
0.0522
1.0000
0.0005
0.3402
1.0000
1.0000
1.0000
0.0000
0.1476
1.0000
1.0000
0.0522
1.0000
0.0140
1.0000
1.0000
0.0162
1.0000
1.0000
1.0000
1.0000
0.0865
0.1095
0.0067
0.0604
0.0021
0.0021
0.0534
1.0000
0.0094
0.1056
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
0.5772
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
0.1676
0.0076
0.3814
0.7455
0.0394
0.0180
1.0000
0.3860
1.0000

no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
yes
no
yes
yes
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
yes
yes
no
no
no



Rimklb
Rims2
Rims4
Rin3
Ripply3
Rinl
Rnd2
Rnf130
Rnfl44a
Rnfl44b
Rnf150
Rnf152
Rnf157
Rnf165
Rnf182
Rnf208
Rnf216
Rnf217
Rnf220
Rnf39
Rpp25
Rps6kal
Rragd
Rras2
Rspol
Rspo3
Rspo4
Rsrcl
Rtbdn
Rtkn
Rtnl
Rtn2
Rtn4r
Rtn4rll
Rtn4rl2
Rufy4
Rundc3a
Rundc3b
Runx1tl
Runx2
Ruscl
Rusc2
Ryr2
Slpr5
Salll
Sall3
Sall4
Samd10
Samd4
Samd5
Sap30I
Sarml
Satb1l
Satb2
Sbf2
Sbk1
Scamp5
Scarf2

0.0000
8.0000
2.6076
3.4593
0.8252
0.0000
0.2702
0.5006
2.2545
2.7952
0.8064
8.0000
0.5358
2.0218
-1.0942
0.8121
-0.1490
2.4634
-0.3281
2.4986
1.6120
0.3972
2.7722
0.4544
8.0000
0.0430
8.0000
-0.3884
-0.1178
1.6173
-0.1442
-0.4130
1.0566
1.2751
0.0000
2.0149
1.6189
0.1601
1.4872
4.7315
0.1036
1.1991
1.3451
8.0000
3.3501
0.0000
2.7713
1.1123
2.4194
8.0000
0.2499
8.0000
2.2710
1.4710
1.6375
1.1925
1.2181
2.0222

1.0000
1.0000
1.0000
0.0000
0.9068
1.0000
0.9997
0.7523
0.0002
0.0021
1.0000
1.0000
0.8957
1.0000
1.0000
0.7246
0.9997
0.0975
0.8035
1.0000
1.0000
0.3698
0.0000
0.9997
1.0000
1.0000
1.0000
0.6658
0.9997
0.1036
0.9997
0.9997
1.0000
1.0000
1.0000
1.0000
0.0374
1.0000
0.0375
0.0911
0.9997
0.9028
1.0000
1.0000
1.0000
1.0000
0.0589
0.3568
1.0000
1.0000
0.9997
1.0000
0.0000
1.0000
0.0155
0.5659
0.5698
1.0000

no
no
no
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
no
no

18.0000
18.0000
0.6839
2.1257
0.8771
-12.0000
2.6018
2.0415
3.3994
1.9051
1.2267
2.0090
0.6807
-0.0064
18.0000
2.6451
0.4059
2.1608
1.0009
18.0000
-12.0000
0.0905
0.7080
1.6331
18.0000
0.2672
0.0000
1.4799
-0.2812
1.2048
1.8797
0.5904
2.6288
1.3272
0.0000
0.3398
-0.4585
4.1316
-1.4284
2.4758
1.5248
-1.5097
-1.0098
18.0000
3.6118
18.0000
0.4773
2.3390
-0.2558
18.0000
0.0494
18.0000
2.0584
4.1518
0.8090
3.3546
0.4380
0.6394

1.0000
1.0000
1.0000
0.0000
1.0000
1.0000
0.0001
0.0014
0.0001
0.0189
1.0000
1.0000
0.5750
1.0000
1.0000
0.0162
0.6331
0.0275
0.0092
1.0000
1.0000
0.8497
0.2363
0.0623
1.0000
1.0000
1.0000
0.0003
0.8164
0.0643
0.0410
0.4615
1.0000
1.0000
1.0000
1.0000
0.4034
1.0000
0.0004
0.0806
0.0798
0.3010
1.0000
1.0000
1.0000
1.0000
0.7991
0.0031
1.0000
1.0000
0.9666
1.0000
0.0001
1.0000
0.1723
0.0002
0.6964
1.0000

no
no
no
yes
no
no
yes
yes
yes
yes
no
no
no
no
no
yes
no
yes
yes
no
no
no
no
no
no
no
no
yes

no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
yes
no
no



Sccpdh
Scnlb
Scn5a
Scn8a
Scrnl
Scrtl
Scrt2

Sct
Scubel
Scube2
Scube3
Sdcl
Sdc3
Sdk1
Sdk2
Secl14l2
Sec24d
Selll3
Sema3f
Semadc
Sema4f
Semadg
Sema5b
Semaba
Semabb
Semabd
Sema7a
Sepnl
Septl0 NA
Sept3 NA
Sept5 NA
Serinc2
Serp2
Serpine2
Sertad4
Sesn3
Sestdl
Setbpl
Sez6
Sfmbtl
Sfmbt2
Sfn

Sfrpl
Sfrp2
Sfrp5
Sgcb
Sgkl
Sgk3
Sgmsl
Sh2d5
Sh3bp4
Sh3bp5
Sh3d20 NA
Sh3pxd2a
Sh3pxd2b
Sh3rfl
Sh3rf3
Shank3

1.2297
2.1264
-6.0000
8.0000
8.0000
0.4073
0.0000
8.0000
-0.7628
-0.5917
1.6925
0.5603
1.1346
0.7065
3.7314
1.1189
2.0482
0.0000
1.7449
1.0197
8.0000
2.7252
0.0428
2.4879
0.7614
1.4971
3.1985
-0.2659

5.2975
0.1025
3.6088
0.5000
2.5761
1.6274
4.4091
-6.0000
-0.1724
2.2252
0.9811
1.5020
8.0000
0.0556
1.2909
0.5143
0.1078
0.2684
2.3250
1.0813
1.7497

0.1264
0.4773
1.0112
0.0000
-0.1556

NA
NA
NA

NA

0.2951
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.3693
0.0870
1.0000
1.0000
0.0510
0.0486
1.0000
1.0000
0.4478
1.0000
0.0000
1.0000
1.0000
0.8177
0.1954
1.0000
0.9997

0.0000
0.9997
0.0021
1.0000
1.0000
1.0000
1.0000
1.0000
0.9682
0.3325
0.7974
1.0000
1.0000
1.0000
0.1709
0.9272
0.9997
0.9997
0.0239
1.0000
0.0133

0.9997
0.9997
0.7131
1.0000
0.9997

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
no
NA
NA
NA
yes
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
yes
NA
no
no
no
no
no

NA
NA
NA

NA

2.0548
0.9598
18.0000
-2.3425
18.0000
0.0000
0.0000
18.0000
1.1814
18.0000
0.9293
2.1214
0.6618
-0.2756
1.0988
1.8355
1.7089
0.0000
1.3871
1.2214
18.0000
1.7967
-12.0000
0.1472
1.8471
0.5212
2.3959
1.7956

NA

NA

NA
4.5953
0.1780
3.0143
0.2134
2.5182
3.0973
18.0000
0.0000
0.1557
2.7402
3.1182
-0.5370
1.7163
18.0000
2.1745
0.2931
-1.0020
-0.9280
1.6157
0.1471
1.4124

NA
0.2106
1.8774
2.5751
18.0000
2.7951

0.0005
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.3717
1.0000
1.0000
0.0020
0.0412
1.0000
1.0000
0.0416
1.0000
0.0015
1.0000
1.0000
0.0102
0.4758
1.0000
0.0160

0.0000
1.0000
0.0004
1.0000
1.0000
0.0025
1.0000
1.0000
0.7185
0.0426
1.0000
1.0000
1.0000
1.0000
0.0008
0.7080
0.0311
0.0638
0.0082
1.0000
0.0206

0.7993
0.0299
0.0042
1.0000
0.0002

yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
yes
yes
no
no
yes
no
yes
no
no
yes
no
no
yes
NA
NA
NA
yes
no
yes
no
no
yes
no
no
no
yes
no
no
no
no
yes
no
yes
no
yes
no
yes
NA
no
yes
yes
no
yes



Shc2
Shc3
She
Shisa2
Shisa3
Shisab
Shisa7
Shisa9
Shox2
Shroom1
Shroom3
Siah2
Sim1
Sim2
Sirpa
Six1
Six2
Six3
Six3o0s1
Six4
Six5
Six6
Skapl
Ski
Skorl
Slainl
Slain2
Slc10a4
Slc12a2
Slc16all
Slc16al12
Slc16a9
Slc17a7
Slc18a3
Slc22a15
Slc22a17
Slc23a2
Slc25a23
Slc25a33
Slc26a10
Slc26a4
Slc27a2
Slc29a4
Slc2al3
Slc30a2
Slc30a3
Slc30a4
Slc32al
Slc35d3
Slc35e4
Slc37a3
Slc38a3
Slc41a2
Slc44al
Slc44a5
Slc45a3
Slc47a2
Slc4all

8.0000
0.0000
1.6086
8.0000
0.0888
-1.3715
0.0000
8.0000
8.0000
2.6615
-0.8778
0.5029
0.0000
-6.0000
1.7750
-6.0000
0.0000
0.0000
0.0000
8.0000
1.2102
0.0000
2.2786
0.4893
0.0000
2.0699
0.0604
0.0000
0.1093
0.8289
2.0916
8.0000
2.0477
NA
1.5183
2.2771
0.0889
0.2339
0.2645
0.4770
0.0000
2.2162
1.0425
1.6351
8.0000
1.6389
2.3429
2.0534
4.3764
1.6385
0.3263
1.9987
8.0000
0.3794
0.4341
2.3038
0.0000
3.4589

NA

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9142
1.0000
1.0000
0.0001
1.0000
1.0000
1.0000
1.0000
1.0000
0.5455
1.0000
0.1992
0.2313
1.0000
0.0345
0.9997
1.0000
0.9997
0.8132
0.0963
1.0000
1.0000

1.0000
0.0891
0.9997
0.9997
0.9997
0.9583
1.0000
0.0002
1.0000
1.0000
1.0000
1.0000
0.0611
1.0000
0.0005
1.0000
0.9962
0.0862
1.0000
0.9098
0.9997
0.0476
1.0000
1.0000

no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
no

NA

2.6556
0.0000
1.0937
1.7169
0.4390
0.0000
18.0000
0.0000
18.0000
1.2455
-1.2101
1.9855
0.0000
0.0000
1.3049
18.0000
18.0000
0.0000
0.0000
18.0000
2.2097
0.0000
1.1907
1.8882
0.0000
3.7889
2.2676
18.0000
2.0713
-0.7517
1.1067
1.4464
18.0000
NA
3.3779
1.8178
2.2043
1.8804
2.1623
2.9330
0.0000
0.6833
1.5034
18.0000
1.1473
1.5156
2.2856
-1.0058
1.2727
18.0000
0.9916
0.5833
0.9793
0.5626
0.4254
2.4126
-0.0314
18.0000

1.0000
1.0000
1.0000
1.0000
0.7054
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0003
1.0000
1.0000
0.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0168
1.0000
1.0000
0.0000
1.0000
0.0001
0.0000
1.0000
0.0107
0.2904
0.2573
1.0000
1.0000

0.0000
0.0195
0.0009
0.0062
0.0115
0.0001
1.0000
0.2426
1.0000
1.0000
1.0000
1.0000
0.0084
1.0000
0.1834
1.0000
0.1052
0.5633
1.0000
0.4599
0.6887
0.0051
1.0000
1.0000

no
no
no
no

no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
yes
no
no
yes
no
yes
yes
no
yes
no
no
no
no
NA
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
yes
no
no



Slc4ad
Slc4a8
Slc5a5
Slc6al7
Slc6a20a
Slcb6ad
Slc7a10
Slc7a8
Slc9a2
Slc9a3
Slc9a3r2
Slc9a5
Slco3al
SImo1l
Smadl
Smad4
Smad6
Smad7
Smad9
Smagp
Smarca2
Smarcd3
Smo
Smok2a
SmpdI3b
Smtnll
Smurfl
Snail
Snai3
Snap91l
Sncaip
Sncb
Snhgll
Snn
Snph
Sntal
Sntb2
Snx10
Snx18
Snx21
Snx24
Sobp
Socsl
Socs2
Socs3
Sortl
Sox1
Sox11
Sox13
Sox18
Sox2
Sox21
Sox30
Sox4
Sox6
Sox7
Sox8
Sp5

NA

3.8996
4.0384
0.0435
0.0000
2.4717
1.8576
8.0000
1.8834
0.0000
0.0000
2.5079
1.4807
3.3423
1.0743
2.7367
0.3278
2.0217
1.4776
2.2010
1.1088
1.4121
0.1658
0.1505
0.0000
2.6091
1.9435
1.2332
1.2456
8.0000
0.0000
2.0194
0.0000
3.3865
1.4213
0.0000
1.3727
0.8114
2.0239
0.2581
0.7978
1.7613
0.0000
3.2627
0.8593
2.8829
1.5612

2.4161
2.7202
1.3282
0.0000
0.0000
0.0000
0.5768
0.6446
3.0319
0.0400
0.0000

NA

1.0000
1.0000
1.0000
1.0000
0.0002
1.0000
1.0000
0.0551
1.0000
1.0000
0.0020
1.0000
0.0204
0.7157
0.0116
0.8886
0.0352
0.4611
1.0000
0.5040
0.0000
0.9997
0.9997
1.0000
1.0000
1.0000
0.3812
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.4660
1.0000
0.4017
0.8519
0.0133
0.9997
0.2307
0.0679
1.0000
1.0000
0.3072
0.0000
0.0047

1.0000
0.0007
0.5595
1.0000
1.0000
1.0000
0.8917
0.0040
1.0000
1.0000
1.0000

no
no
no
no
yes
no
no
no
no
no
yes
no
yes
no
yes
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
yes
NA
no
yes
no
no
no
no
no
yes
no
no
no

NA

0.7809
3.3671
1.5110
0.0000
0.6562
1.5173
-1.9757
1.0291
0.0000
18.0000
1.4875
3.0623
2.5389
1.5019
1.7885
1.7450
0.9587
1.9418
1.3728
1.2964
2.1858
0.8920
2.4160
0.0000
-0.7364
-1.0292
2.2536
0.4364
18.0000
18.0000
1.1430
0.0000
1.3162
0.7879
0.0000
0.2983
2.6156
0.9751
1.4293
-0.2087
0.5441
18.0000
2.1869
1.7636
-0.4010
2.3539
NA
-1.0960
2.4833
0.9846
0.0000
18.0000
0.0000
2.5332
-0.7765
0.1286
0.0000
0.0000

1.0000
0.0546
1.0000
1.0000
0.4472
1.0000
1.0000
0.2160
1.0000
1.0000
0.0493
1.0000
0.0001
1.0000
0.0426
0.0000
0.2897
0.0113
1.0000
0.1495
0.0000
0.2991
0.0016
1.0000
1.0000
1.0000
0.0072
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.4528
1.0000
0.8044
0.0057
0.1082
0.0823
0.7523
0.5584
1.0000
1.0000
0.0079
0.4792
0.0000

1.0000
0.0004
0.3615
1.0000
1.0000
1.0000
0.0004
0.0081
1.0000
1.0000
1.0000

no
no
no
no
no
no
no
no
no
no
yes
no
yes
no
yes
yes
no
yes
no
no
yes
no
yes
no
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
yes
NA
no
yes
no
no
no
no
yes
yes
no
no
no



Sp7
Sp9
Spatal8
Spats2
Spats2l
Spdya
Speg
Spintl
Spint2
Spna2
Spnb2
Spnb3
Spnb4
Spns2
Spock2
Spredl
Spred3
Spsb1
Spsb4
Src
Srcinl
Srgapl
Srms
Srsf13b NA
St14
St8siab
Stac2
Stat5b
Stau2
Steap2
Stk33
Stk39
Stmn3
Stox1
Stox2
Stx3
Stxbp5I
Sulf2
Susd3
Susd5
Sv2c
Syde2
Syn2
Sync
Syncrip
Syne2
Syngr3
Synj2
Synm
Synpo
Sypl2
Syt12
Syt13
Syt2
Syt7
Syt9

T
Tancl

0.0000
-0.0198
8.0000
0.0733
3.5254
-0.0221
1.3377
8.0000
0.2076
1.9678
1.4026
0.9276
2.2342
0.5329
-0.2127
-0.1330
1.2748
2.4325
2.0608
0.5719
-0.3751
1.7130
1.1607

2.9581
8.0000
2.0353
-0.4129
0.8972
1.6828
0.0000
1.9893
8.0000
1.0395
1.3928
-0.3375
0.0000
2.0587
1.4372
0.0000
-1.0079
0.4847
8.0000
0.0271
-0.1672
0.9177
-6.0000
2.0476
0.4944
0.3264
8.0000
0.7034
8.0000
-0.7630
1.4851
1.1197
0.0000
1.1448

NA

1.0000
0.9997
1.0000
0.9997
0.0021
0.9997
0.4004
1.0000
0.9997
0.0001
0.0005
1.0000
1.0000
0.2425
1.0000
0.9997
1.0000
0.4727
1.0000
0.9997
1.0000
1.0000
1.0000

0.1609
1.0000
1.0000
0.5520
0.1941
0.0782
1.0000
0.0023
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
0.4309
1.0000
1.0000
0.9997
1.0000
0.9997
0.8122
0.6767
1.0000
0.0030
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.7065

no
no
no
no
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
NA
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no

18.0000
-0.7585
18.0000
1.6646
3.2295
1.4352
0.0649
18.0000
2.1909
1.8196
1.8098
0.1375
1.9966
2.8712
3.0837
1.4978
1.4296
18.0000
1.5374
2.0134
18.0000
0.6502
1.8530
NA

0.6245
4.4008
18.0000
1.4041
2.8653
1.8868
0.0000
1.4564
0.0000
0.5553
1.2814
1.0177
0.0000
3.9124
0.9896
0.0000
-12.0000
3.7340
-1.5129
-0.9620
1.2236
1.0454
-0.0588
1.8729
2.2242
2.5559
-12.0000
1.9838
1.9574
2.8012
1.2957
0.0000
18.0000
2.2226

NA

1.0000
0.4242
1.0000
0.0485
0.0674
0.1536
0.9507
1.0000
0.0003
0.0000
0.0004
1.0000
0.4057
0.0000
1.0000
0.0670
1.0000
1.0000
1.0000
0.1245
1.0000
1.0000
1.0000

0.5670
1.0000
1.0000
0.0182
0.0000
0.0018
1.0000
0.0582
1.0000
1.0000
1.0000
0.0780
1.0000
0.0001
0.3067
1.0000
1.0000
0.0000
1.0000
0.1675
0.0000
0.1875
1.0000
0.1725
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

no
no
no
yes
no
no
no
no
yes
yes
yes
no
no
yes
no
no
no
no
no
no
no
no
no
NA
no
no
no
yes
yes
yes
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no



Tbcld16
Tbc1d30
Tbc1d9
Tbkbpl
Tbrl
Thx1
Tbx15
Tbhx18
Thx2
Tbhx20
Tbhx21
Tbx3
Tbhx4
Tcea3
Tcfl5
Tcf7
Tcf711
Tcf712
Tcfap2a
Tcfap2c
Tcfap2e
Tcfeb
Tcfl5
Tcpllll
Tcte2
Tdrd5
Teadl
Tead2
Tead4
Tec
Tesc
Tex14
Tgfa
Tgfb2
Tgifl
Thpo
Thrb
Tiam2
Timp3
Tipin
Tjpl
Tjp2
Tle2
TH1
Tix1
TIx2
TIx3
Tm6sfl
Tmcc3
Tmed8
Tmeffl
Tmem102
Tmem108
Tmem117
Tmem121

Tmem132b
Tmem132e

Tmem145

NA
NA
NA
NA

0.6216
1.4406
-0.1900
2.2964
0.0000
8.0000
2.6089
0.0000
1.1771
0.0407
0.0000
2.3629
0.0000
1.1933
0.7115
2.1559
2.9356
0.2999

8.0000
1.0898
0.1526
1.4640
2.0864
1.1469
1.4031
2.4836
4.1693
-1.7018
2.6408
1.0265
0.7698
2.0840
0.5532
-0.4161
1.2304
-0.2916
1.6121
0.8272
2.0273
0.0000
0.0000
8.0000
0.0000
2.6985
2.3295
-0.1787
1.2266
2.6302
3.2010
8.0000
1.0559
0.0000
1.1064
0.0000

NA
NA
NA
NA

0.9997
1.0000
0.9997
0.0206
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.1366
1.0000
0.5200
1.0000
0.0097
0.0325
0.9275

1.0000
0.6641
1.0000
1.0000
1.0000
0.4231
1.0000
0.0005
0.2498
1.0000
0.0383
1.0000
0.3306
1.0000
1.0000
0.9997
0.4912
0.8222
0.0008
0.2837
0.0729
1.0000
1.0000
1.0000
1.0000
0.0000
0.0101
0.9997
0.5239
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
NA
NA
NA
NA
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no

NA
NA
NA
NA

1.8112
3.5436
-0.2461
1.8786
0.0000
0.0000
18.0000
0.0000
-0.5923
18.0000
18.0000
0.7776
0.0000
0.9935
1.5056
2.1809
2.4907
-1.1973

NA

NA

NA

NA
18.0000
2.0600
-0.9817
1.6029
0.0712
0.6823
-0.4951
1.8132
1.8730
2.7877
1.6213
0.7218
2.3726
1.3686
0.2814
1.3013
1.4611
-0.2250
2.8937
1.8180
0.5835
0.0000
0.0000
2.2131
0.0000
1.8131
0.9398
2.5128
1.6530
3.5486
2.3469
18.0000
2.5056
0.0000
1.6576
18.0000

0.0333
1.0000
0.7705
0.0003
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.4161
1.0000
0.2846
1.0000
0.0001
0.0236
0.0003

1.0000
0.0092
1.0000
1.0000
1.0000
0.4869
1.0000
0.0000
0.1720
1.0000
1.0000
1.0000
0.0000
0.1948
1.0000
1.0000
0.1145
0.8084
0.0000
0.0047
0.5159
1.0000
1.0000
1.0000
1.0000
0.0000
0.4020
0.0025
0.1262
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
NA
NA
NA
NA
no
yes
no
no
no
no
no
yes
no
no
no
no
yes
no
no
no
no
no
yes
yes
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no



Tmem150a
Tmem150c
Tmem151a
Tmem151b
Tmem158
Tmem163
Tmem?22
Tmem229a
Tmem229b
Tmem28
Tmem30b
Tmem44
Tmem54
Tmem59I
Tmem8
Tmem90a
Tmem91
Tmem98
Tmie
Tmod?2
Tmtcl
Tnfrsflla
Tnfsf1l
Tnrcl8
Tnsl

Tns3

Tnxb

Tpbg
Tpd52
Tpm1l
Tpm2
Tpm4
Tppp
Trankl
Tribl

Tril

Trim14
Trim36
Trim47
Trim62
Trim67
Trim7
Trim71
Trio

Triobp
Trnpl
Trp53il1l
Trp73
Trpcl
Trpc3
Trpm8
Trpsl
Tsc22d1
Tshr

Tshz3

Tsku
Tspanl8
Tspan2

1.7118
0.8651
-1.9901
0.0000
0.7097
8.0000
1.0268
3.5182
1.5544
8.0000
4.1409
1.0228
8.0000
8.0000
0.4735
0.0000
0.0401
1.6449
2.3006
8.0000
1.3924
1.3016
0.0350
0.7859
-0.7740
0.9531
2.2087
8.0000
0.7535
-0.0903
1.5900
1.5253
0.6104
8.0000
1.8995
8.0000
1.8271
0.7026
1.6263
0.9407
0.0000
-0.0282
2.6705
1.0561
0.3826
0.0000
2.4617
0.3476
0.8407
8.0000
0.0000
1.3862
-0.2027
8.0000
2.6013
1.7139
0.9376
2.2905

0.1659
1.0000
1.0000
1.0000
0.9504
1.0000
1.0000
1.0000
0.0108
1.0000
1.0000
0.3980
0.0561
1.0000
0.9300
1.0000
0.9997
0.1843
1.0000
1.0000
1.0000
1.0000
1.0000
0.3455
0.0208
0.3556
1.0000
1.0000
0.1719
0.9985
0.0986
0.0138
0.9997
1.0000
1.0000
1.0000
0.0414
1.0000
0.0409
1.0000
1.0000
0.9997
1.0000
0.4216
0.8484
1.0000
0.0787
1.0000
1.0000
1.0000
1.0000
1.0000
0.9774
1.0000
1.0000
1.0000
0.4343
0.0204

no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes

1.4789
4.1651
18.0000
18.0000
2.5162
3.9164
0.0057
0.5107
2.1329
0.0000
0.5037
2.9047
2.3684
18.0000
1.9281
0.9494
-0.1240
1.8342
1.1212
18.0000
0.6615
0.6822
2.0260
-0.0480
0.0689
1.7684
18.0000
18.0000
1.3732
-0.5244
1.9761
0.8811
1.7348
18.0000
0.4855
0.9202
1.1692
2.2831
-0.2790
4.4291
-12.0000
0.7103
1.2321
2.0283
-0.0287
2.2092
0.9526
18.0000
1.6240
2.2707
0.0000
1.6030
-0.3646
1.9351
0.5395
1.1077
0.7831
2.1914

0.0948
1.0000
1.0000
1.0000
0.0085
1.0000
1.0000
1.0000
0.0000
1.0000
1.0000
1.0000
0.3454
1.0000
0.0184
1.0000
1.0000
0.0395
1.0000
1.0000
1.0000
1.0000
1.0000
0.9512
0.9272
0.0123
1.0000
1.0000
0.0002
0.0191
0.0021
0.1270
0.4061
1.0000
0.6662
1.0000
0.0755
1.0000
0.7305
1.0000
1.0000
0.4988
1.0000
0.0114
0.9611
1.0000
0.3250
1.0000
1.0000
1.0000
1.0000
1.0000
0.5515
1.0000
1.0000
1.0000
0.2567
0.0029

no
no
no
no
yes
no
no
no
yes
no
no
no
no
no
yes
no
no
yes
no
no
no
no
no
no
no
yes
no
no
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
yes



Tspan5
Ttbkl
Ttc34
Ttc39c¢
Ttc9
Ttc9b
Ttll11
Ttpa
Ttyhl
Tub
Tubb2b
Tubb6
Tulpl
Tulp4
Twistl
Txndcl6
Tyro3
Uaplll
Ube2j1
Ube2qll
Ubl3
Ubtd1
Ubtd2
Ucn
Ucpl
Ulk2
Uncl3b
Uncba
Unc5b
Unc80
Uncx
Usp2
Usp35
Usp43
Ust

Utfl
Vangll
Vashl
Vash2
Vatl
Vav2
Vav3
Vax1l
Vax2
Vax2os1l
Vax20s2
Vgf
Vgli3
Vim
Viprl
Vidir
Vmn1r90
Vmn2r-psl4 NA
Vrtn
Vsigl0
Vstm?2l
Vsx1
Vsx2

-0.2826
0.0000
0.0000
2.2772
8.0000
0.0000
0.2325
1.1803
0.2971
8.0000
0.2012
1.9084
2.6859

-0.2309
2.0415
0.9746
3.4878
1.3929

-0.0254
8.0000
0.1460
1.3837
0.2630
0.0000
0.0000
0.2732
0.2499
3.5823
3.2344
8.0000
0.0000
0.2353

-0.5305
0.0000
0.9268
8.0000
0.1518
2.2048
1.3524
0.9605
0.2897
1.3969
8.0000
8.0000
0.0000
0.0000
4.2903

-6.0000
2.5133
8.0000
2.4213
0.3381

8.0000
2.0012
0.0000
0.0000
0.0000

NA

0.9629
1.0000
1.0000
0.2269
1.0000
1.0000
1.0000
0.4472
1.0000
1.0000
0.9997
0.0792
0.1971
0.9606
1.0000
0.4365
0.0004
0.0338
0.9997
1.0000
0.9997
0.4513
0.9997
1.0000
1.0000
0.9997
0.9997
0.1236
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
1.0000
0.9997
0.0068
1.0000
0.3249
0.9997
0.2961
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
NA
no
no
no
no
no

NA

1.8219
18.0000
0.0000
2.2471
18.0000
0.0000
0.0784
0.3817
0.0863
18.0000
0.0135
0.7921
-12.0000
1.7243
-0.6401
0.7242
1.4939
1.1532
-0.2173
0.4645
1.5010
1.4890
1.6035
0.0000
18.0000
0.7939
3.0889
4.9207
0.1776
0.0000
0.0000
1.7416
18.0000
18.0000
0.5889
0.0000
-0.8807
1.4875
2.3810
1.7114
1.2468
1.9778
0.0000
0.0000
0.0000
0.0000
1.7947
-12.0000
2.1227
3.0527
2.0883
2.5845

0.0000
1.7823
0.0000
0.0000
0.0000

NA

0.0030
1.0000
1.0000
0.0009
1.0000
1.0000
1.0000
0.7286
1.0000
1.0000
0.9908
0.4042
1.0000
0.0028
1.0000
0.2359
0.2554
0.0131
0.7073
1.0000
0.0021
0.1042
0.0827
1.0000
1.0000
0.1655
0.0017
0.0022
1.0000
1.0000
1.0000
0.1799
1.0000
1.0000
1.0000
1.0000
0.1110
0.0319
1.0000
0.0226
0.1015
0.0034
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.0618
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

yes
no
no
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
yes
no
yes
no
yes
no
no
no
no
no
no
yes
no
no
no
NA
no
no
no
no
no



Vwa2
Vwa5b2
Wasfl
Wasf3
Wdfy3
wdr8
wdr86
Whrn
Wipfl
Wnk2
Wntl
Wnt10a
Wnt10b
Wntll
Wnt2b
Wnt3
Wnt3a
Wnt4
Wnt5b
Wnt6
Wnt7a
Wnt7b
Wnt9a
Wnt9b
Wscd2
witl
Wtip
Wwcl
Wwtrl
X99384
Xkrd
Xkré
Xkr7
Xlr
Xyltl
Yapl
Ybx2
Yesl
Ypell
Zarl
Zbed3
Zbtb10
Zbtb16
Zbtb42
Zbtb7c
Zbtb8b
Zc3h12c
Zcchcl4
Zdbf2
Zdhhc2
Zdhhc23
Zdhhc8
Zfp105
Zfp277
Zfp318
Zfp358
Zfp385b
Zfp395

0.0000
1.3821
1.3242
8.0000
0.2597
-0.1080
0.0989
4.5019
0.0179
0.3937
0.0000
0.0000
8.0000
0.0000
1.0390
0.0000
0.0447
0.3885
1.0412
0.0000
0.0000
0.0000
0.0000
8.0000
0.0000
1.9087
3.6916
3.9352
1.5569
1.1521
0.0000
1.4478
0.0000
-1.5189
0.2733
1.6879
5.3486
0.9767
0.2264
0.0000
1.2349
0.9741
0.8229
1.0350
8.0000
4.4052
0.5871
1.2225
2.8345
0.4627
1.3753
1.5866
1.5297
-0.1297
0.4440
0.1520
0.5622
-0.0899

1.0000
0.0762
1.0000
1.0000
0.9186
0.9997
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0001
0.0010
1.0000
0.6016
1.0000
1.0000
1.0000
0.1346
0.9997
0.7515
0.0982
0.3351
0.9997
1.0000
0.5420
0.4171
1.0000
0.7491
1.0000
1.0000
0.9986
0.2838
1.0000
0.8201
0.4746
0.2362
0.2579
0.9997
0.7683
0.9997
1.0000
0.9997

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

0.0000
3.3639
4.2401
18.0000
0.5411
0.4623
1.0462
1.9204
1.6434
1.0601
0.0000
0.0000
18.0000
-1.2277
-0.8780
0.0000
-1.3327
-0.4004
-0.0565
18.0000
0.0000
0.0000
18.0000
18.0000
0.0000
18.0000
1.7556
0.4952
1.6008
0.8638
0.0000
2.2365
18.0000
-2.2148
2.7980
1.0253
-0.0813
1.0466
0.2402
0.0000
2.4447
2.8972
2.8928
3.0242
-0.9677
-2.0184
2.6470
0.9146
-2.4303
1.1353
18.0000
2.5079
2.3056
1.1541
1.1938
2.1327
1.0479
1.6408

1.0000
1.0000
1.0000
1.0000
0.1274
0.4330
1.0000
1.0000
0.0001
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0324
0.8041
1.0000
0.3754
1.0000
1.0000
1.0000
0.0044
0.0074
0.2335
0.9494
0.1282
0.8319
1.0000
0.0044
0.0016
0.0013
0.0095
1.0000
1.0000
1.0000
1.0000
1.0000
0.0151
1.0000
0.0031
0.0144
0.0221
0.0714
0.0170
0.3932
0.0427

no
no
no
no

no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
yes
yes
no
no
no
no
no
yes
yes
yes
yes
no
no
no
no
no
yes
no
yes
yes
yes
no
yes
no
yes



Zfp423
Zfp503
Zfp516
Zfp521
Zfp580
Zfp608
Zfp618
Zfp623
Zfp651
Zfp664
Zfp703
Zfp704
Zfp710
Z2fp777
Zfp810
Zfp827
Zfp964
Zfpm2
Zfyve28
Zhx2
Zicl
Zic2
Zic5
Zkscanl6
Zkscanl7
Zkscan2
Zmat3
Zmizl
Zmynd11
nrf4
Zswim5
Zswimb6
Zyglla

8.0000
1.8497
2.7142
1.1573
2.0377
1.0979
1.7337
0.2969
2.3413
-0.0226
0.9104
0.1288
1.0425
-0.1112
-0.1420
1.5315
2.3274
0.2006
0.5803
-0.1910
0.0000
0.0000
0.0000
8.0000
0.2589
3.3912
0.0257
0.9519
-0.2611
0.0000
1.5850
1.1000
-0.9673

1.0000
1.0000
0.0082
1.0000
0.1736
0.5650
1.0000
0.9997
1.0000
0.9997
0.6778
0.9997
0.3321
0.9997
0.9997
0.0307
1.0000
1.0000
1.0000
0.9997
1.0000
1.0000
1.0000
1.0000
0.9871
1.0000
0.9997
0.0374
0.8177
1.0000
1.0000
0.6767
1.0000

no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no

-5.0401
1.2548
2.0475
4.3944
1.5439
2.4060
1.2698
2.2148
0.7186
0.6678
1.3956
1.7142
1.8713
2.7284
1.6521
2.5775

18.0000

-0.4280
3.1112

-9.1172
0.0000
0.0000

18.0000
0.0000
1.4054

18.0000
1.1631
1.6725
0.8412

18.0000
3.7505
1.1740
2.1595

1.0000
1.0000
0.0126
1.0000
0.1489
0.0034
1.0000
0.0126
1.0000
0.1900
0.0779
0.0289
0.0008
0.0000
0.1078
0.0026
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0184
1.0000
0.4398
0.0007
0.0065
1.0000
1.0000
0.2157
1.0000

no
no
yes
no
no
yes
no
yes
no
no
no
yes
yes
yes
no
yes
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
no
no
no
no



Table S2. Genes contained in the Mtf2-PRC2 gene regulatory network

Genes have H3K27me3 ChIP peaks in Mtf2+/+ erythroblasts but not in Mtf2 -/- erythroblasts AND
gene expression is significantly misregulated in Mtf2-/- erythroblasts compared to Mtf2 +/+ erythroblasts

Loss of H3K27me3 signal

Gene Name in Mtf2 -/- erythroblasts |Mtf2 ChIP peak|log2 Fold Change |Adj p value

6430548 MO8Rik yes 2.6617 0.0069
9330182L06Rik yes yes 2.5231 0.0460
Abcal3 yes yes 3.5966 0.0002
Abca8b yes 2.6681 0.0043
Actnl yes yes 1.2791 0.0093
Adamtsl|5 yes 1.7395 0.0295
Adra2b yes 1.2893 0.0011
Agmo yes yes 2.2832 0.0437
Agtrla yes yes 3.4401 0.0022
Aim1l yes 1.8150 0.0202
Alox15 yes 2.0557 0.0152
Arhgap26 yes yes 4.1377 0.0000
Arvcf yes yes -0.8032 0.0282
Bank1 yes yes 1.9538 0.0170
C8a yes yes 2.0084 0.0091
Ccdc92 yes 3.8496 0.0022
Cd37 yes 0.8390 0.0126
Cdg4 yes yes 1.6849 0.0185
Celf2 yes yes 2.9006 0.0000
Cfh yes yes 1.6342 0.0248
Col27al yes 3.0983 0.0000
Coro2a yes 2.5786 0.0009
Ctsf yes 1.8404 0.0047
Dusp8 yes 1.3975 0.0076
Epb4.114b yes 1.7977 0.0097
F13al yes yes 2.7502 0.0000
Fgr yes 3.7689 0.0001
Furin yes 1.8362 0.0002
Gata2 yes 2.2535 0.0013
Gc yes yes 2.2977 0.0012
Gfil yes 2.8568 0.0000
Gldc yes 2.0056 0.0144
Hdac9 yes yes 1.8393 0.0100
Hs3st3b1 yes 2.6672 0.0100
Hs6st2 yes yes 5.5807 0.0001
Hspalb yes yes 1.8999 0.0497
Ical yes yes 1.8396 0.0226
lgfbp7 yes yes 2.3103 0.0094
Itga9 yes 1.5118 0.0228
Jak3 yes 0.8161 0.0167
Jdp2 yes 2.6522 0.0245




Kcnk12 yes yes 5.1330 0.0161
Lrrc33 yes yes 0.9150 0.0158
Lrrfipl yes yes 2.1828 0.0038
Manlcl yes yes 1.9470 0.0002
Mgst2 yes 1.6350 0.0187
Napsa yes 3.4120 0.0000
Neol yes 2.6009 0.0115
Noslap yes 2.6665 0.0011
Paqr9 yes 2.3418 0.0000
Pbx1 yes 3.4298 0.0000
Pfkfb3 yes 2.1807 0.0011
Pitpnm1 yes 1.7102 0.0000
Pla2gl2b yes 3.5790 0.0003
Pld1 yes yes 1.5242 0.0345
Plxnb2 yes 2.0272 0.0000
Plxnd1 yes 2.0193 0.0031
Prox1 yes 2.5207 0.0122
Pstpip2 yes 2.0673 0.0005
Ptprk yes yes 1.6161 0.0386
Rapgef3 yes 2.3119 0.0016
Reln yes yes 3.3317 0.0000
Rhbdf1 yes 4.0770 0.0000
Rin3 yes yes 3.4593 0.0000
Rnfl144b yes yes 2.7952 0.0021
Runx1tl yes 1.4872 0.0375
Sgsh yes yes -1.2894 0.0451
Siglec5 yes yes 2.9548 0.0002
Smad6 yes 2.0217 0.0352
Socs3 yes 2.8829 0.0000
Tbcld4 yes yes 1.3015 0.0171
Tcf711 yes 2.9356 0.0325
Tjpl yes 1.6121 0.0008
Tmem154 yes 2.5805 0.0227
Trak2 yes yes 0.7916 0.0064
Treml yes yes 2.2844 0.0118
Trim14 yes yes 1.8271 0.0414
Zfp516 yes 2.7142 0.0082




GO Term

G0:0016477: cell migration

G0:0006464: cellular protein
modification process

G0:1903506: regulation of
nucleic acid-templated

G0:0006355: regulation of
transcription, DNA-templated

G0:0001568: blood vessel
development

G0:0030154: cell differentiation




Gene within Term

HDAC9,PROX1,GATA2,PTPRK,RHBDF1,RAPGEF3,PSTPIP2,PLD1,EPB4.1L4B,FGR,PLXND
FURIN,JAK3,PLXNB2,ITGA9,TREM1,RELN,AGTR1A

HDAC9,PROX1,GATA2,ALOX15,PTPRK,RAPGEF3,TRAK2,FGR,GFI1,JAK3,JDP2,PLXNB2,
SMAD6,MAN1C1,DUSP8,BANK1,RNF144B,NOS1AP,F13A1,RELN,AGTR1A,SOCS3,
ADRA2B,HS3ST3B1

HDAC9,RUNX1T1,PROX1,GATA2,ACTN1,PTPRK,RAPGEF3,TRAK2,LRRFIP1,GFI1,JAK3,
NEO1,JDP2,SMAD6,TRIM14,RELN,PBX1,TCF7L1,ZFP516

HDAC9,RUNX1T1,PROX1,GATA2,PTPRK,RAPGEF3,TRAK2,LRRFIP1,GFI1,JAK3,NEO1,
JDP2,SMAD6,TRIM14,RELN,PBX1,TCF7L1,ZFP516

HDAC9,PROX1,GATA2,RAPGEF3,PLXND1,SMAD6,AGTR1A,SOCS3,ADRA2B

HDAC9,RUNX1T1,PROX1,GATA2,ACTN1,PTPRK,RAPGEF3,FGR,GFI1,PLXND1,TJP1,JAK3
NEO1,lDP2,PLXNB2,SMADG6,RELN,COL27A1,PBX1,SOCS3,TCF7L1,ADRA2B,ZFP516




Table S3. Genes expression changes during erythroblast differentiation

GROUP A (Blue Circles in

Fig 6E)

Genes that are significantly downregulated as either
Mtf2+/+ or Mtf2-/- erythroblasts differentiate from

Ter119-/lo to Ter119high

Mtf2+/+ Erythroblasts

Mtf2-/- Erythroblasts

Ter119-/lo --> Ter119high

Ter119-/lo --> Ter119high

Gene ID Gene Name log2FoldChange Adj p value | -log10 (Adj p value) | Significant p<0.05 log2FoldChange Adj p value | -log10 (Adj p value) | Significant p<0.05
ENSMUSG00000021111 [Papola -0.83184 0.01272 1.89567 yes -0.32303 0.04368 1.35975 yes
ENSMUSG00000052752 [Traf7 -0.71623 0.01824 1.73903! yes -0.32539 0.01785 1.74848 yes
ENSMUSG00000020680 [Taf15 -0.96908 0.01155 1.93756 yes -0.32736 0.03866 1.41272 yes
ENSMUSG00000039205 |Cizl -0.87498 0.00572 2.24238 yes -0.32967 0.03333 1.47717 yes
ENSMUSG00000060261 |Gtf2i -1.79521 0.00000 7.98630 yes -0.33015 0.04628 1.33465 yes
ENSMUSG00000022884 |Eif4a2 -1.53542 0.00000 7.84877 yes -0.33057 0.00480 2.31845 yes
ENSMUSG00000042520 |Ubap2| -1.12292 0.00106 2.97532 yes -0.33071 0.01425 1.84626 yes
ENSMUSG00000054766 |Set -2.36145 0.00000! 9.65456 yes -0.34015 0.03008 1.52179 yes
ENSMUSG00000032423 |Syncrip -1.73363 0.00000 7.72020 yes -0.34285 0.02319 1.63477 yes
ENSMUSG00000069565 [Dazapl -0.76099 0.04154 1.38154 yes -0.34567 0.00929 2.03185 yes
ENSMUSG00000005610 |Eif4g2 -0.67856 0.01891 1.72340 yes -0.34645 0.00118 2.92660 yes
ENSMUSG00000028614 |Tmem48 -1.32630 0.00291 2.53627 yes -0.34750 0.04566 1.34048 yes
ENSMUSG00000025613 |Cct8 -1.45813 0.00000 6.96788 yes -0.34972 0.00128 2.89411 yes
ENSMUSG00000025428 |Atp5al -1.01321 0.01348 1.87029 yes -0.35811 0.01979 1.70361 yes
ENSMUSG00000020929 [Eftud2 -0.93189 0.01644 1.78411 yes -0.36247 0.02221 1.65343 yes
ENSMUSG00000021870 |SImap -1.53202 0.00000! 5.78238 yes -0.36559 0.04542 1.34274 yes
ENSMUSG00000059291 [Rpl11 -0.71721 0.03805 1.41970 yes -0.36904 0.00360 2.44414 yes
ENSMUSG00000043962 [Thrap3 -0.82396 0.03657 1.43689! yes -0.36922 0.03721 1.42932 yes
ENSMUSG00000015120 [Ube2i -0.80685 0.04368 1.35972 yes -0.37172 0.02432 1.61406 yes
ENSMUSG00000020453 |Patz1l -2.41045 0.00000 14.00000 yes -0.37318 0.03339 1.47634 yes
ENSMUSG00000045983 |Eif4gl -1.49600 0.00000 8.53756 yes -0.37417 0.00014| 3.85900 yes
ENSMUSG00000009585 [Apobec3 -1.96166 0.00000 9.68460 yes -0.37535 0.01636 1.78615 yes
ENSMUSG00000030795 |Fus -1.03585 0.01537 1.81330 yes -0.37629 0.02970 1.52719 yes
ENSMUSG00000039176 [Polg -0.96285 0.00655 2.18360] yes -0.38255 0.04107 1.38647 yes
ENSMUSG00000026669 |Mcm10 -0.83905 0.01996 1.69978 yes -0.38263 0.00754 2.12243 yes
ENSMUSG00000002718 [Csell -1.04357 0.00599 2.22287 yes -0.38420 0.02592 1.58638 yes
ENSMUSG00000070425 |Trpc2 -0.67124 0.03363 1.47328 yes -0.38528 0.02886 1.53968 yes
ENSMUSG00000022191 |Drosha -1.46878 0.00001 4.94133 yes -0.38833 0.00661 2.17975 yes
ENSMUSG00000059796 |Eif4al -1.39763 0.00010 4.01406 yes -0.38842 0.00453 2.34392 yes
ENSMUSG00000052337 |Immt -0.77605 0.00741 2.13025 yes -0.39263 0.00099 3.00286 yes
ENSMUSG00000032604 |Qars -1.45552 0.00014 3.86693 yes -0.39851 0.01340 1.87275 yes
ENSMUSG00000020402 |Vdacl -1.84201 0.00000! 6.96788 yes -0.39958 0.00994 2.00252 yes
ENSMUSG00000033392 |Clasp2 -0.99194 0.04631 1.33431 yes -0.40048 0.03180 1.49753 yes
ENSMUSG00000027423 [Snx5 -1.84816 0.00000 5.40381 yes -0.40068 0.01022 1.99059 yes
ENSMUSG00000062203 |Gsptl -1.85455 0.00000! 6.52798 yes -0.40590 0.01507 1.82177 yes
ENSMUSG00000023118 [Sympk -1.38018 0.00007 4.15890 yes -0.40616 0.00764 2.11684 yes
ENSMUSG00000027889 [Ampd2 -1.09829 0.00449 2.34748 yes -0.40624 0.03078 1.51177 yes
ENSMUSG00000041375 [Ccdc9 -0.93104 0.01050! 1.97869 yes -0.40625 0.04330 1.36353 yes
ENSMUSG00000038900 [Rpl12 -1.08587 0.02059 1.68627 yes -0.40754 0.01066 1.97210 yes
ENSMUSG00000028760 |Eif4g3 -1.47684 0.00031 3.50888 yes -0.40759 0.04968 1.30384 yes
ENSMUSG00000014195 |Dnajc7 -1.52461 0.00008 4.07352 yes -0.40950 0.01869 1.72832 yes
ENSMUSG00000020372 |Gnb2I1 -1.06013 0.02483 1.60505! yes -0.41185 0.01198 1.92137 yes
ENSMUSG00000024949 |Sf1 -1.07786 0.00404 2.39373 yes -0.41506 0.00323 2.49124 yes
ENSMUSG00000038084 |Opal -1.47569 0.00001 5.21347 yes -0.42487 0.00435 2.36124 yes
ENSMUSG00000023944 [Hsp90ab1 -2.52284 0.00000 10.67625 yes -0.42546 0.00402 2.39533 yes
ENSMUSG00000001909 |Trmt1 -2.22225 0.00000 8.21609 yes -0.42619 0.01381 1.85970 yes
ENSMUSG00000005899 |Smpd4 -1.33051 0.00000 8.57828 yes -0.42816 0.00012 3.93448 yes
ENSMUSG00000058799 |Nap1l1 -1.56470 0.00138| 2.86089 yes -0.43083 0.01920 1.71667 yes
ENSMUSG00000000384 [Tbrg4 -1.91139 0.00000 10.95443 yes -0.43084 0.00215 2.66840 yes
ENSMUSG00000025967 [Eeflb2 -1.24394 0.00089 3.04870 yes -0.43190 0.00178 2.74849 yes
ENSMUSG00000031985 |Gnpat -1.69209 0.00008 4.09128 yes -0.43257 0.03009 1.52158 yes
ENSMUSG00000022698 |Naa50 -1.34852 0.00687 2.16295 yes -0.43277 0.03009 1.52156 yes
ENSMUSG00000021660 |Btf3 -1.16911 0.04507 134611/ yes -0.43332 0.05001 1.30093 yes
ENSMUSG00000033021 |Gmppa -1.32484 0.00017 3.77202 yes -0.43422 0.03057 1.51474 yes
ENSMUSG00000030316 [1500001M20Rik -2.53164 0.00000 8.52184 yes -0.43523 0.04159 1.38105 yes
ENSMUSG00000031575 [Ash2I -1.61451 0.00068 3.16882 yes -0.43792 0.02650 1.57680 yes
ENSMUSG00000041164 |Zmiz2 -1.92452 0.00000 8.20130 yes -0.43838 0.00142 2.84721 yes
ENSMUSG00000028622 |Mrpl37 -1.32077 0.02210 165567, yes -0.43900 0.04354] 1.36109 yes
ENSMUSG00000001052 [Sec24b -1.12183 0.00588 2.23050 yes -0.43912 0.04268 1.36973 yes
ENSMUSG00000000568 |Hnrnpd -0.85650 0.04487 1.34801 yes -0.43943 0.00573 2.24190 yes
ENSMUSG00000026701 [Prdx6 -1.92042 0.00000 5.73236 yes -0.44196 0.00571 2.24343 yes
ENSMUSG00000022255 |Mtdh -2.11054 0.00000 8.25811 yes -0.44362 0.00561 2.25117 yes
ENSMUSG00000037742 [Eeflal -1.40561 0.00668 2.17499 yes -0.44550 0.01605; 1.79440 yes
ENSMUSG00000030714 [Ccdc101 -1.04635 0.01323 1.87847 yes -0.44616 0.04853 1.31396 yes
ENSMUSG00000003528 [Slc25a1 -2.53989 0.00000 8.06870 yes -0.44686 0.01828 1.73792 yes
ENSMUSG00000052997 [Uba2 -1.25337 0.01818 1.74034 yes -0.44728 0.04222 1.37451 yes
ENSMUSG00000003438 |Timm50 -1.47371 0.00059 3.23107 yes -0.44856 0.02792 1.55414 yes
ENSMUSG00000020156 |Mum1 -1.01220 0.00354 2.45128 yes -0.45036 0.00563 2.24944 yes
ENSMUSG00000061479 |Snrpa -2.21868 0.00000 10.67625 yes -0.45414 0.00278 2.55623 yes
ENSMUSG00000032279 [Idh3a -2.01216 0.00028 3.55016 yes -0.45846 0.04700 1.32795 yes
ENSMUSG00000039262 |Prrc2b -1.44042 0.00223 2.65213 yes -0.45971 0.03786 1.42179 yes
ENSMUSG00000015165 [Hnrnpl -1.00005 0.01574 1.80288 yes -0.46052 0.00607 2.21663 yes
ENSMUSG00000061032 |Rrpl -1.90135 0.00000 7.19725 yes -0.46081 0.00126 2.90119 yes
ENSMUSG00000078619 [Smarcd2 -0.92394 0.01612 1.79258! yes -0.46197 0.00339 2.46929 yes
ENSMUSG00000039130 |Zc3hcl -1.21261 0.00800! 2.09669 yes -0.46216 0.03654 1.43728 yes
ENSMUSG00000027752 |Exosc8 -1.29096 0.00234 2.63128 yes -0.46456 0.01358 1.86718 yes
ENSMUSG00000038685 [Rtell -1.00224 0.00038 3.42109 yes -0.46484 0.00138 2.85974 yes
ENSMUSG00000059070 |Rpl18 -1.32370 0.01974 1.70462 yes -0.46595 0.03288 1.48309 yes
ENSMUSG00000021595 |Nsun2 S28555) 0.00000 6.12224 yes -0.46648 0.00585 2.23283 yes
ENSMUSG00000014355 |Anapcl -1.06204 0.02874 1.54151 yes -0.46982 0.03100 1.50866 yes
ENSMUSG00000040945 |Rcc2 -1.66126 0.00150 2.82259 yes -0.47015 0.03466 1.46021 yes
ENSMUSG00000022962 |Gart -2.44928 0.00002 4.60741 yes -0.47057 0.04268 1.36973 yes
ENSMUSG00000089832 [Shkbpl -1.88846 0.00002 4.71609 yes -0.47125 0.03839 1.41577 yes
ENSMUSG00000015656 |Hspa8 -2.11504 0.00000 5.44690 yes -0.47323 0.00584 2.23379 yes




ENSMUSG00000027108 [Olal -1.65468 0.00010 4.00241 yes -0.47522 0.00536 2.27067 yes
ENSMUSG00000028423 [Nfx1 -1.31115 0.00568 2.24577 yes -0.47529 0.04720 1.32608 yes
ENSMUSG00000027466 [Rbck1 -1.40337 0.00068 3.16943 yes -0.47553 0.00870 2.06072 yes
ENSMUSG00000001855 [Nup214 -1.16579 0.00597 2.22412 yes -0.47573 0.01651 1.78232 yes
ENSMUSG00000007029 [Vars -1.27569 0.00003 4.58858 yes -0.47603 0.00007 4.18523 yes
ENSMUSG00000071644 [Eeflg -1.81700 0.00002 4.68956 yes -0.47613 0.00172 2.76449 yes
ENSMUSG00000061878 [Sphk1 -1.25241 0.00076 3.11637 yes -0.48041 0.00224] 2.65048 yes
ENSMUSG00000007739 |Cct4 -1.69094 0.00000 5.35136 yes -0.48049 0.00066 3.17900 yes
ENSMUSG00000031657 [Heatr3 -2.77424 0.00000 7.18345 yes -0.48175 0.02494 1.60309 yes
ENSMUSG00000031388 |Naal0 -1.68521 0.00044 3.36034 yes -0.48205 0.03078 1.51171 yes
ENSMUSG00000031403 [Dkcl -1.88566 0.00000 5.84324 yes -0.48368 0.00486 231317 yes
ENSMUSG00000024561 [Mbd1 -1.06994 0.02512 1.59992 yes -0.48401 0.00661 2.17975 yes
ENSMUSG00000030688 [Stard10 -1.35372 0.00217 2.66288 yes -0.48691 0.01336 1.87408 yes
ENSMUSG00000015714 [Lass2 -1.39962 0.00418 2.37893 yes -0.48752 0.01609 1.79339 yes
ENSMUSG00000053907 [Mat2a -1.81387 0.00246 2.60959 yes -0.48834 0.04501 1.34670 yes
ENSMUSG00000017478 (Zc3h18 -1.11381 0.00140 2.85346 yes -0.49239 0.00462 2.33497 yes
ENSMUSG00000021645 [Smnl -2.00919 0.00000 5.56832 yes -0.49267 0.04656 1.33198 yes
ENSMUSG00000024213 [Nudt3 -2.12107 0.00000 5.68518 yes -0.49283 0.03062 1.51393 yes
ENSMUSG00000038241 [Cep250 -1.00195 0.04924 1.30768 yes -0.49373 0.02103 1.67712 yes
ENSMUSG00000039844 [Rapgefl -1.64642 0.00031 3.50592 yes -0.49413 0.00494| 2.30601 yes
ENSMUSG00000037851 |lars -1.63353 0.00015 3.82267 yes -0.49476 0.01043 1.98176 yes
ENSMUSG00000020739 [Nup85 -1.02700 0.00370 2.43194 yes -0.49508 0.00018 3.73355 yes
ENSMUSG00000021144 [Mtal -1.92064 0.00003 4.58858 yes -0.49650 0.00146 2.83645 yes
ENSMUSG00000024493 |Lars -1.45892 0.02282 1.64161 yes -0.49690 0.02361 1.62682 yes
ENSMUSG00000038812 [Trmt112 -1.86054 0.00021 3.67013 yes -0.49831 0.03320, 1.47884 yes
ENSMUSG00000047824 |Pygo2 -1.45975 0.00488 2.31173 yes -0.49866 0.02886 1.53971 yes
ENSMUSG00000029388 |Eif2b1 -2.30109 0.00001 5.14842 yes -0.50190 0.04037 1.39393 yes
ENSMUSG00000052446 (Zfp961 -0.93992 0.01102 1.95800) yes -0.50440 0.02264| 1.64517 yes
ENSMUSG00000006728 [Cdk4 -2.35740 0.00000 10.94996 yes -0.50478 0.00011 3.94932 yes
ENSMUSG00000038762 [Abcfl -1.33302 0.01112 1.95397 yes -0.50513 0.01963 1.70707 yes
ENSMUSG00000046598 [Bdh1 -2.25916 0.00001 4.98821 yes -0.50721 0.04093 1.38797 yes
ENSMUSG00000023110 |Prmt5 -2.60674 0.00000 5.72362 yes -0.50748 0.04048 1.39272 yes
ENSMUSG00000041264 [Uspl1 -1.28631 0.00017 3.75715 yes -0.50756 0.00032 3.49644 yes
ENSMUSG00000022471 |Xrcc6 -1.53757 0.00149 2.82691 yes -0.50848 0.02480 1.60548 yes
ENSMUSG00000061904 |Slc25a3 -1.77781 0.00003 4.51853 yes -0.51090 0.00164 2.78570 yes
ENSMUSG00000027668 [Mfnl -1.50416 0.00006 4.20912 yes -0.51138 0.01605 1.79452 yes
ENSMUSG00000028693 |Nasp -1.61310 0.00228 2.64131 yes -0.51326 0.00463 2.33423 yes
ENSMUSG00000027804 |Ppid -1.95874 0.00125 2.90248 yes -0.51348 0.04528 1.34414 yes
ENSMUSG00000020444 |Guk1 -1.44043 0.00572 2.24238 yes -0.51391 0.01882 1.72533 yes
ENSMUSG00000022407 |Adsl -2.66105 0.00000 8.70815 yes -0.51528 0.00269 2.56995 yes
ENSMUSG00000004897 [Hdgf -1.19813 0.01444 1.84045 yes -0.51535 0.00525 2.28010 yes
ENSMUSG00000000168 [Dlat -1.99423 0.00033 3.47642 yes -0.51690 0.02551 1.59328 yes
ENSMUSG00000027810 |Eif2a -1.61060 0.00015 3.82253 yes -0.52060 0.00230, 2.63821 yes
ENSMUSG00000040415 [Dtx3 -1.21418 0.01423 1.84675 yes -0.52069 0.03885 1.41060 yes
ENSMUSG00000030689 [Ino80e -2.15225 0.00000 5.98598 yes -0.52280 0.01224 1.91237 yes
ENSMUSG00000029247 |Paics -1.23347 0.01586 1.79971 yes -0.52313 0.00596 2.22476 yes
ENSMUSG00000025374 |Obfc2b -1.46836 0.00422 2.37476 yes -0.52318 0.02610] 1.58343 yes
ENSMUSG00000022822 Abcc5 -1.57742 0.00002 4.78988 yes -0.52619 0.01938 1.71265 yes
ENSMUSG00000024414 [Mrpl27 -1.10917 0.04488 1.34791 yes -0.52628 0.03602 1.44350 yes
ENSMUSG00000001056 [Nhp2 -2.24283 0.00005 4.29739 yes -0.52678 0.01963 1.70707 yes
ENSMUSG00000005354 [Txn2 -1.45017 0.00408 2.38898 yes -0.52829 0.00870 2.06072 yes
ENSMUSG00000028898 [Trnaulap -1.97511 0.00000 7.77523 yes -0.52931 0.01131 1.94648 yes
ENSMUSG00000025995 (Wdr75 -2.38748 0.00000 6.65191 yes -0.53071 0.00832 2.07994 yes
ENSMUSG00000021270 [Hsp90aal -1.69888 0.00056 3.25472 yes -0.53117 0.00450, 2.34645 yes
ENSMUSG00000032547 [Ryk -1.71401 0.00282 2.54963 yes -0.53258 0.02319 1.63477 yes
ENSMUSG00000068921 |Dap3 -1.24681 0.00004 4.44060 yes -0.53297 0.00001 4.90315 yes
ENSMUSG00000006005 [Tpr -1.00426 0.02080 1.68202 yes -0.53376 0.00285 2.54588 yes
ENSMUSG00000037936 [Scarbl -1.01759 0.01734 1.76101 yes -0.53379 0.00358 2.44610 yes
ENSMUSG00000037275 [Gemin5 -2.59222 0.00000 7.51604 yes -0.53526 0.00486 231317 yes
ENSMUSG00000038976 [Ppp1r9b -1.03560 0.04054 1.39211 yes -0.53596 0.00545 2.26349 yes
ENSMUSG00000049550 Clip1 -1.38487 0.00001 4.87208 yes -0.53599 0.00061 3.21653 yes
ENSMUSG00000027067 |Ssrpl -1.12091 0.03794 1.42088 yes -0.53626 0.00252 2.59783 yes
ENSMUSG00000015176 |Nolcl -2.94888 0.00000 5.42710 yes -0.53760 0.04062 1.39127 yes
ENSMUSG00000060288 [Ppih -1.11069 0.01586 1.79971 yes -0.53781 0.01051 1.97841 yes
ENSMUSG00000038845 [Phb -1.64476 0.00407 2.38997 yes -0.53830 0.01885 1.72461 yes
ENSMUSG00000018068 |Ints2 -1.75757 0.00220 2.65669 yes -0.53900 0.04283 1.36821 yes
ENSMUSG00000024231 [Cul2 -1.12933 0.02974 1.52670 yes -0.53919 0.02633 1.57958 yes
ENSMUSG00000002845 [Tmem39a -1.01266 0.00777 2.10977 yes -0.53925 0.01010] 1.99566 yes
ENSMUSG00000020413 |Husl -2.13131 0.00002 4.78598 yes -0.53935 0.03206 1.49407 yes
ENSMUSG00000030826 |Bcat2 -2.94186 0.00000 11.93436 yes -0.53983 0.00080, 3.09800 yes
ENSMUSG00000067367 [Lyar -2.97485 0.00000 11.94800 yes -0.54066 0.00036 3.43786 yes
ENSMUSG00000026036 [Nif3I1 -1.96356 0.00016 3.79701 yes -0.54372 0.01785 1.74848 yes
ENSMUSG00000034211 [Mrps17 -1.16543 0.01486 1.82808 yes -0.54423 0.01295 1.88763 yes
ENSMUSG00000011658 [Fuz -1.05389 0.03900 1.40896 yes -0.55031 0.03378 1.47129 yes
ENSMUSG00000019777 [Hdac2 -1.45205 0.00552 2.25786 yes -0.55169 0.00906 2.04308 yes
ENSMUSG00000027367 [Stard7 -1.44244 0.00233 2.63187 yes -0.55213 0.00712 2.14777 yes
ENSMUSG00000025962 [Fastkd2 -2.50105 0.00000 7.07526 yes -0.55313 0.02401 1.61956 yes
ENSMUSG00000018446 [Clgbp -3.05341 0.00000 5.79728 yes -0.55553 0.04314 1.36511 yes
ENSMUSG00000030609 [Aen -2.39633 0.00058 3.23753 yes -0.55647 0.03150] 1.50171 yes
ENSMUSG00000026694 [Mettl13 -3.29241 0.00000 10.32658 yes -0.55801 0.02319 1.63477 yes
ENSMUSG00000021131 [Erh -1.74611 0.00748 2.12603 yes -0.55978 0.04851 1.31421 yes
ENSMUSG00000024130 [Abca3 -1.45785 0.00008 4.08156 yes -0.55996 0.00020 3.69390 yes
ENSMUSG00000018654 |lkzf1 -1.51591 0.00056 3.25170 yes -0.56037 0.00482 231719 yes
ENSMUSG00000057541 [Pus7 -3.31357 0.00000 14.00000 yes -0.56142 0.00376 2.42479 yes
ENSMUSG00000029208 |Gufl -1.94593 0.00002 4.64989 yes -0.56157 0.00439 2.35800 yes
ENSMUSG00000042303 [Sgsm3 -2.27626 0.00000 9.00196 yes -0.56296 0.00268 2.57185 yes
ENSMUSG00000027405 |[Nop56 -2.08125 0.00000 14.00000 yes -0.56367 0.00000] 7.22452 yes
ENSMUSG00000030779 [Rbbp6 -1.50439 0.00044 3.35287 yes -0.56424 0.00223 2.65178 yes
ENSMUSG00000022160 [Mett|3 -1.01570 0.00046 3.33333 yes -0.56590 0.00013 3.87283 yes
ENSMUSG00000020471 (Pold2 -1.48308 0.00498 2.30251 yes -0.56647 0.01577 1.80223 yes
ENSMUSG00000029246 |Ppat -2.37724 0.00002 4.63723 yes -0.56873 0.01381 1.85970 yes
ENSMUSG00000029174 |Thc1ld1 -1.93198 0.00001 5.20783 yes -0.56955 0.02797 1.55336 yes
ENSMUSG00000020280 |Pus10 -1.73830; 0.00005 4.32390 yes -0.57048 0.00556 2.25517 yes
ENSMUSG00000038425 [Poli -1.27947 0.00270 2.56860 yes -0.57100 0.01963 1.70707 yes




ENSMUSG00000025223 [Ldbl -1.06878 0.01927 1.71513 yes -0.57177 0.00059 3.22591 yes
ENSMUSG00000032078 (Zfp259 -2.26436 0.00000 5.48272 yes -0.57177 0.03300 1.48149 yes
ENSMUSG00000030881 |Arfip2 -2.41403 0.00000 7.55466 yes -0.57205 0.01077 1.96786 yes
ENSMUSG00000057388 [Mrpl18 -1.18242 0.02906 1.53672 yes -0.57441 0.01115 1.95258 yes
ENSMUSG00000002343 |Armc6 -1.41397 0.00275 2.56138 yes -0.57471 0.01594 1.79739 yes
ENSMUSG00000010554 [Mettl16 -1.82263 0.00018 3.73954 yes -0.57553 0.01132 1.94618 yes
ENSMUSG00000036932 [Aifm1 -1.48954 0.02688 1.57053 yes -0.57677 0.04093 1.38797 yes
ENSMUSG00000028292 |Rars2 -1.97327 0.00047 3.33096 yes -0.57735 0.03457 1.46128 yes
ENSMUSG00000027185 [Nat10 -3.24981 0.00000 12.70623 yes -0.57737 0.00594 2.22649 yes
ENSMUSG00000020744 (Slc25a19 -1.51592 0.00133 2.87509 yes -0.58123 0.01409 1.85111 yes
ENSMUSG00000004264 [Phb2 -2.48491 0.00000 8.23127 yes -0.58302 0.00030, 3.51833 yes
ENSMUSG00000036285 [Noal -2.99671 0.00000 9.04406 yes -0.58486 0.00607 2.21662 yes
ENSMUSG00000054226 (Tprkb -1.52828 0.00185 2.73216 yes -0.58631 0.02543 1.59473 yes
ENSMUSG00000057113 [Npm1 -3.02224 0.00000 12.43928 yes -0.58899 0.00017 3.76959 yes
ENSMUSG00000042719 [Naa25 -2.18724 0.00000 6.41306 yes -0.59013 0.00134] 2.87415 yes
ENSMUSG00000028700 |Pomgntl -2.09882 0.00007 4.13965 yes -0.59686 0.04866 1.31284 yes
ENSMUSG00000022972 [1110004E09Rik -1.78033 0.00015 3.81359 yes -0.59697 0.01414 1.84969 yes
ENSMUSG00000058809 |[Gm12141 -3.26958 0.00000 6.67855 yes -0.59707 0.01882 1.72540 yes
ENSMUSG00000039826 [Trub2 -1.29125 0.00858 2.06626 yes -0.59814 0.01820, 1.73988 yes
ENSMUSG00000062590 [Armc9 -1.98531 0.00002 4.70898 yes -0.59914 0.00460] 2.33714 yes
ENSMUSG00000039356 |Exosc2 -2.24664 0.00307 2.51227 yes -0.60080 0.03430 1.46471 yes
ENSMUSG00000030844 |Rgs10 -1.61258 0.00177 2.75219 yes -0.60092 0.00509 2.29356 yes
ENSMUSG00000039046 [Uspénl -1.18975 0.02741 1.56204 yes -0.60208 0.01409 1.85121 yes
ENSMUSG00000030888 [Rrp8 -2.13080 0.00007 4.12652 yes -0.60267 0.02539 1.59541 yes
ENSMUSG00000025899 [Alkbh8 -1.59136 0.00008 4.09205 yes -0.60561 0.00063 3.20134 yes
ENSMUSG00000032113 [Chek1 -1.04746 0.03527 1.45257 yes -0.60594 0.00501 2.29995 yes
ENSMUSG00000009073 [Nf2 -1.44605 0.00026 3.58671 yes -0.60737 0.00289 2.53847 yes
ENSMUSG00000071041 |[Gm15210 -2.33450 0.00002 4.70776 yes -0.60930 0.01135 1.94489 yes
ENSMUSG00000017774 [Myolc -1.59708 0.00072 3.13980 yes -0.61071 0.00047 3.32995 yes
ENSMUSG00000031959 [Wdr59 -1.96016 0.00131 2.88306 yes -0.61395 0.03602 1.44342 yes
ENSMUSG00000061474 [Mrps36 -1.07677 0.04081 1.38925 yes -0.61572 0.01414] 1.84969 yes
ENSMUSG00000029389 [Ddx55 -1.63968 0.00328 2.48381 yes -0.61760 0.01428 1.84522 yes
ENSMUSG00000054280 [C330019G07Rik -1.38941 0.01758 1.75497 yes -0.61861 0.02319 1.63477 yes
ENSMUSG00000017286 |Glod4 -1.79153 0.00084 3.07678 yes -0.61933 0.01963 1.70707 yes
ENSMUSG00000027002 [Nckapl -1.17920 0.03753 1.42564 yes -0.61954 0.02376 1.62422 yes
ENSMUSG00000029145 |Eif2b4 -1.09970 0.03115 1.50650) yes -0.62010 0.00634| 2.19802 yes
ENSMUSG00000013629 |Cad -3.17746 0.00000 9.94679 yes -0.62018 0.00482 2.31736 yes
ENSMUSG00000044221 |Grsfl -1.55466 0.00006 4.23792 yes -0.62361 0.00007 4.16218 yes
ENSMUSG00000060279 [Ap2al -1.08460 0.00050 3.30007 yes -0.62525 0.00000] 7.18036 yes
ENSMUSG00000024436 (Mrps18b -3.03552 0.00000 6.96904 yes -0.62757 0.01372 1.86262 yes
ENSMUSG00000021666 |Gfm2 -1.18169 0.04109 1.38622 yes -0.62832 0.01089 1.96291 yes
ENSMUSG00000028910 [Mecr -1.88263 0.00011 3.95906 yes -0.62850 0.00429 2.36730 yes
ENSMUSG00000022474 [Pmm1 -1.46071 0.00845 2.07317 yes -0.63017 0.00285 2.54582 yes
ENSMUSG00000021048 [Mthfd1 -3.08126 0.00000 5.94460 yes -0.63094 0.00396 2.40222 yes
ENSMUSG00000006599 (Gtf2h1 -1.77423 0.00022 3.65728 yes -0.63193 0.00333 2.47801 yes
ENSMUSG00000028799 (Zfp362 -2.42240 0.00003 4.48833 yes -0.63212 0.04369 1.35965 yes
ENSMUSG00000029657 [Hsphl -2.65597 0.00000 14.00000 yes -0.63438 0.00000] 6.02729 yes
ENSMUSG00000040174 [Alkbh3 -1.24767 0.00858 2.06626 yes -0.63774 0.00934 2.02969 yes
ENSMUSG00000028741 [Mrto4 -2.41085 0.00000 6.20456 yes -0.63778 0.00201 2.69666 yes
ENSMUSG00000092203 [1110038B12Rik -2.42057 0.00000 7.47411 yes -0.63816 0.00010 4.01878 yes
ENSMUSG00000022394 [L3mbt|2 -1.54363 0.00015 3.81322 yes -0.63839 0.00434 2.36251 yes
ENSMUSG00000033294 [Noc4l -2.28305 0.00000 5.42843 yes -0.63955 0.00061 3.21421 yes
ENSMUSG00000006732 [Mettl1 -3.14740 0.00000 6.42225 yes -0.64185 0.01577 1.80223 yes
ENSMUSG00000020366 [Mapk9 -2.08208 0.00001 5.09677 yes -0.64358 0.00179 2.74705 yes
ENSMUSG00000053332 [Gas5 -1.59177 0.00000 5.51518 yes -0.64395 0.00000] 8.28172 yes
ENSMUSG00000062175 [Tgif2 -2.29696 0.00237 2.62482 yes -0.64469 0.03299 1.48168 yes
ENSMUSG00000021694 [Ercc8 -1.82124 0.00580 2.23673 yes -0.64699 0.02315 1.63550 yes
ENSMUSG00000027198 |Ext2 -2.37410 0.00056 3.25464 yes -0.64747 0.03639 1.43899 yes
ENSMUSG00000034194 [R3hccl -1.98972 0.00013 3.89391 yes -0.64791 0.03983 1.39977 yes
ENSMUSG00000035311 |[Gnptab -2.67862 0.00000 10.88959 yes -0.64797 0.00008 4.12154 yes
ENSMUSG00000051169 [Rpusd3 -1.45875 0.03446 1.46264 yes -0.65070 0.04004 1.39746 yes
ENSMUSG00000000861 [Bclila -2.22722 0.00002 4.68341 yes -0.65109 0.00240, 2.61985 yes
ENSMUSG00000028796 |Phc2 -1.51673 0.03990 1.39901 yes -0.65195 0.03269 1.48555 yes
ENSMUSG00000085385 (9430008C03Rik -2.57792 0.00000 6.97872 yes -0.65213 0.00797 2.09845 yes
ENSMUSG00000036281 [Snapc4 -2.53851 0.00000 6.77179 yes -0.65278 0.00893 2.04909 yes
ENSMUSG00000028010 |Garl -3.29062 0.00000 7.41843 yes -0.65299 0.02483 1.60503 yes
ENSMUSG00000031671 [Setd6 -2.46298 0.00000 7.42393 yes -0.65352 0.00886 2.05261 yes
ENSMUSG00000030188 [Magohb -1.75578 0.00030 3.51890 yes -0.65694 0.04617 1.33561 yes
ENSMUSG00000020549 [Elac2 -2.35653 0.00000 10.99156 yes -0.65798 0.00001 5.04710 yes
ENSMUSG00000034175 [Rhbdd3 -1.27260 0.00543 2.26534 yes -0.65924 0.00204 2.68960 yes
ENSMUSG00000048696 [Mex3d -1.92386 0.00529 2.27663 yes -0.66157 0.04701 1.32778 yes
ENSMUSG00000030400 [Ercc2 -1.94071 0.00000 6.35841 yes -0.66163 0.00062 3.20743 yes
ENSMUSG00000027999 [Pla2gl2a -2.11425 0.00035 3.45254 yes -0.66191 0.01564 1.80567 yes
ENSMUSG00000033728 |Lrrc14 -1.81706 0.00008 4.07523 yes -0.66247 0.00376 2.42479 yes
ENSMUSG00000027374 [Mrps5 -1.68251 0.00312 2.50597 yes -0.66478 0.00578 2.23807 yes
ENSMUSG00000023883 [Phf10 -1.39485 0.00068 3.16632 yes -0.66596 0.00004| 4.40153 yes
ENSMUSG00000068874 |Selenbpl -2.21722 0.00185 2.73225 yes -0.66635 0.04261 1.37054 yes
ENSMUSG00000020899 |Pfas -2.25769 0.00000 5.32194 yes -0.67120 0.00285 2.54514 yes
ENSMUSG00000032892 [Rangrf -3.23099 0.00000 5.83190 yes -0.67241 0.02827 1.54866 yes
ENSMUSG00000018995 [Nars2 -1.20336 0.00845 2.07317 yes -0.67282 0.00339 2.47036 yes
ENSMUSG00000025980 [Hspd1 -3.26513 0.00000 6.32653 yes -0.67313 0.00681 2.16703 yes
ENSMUSG00000038902 |Pogz -0.82994 0.04316 1.36490 yes -0.67375 0.00143 2.84375 yes
ENSMUSG00000004100 |Ppan -2.30848 0.00027 3.57486 yes -0.67419 0.00656 2.18303 yes
ENSMUSG00000015217 [Hmgh3 -1.52197 0.00001 5.24253 yes -0.67859 0.00000] 7.30534 yes
ENSMUSG00000039804 [Ncoa5 -1.59565 0.01132 1.94627 yes -0.68005 0.03716 1.42993 yes
ENSMUSG00000033857 |Engase -2.49393 0.00000 9.56302 yes -0.68388 0.00224 2.65048 yes
ENSMUSG00000024855 [Pacs1 -2.26362 0.00006 4.24496 yes -0.68744 0.00172 2.76449 yes
ENSMUSG00000022325 |Popl -2.86804 0.00000 5.30786 yes -0.68883 0.02145 1.66866 yes
ENSMUSG00000086290 [Snhg12 -2.45612 0.00000 9.19663 yes -0.69038 0.00052 3.28491 yes
ENSMUSG00000085241 [Snhg3 -1.59542 0.00308 2.51105 yes -0.69163 0.00906 2.04308 yes
ENSMUSG00000034032 [Rpapl -2.04329 0.00001 4.83660 yes -0.69202 0.00006 4.23391 yes
ENSMUSG00000019810 [Fuca2 -1.77405 0.00115 2.93820 yes -0.69675 0.00518 2.28597 yes
ENSMUSG00000042632 |Pla2g6 -1.40538 0.00101 2.99574 yes -0.69994 0.00091 3.04159 yes
ENSMUSG00000058756 [Thra -1.92791 0.00000 6.52798 yes -0.70355] 0.00010, 3.98172 yes




ENSMUSG00000028617 |Lrrc42 -1.58646 0.00213 2.67240 yes -0.71997 0.00884 2.05362 yes
ENSMUSG00000033762 [Recql4 -1.71475 0.03862 1.41314 yes -0.72172 0.01684 1.77358 yes
ENSMUSG00000025007 [Aldh18al -2.77844 0.00000 10.76208 yes -0.72202 0.00005 4.25991 yes
ENSMUSG00000026811 [St6galnacé -2.22455 0.00009 4.04313 yes -0.72561 0.00420] 2.37688 yes
ENSMUSG00000023942 (Slc29al -1.09797 0.00057 3.24181 yes -0.72644 0.00000 9.87141 yes
ENSMUSG00000027533 |Fabp5 -1.91080 0.01462 1.83511 yes -0.72937 0.00710, 2.14862 yes
ENSMUSG00000048217 [Nags -2.59483 0.00097 3.01377 yes -0.73592 0.02333 1.63206 yes
ENSMUSG00000049957 (Ccdc137 -2.21672 0.00024 3.62341 yes -0.73675 0.00587 2.23173 yes
ENSMUSG00000046982 [Tshzl -2.12357 0.00407 2.38992 yes -0.74351 0.01634 1.78668 yes
ENSMUSG00000074578 [1500012F01Rik -1.66351 0.00053 3.27936 yes -0.74421 0.00005 4.33985 yes
ENSMUSG00000021235 [Cogb -1.32551 0.00142 2.84717 yes -0.74696 0.00137 2.86276 yes
ENSMUSG00000073433 |Arhgdig -1.76449 0.00013 3.87954 yes -0.74701 0.00016| 3.78455 yes
ENSMUSG00000039345 [Mettl22 -1.98875 0.00167 2.77760 yes -0.75472 0.01645 1.78387 yes
ENSMUSG00000062110 [Scfd2 -2.18798 0.00023 3.63898 yes -0.76734 0.00612 2.21326 yes
ENSMUSG00000026837 [Col5al -1.88476 0.01574 1.80288 yes -0.76994 0.03089 1.51012 yes
ENSMUSG00000025816 [Sec61a2 -1.16369 0.00625 2.20399 yes -0.77741 0.00094 3.02721 yes
ENSMUSG00000033257 Ttll4 -2.35984 0.00000 8.46908 yes -0.78190 0.00011 3.94738 yes
ENSMUSG00000023571 [Fam132a -2.66302 0.00000 6.01668 yes -0.78481 0.00158 2.80257 yes
ENSMUSG00000038838 |Vars2 -2.42196 0.00000 9.49138 yes -0.78861 0.00000 5.88965 yes
ENSMUSG00000056268 |Dennd1b -1.66745 0.01857 1.73115 yes -0.78876 0.03396 1.46898 yes
ENSMUSG00000014873 [Surf2 -2.65819 0.00000 14.00000 yes -0.80775 0.00000 6.84924 yes
ENSMUSG00000041329 |Atp1b2 -2.46561 0.00000 5.86645 yes -0.80831 0.00003 4.51853 yes
ENSMUSG00000041966 [Dcaf17 -2.19772 0.00000 5.98049 yes -0.80876 0.00051 3.29156 yes
ENSMUSG00000030264 [Thumpd3 -1.51070; 0.00264 2.57790 yes -0.80891 0.00013 3.88223 yes
ENSMUSG00000027381 [Bcl2111 -1.61877 0.01171 1.93139 yes -0.82189 0.02952 1.52993 yes
ENSMUSG00000033065 [Pfkm -2.02210 0.02232 1.65136 yes -0.82760 0.01283 1.89168 yes
ENSMUSG00000026791 |Slc2a8 -1.66024 0.02064 1.68527 yes -0.83012 0.02231 1.65141 yes
ENSMUSG00000025665 [Rps6kab -2.98134 0.00000 8.29615 yes -0.83222 0.00215 2.66840 yes
ENSMUSG00000017386 [Traf4 -1.46268 0.04631 1.33431 yes -0.84155 0.00224 2.65048 yes
ENSMUSG00000055322 [Tns1 -1.69257 0.01506 1.82215 yes -0.84968 0.00330, 2.48149 yes
ENSMUSG00000006494 |Pdk1 -2.23927 0.00000 6.93516 yes -0.85126 0.00000] 5.69250 yes
ENSMUSG00000046959 (Slc26al -2.33680 0.00348 2.45789 yes -0.86740 0.00563 2.24944 yes
ENSMUSG00000048351 [2010305A19Rik -2.39730 0.00001 4.87208 yes -0.86943 0.00282 2.54942 yes
ENSMUSG00000006567 [Atp7b -2.59169 0.00748 2.12585 yes -0.87063 0.02785 1.55521 yes
ENSMUSG00000030031 [Kbtbd8 -1.69377 0.00749 2.12560 yes -0.87606 0.00955 2.01992 yes
ENSMUSG00000031137 |Fgf13 -2.23467 0.01911 1.71872 yes -0.88498 0.02560] 1.59177 yes
ENSMUSG00000017765 (Slc12a4 -1.53379 0.02380 1.62334 yes -0.89637 0.00228 2.64253 yes
ENSMUSG00000075028 [Prdm11 -3.87367 0.00000 8.13467 yes -0.90197 0.00853 2.06920 yes
ENSMUSG00000022386 [Trmu -1.54278 0.00017 3.76668 yes -0.90473 0.00012 3.90396 yes
ENSMUSG00000055491 |Pprcl -2.61946 0.00000 14.00000 yes -0.90589 0.00000 7.16251 yes
ENSMUSG00000086968 [4933431E20Rik -3.18219 0.00000 7.11515 yes -0.90810 0.00118 2.92866 yes
ENSMUSG00000022747 [St3gal6 -1.49085 0.00017 3.75964 yes -0.91163 0.00000] 6.13357 yes
ENSMUSG00000034796 [Cpne?7 -3.34731 0.00000 5.32618 yes -0.92442 0.01607 1.79388 yes
ENSMUSG00000038930 [Rccdl -2.09157 0.00001 4.86652 yes -0.92669 0.00077 3.11387 yes
ENSMUSG00000029101 [Rgs12 -1.45104 0.00009 4.05324 yes -0.93130 0.00000 6.63029 yes
ENSMUSG00000089989 |Flt3I -3.72081 0.00000 14.00000 yes -0.93730 0.00003 4.53070 yes
ENSMUSG00000020486 (Sept4 -3.83485 0.00000 12.59006 yes -0.93786 0.00038 3.41666 yes
ENSMUSG00000042155 (KIhI23 -2.58306 0.00005 4.28865 yes -0.93927 0.00308 2.51204 yes
ENSMUSG00000022843 |Clcn2 -0.99946 0.04086 1.38872 yes -0.95830 0.00000 8.12770 yes
ENSMUSG00000025608 [Podx| -4.18561 0.00000 7.24055 yes -1.03557 0.00022 3.65715 yes
ENSMUSG00000029122 [Evc -3.13883 0.00009 4.03300 yes -1.07341 0.00935 2.02920 yes
ENSMUSG00000040726 [Hesx1 -2.78194 0.00923 2.03503 yes -1.09683 0.03533 1.45186 yes
ENSMUSG00000015659 [Seracl -1.85918 0.01496 1.82494 yes -1.09957 0.02874 1.54149 yes
ENSMUSG00000021234 [Fam161b -1.98117 0.00140 2.85470 yes -1.10039 0.00443 2.35388 yes
ENSMUSG00000053091 |Lins -2.10380 0.00001 5.15367 yes -1.11272 0.00127 2.89594 yes
ENSMUSG00000025956 Mettl21a -2.10240 0.00264 2.57899 yes -1.12723 0.00697 2.15658 yes
ENSMUSG00000041734 [Kirrel -3.10140 0.01080 1.96651 yes -1.13735 0.01205 1.91897 yes
ENSMUSG00000044005 |Gls2 -3.36787 0.01384 1.85892 yes -1.14109 0.00117 2.93098 yes
ENSMUSG00000053746 |Ptrh1 -2.59626 0.01797 1.74534 yes -1.14255 0.04222 1.37451 yes
ENSMUSG00000047990 |C2cd4a -4.79984 0.00001 4.95921 yes -1.22024 0.00986| 2.00601 yes
ENSMUSG00000051890 |Klhdcl -2.10667 0.03303 1.48112 yes -1.30133 0.04442 1.35246 yes
ENSMUSG00000031075 [Anol -2.48121 0.00001 5.25107 yes -1.35202 0.00000 10.00571 yes
ENSMUSG00000074923 |Paké6 -2.42200 0.00805 2.09438 yes -1.42840 0.00301 2.52130 yes




	Rothberg_Janet_2016_thesis.pdf
	Thesis Preface_revised.pdf
	Rothberg_Chapter1-4 plus Appendix_Revised_clean

	Table S1
	Table S2 Expression values
	Table S2 Gene Ontology
	Table S3. Gene Expression Changes during Erythroblast Differentiation

