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Professor Ke Shuai, Chair

DNA methylation is an essential epigenetic mechanism to control gene expression, with
important implications for development, cellular homeostasis, and cancer progression. A lack of
DNA methylation is not compatible with embryonic development. Likewise, dysregulation in
DNA methylation is hallmark associated with cancer development. This dissertation focuses on
the role of two epigenetic modifying proteins: protein inhibitor of activated STAT1 (PIAS1) and
ten-eleven translocation 2 (TET2). Here | describe a newly discovered role for PIAS1 as an
epigenetic gene silencer, with important implications in immunosuppression, stem cell
maintenance and differentiation, and breast tumorigenesis. First, PIAS1 recruits DNMT3 and
HP1 to the Foxp3 promoter for epigenetic silencing in regulatory T cells (Tregs). In the absence
of PIAS1, the Foxp3 promoter is hypomethylated with a corresponding increase in expression.
This allows for an increase in the number of Treg cells in Pias1-/- mice that provides resistance
to the development of experimental autoimmune encephalomyelitis (EAE). Second, PIAS1 plays
an important role in the maintenance and differentiation of hematopoietic stem cells (HSCs) by

mediating proper DNA methylation at key differentiation genes such as Gata7. Without PIAS1



mediated gene silencing, dormant stem cells enter the cell cycle and exhaust their self-renewal
properties. Additionally, stem cells aberrantly produce more myeloid cells than lymphoid cells in
Pias1-/- mice. Third, elevated PIAS1 expression is observed in human breast cancer samples
and is associated with increased tumorigenicity. In the breast cancer cell line MDA-MD231,
PIAS1 mediates the silencing of important tumor suppressor genes such as WNT5A and
CCND?2 by epigenetic mechanisms. Knockdown of PIAS1 expression decreases the
tumorigenicity of this cell line. Lastly, | explore the role of TET proteins in macrophage gene
activation. Little is known about the role of TET proteins in the innate immune response.
Surprisingly, TET2 is a repressor of several M1 macrophage genes whereas is required for the
expression of a subset of M2 macrophage genes. Correspondingly, Tet2-/- macrophages exhibit
an overexpression of several inflammatory genes important for microbial resistance, which may

account for the increased protection to Listeria monocytogenes infection in seen in Tet2-/- mice.
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Chapter 1: Modifiers of Gene Expression and

Hematopoietic Stem Cells and the Immune Response



Introduction

The proper control of gene expression is essential for normal development, from stem
cell development, to cell homeostasis and function, and finally to apoptosis. Dysregulation in
gene control can have wide-ranging effects, from embryonic lethality to cancer cell
transformations. Epigenetic refers to the regulation of genes that does not involve changes to
the underlying DNA sequence. Many mechanisms can be attributed as epigenetic, but the three
most common are histone modifications, DNA methylation, and non-coding RNA. My primary
focus will be gene regulation by DNA methylation mechanisms with a small emphasis on
histone modifications. | will analyze the role of epigenetic modifications in T cell development,
stem cell maintenance and differentiation, cancer cell progression, and immune responses to

microbial stimuli.

Section 1: Modifiers of Gene Expression
Histones modifications

Chromatin refers to the orderly packaging of DNA into units called nucleosomes. A
nucleosome is composed of an octamer of four core histones (H3, H4, H2A, H2B) of which 147
bases of DNA wrap around. An important feature of histones is that they have exposed protein
“tails” that stick out from the nucleosome and can undergo post-translational modifications
(PTM) that affect the availability of the DNA for gene expression. There are over 11 types of
PTM that can occur on over 60 different amino acid residues on the histones (Kouzarides, 2007;
Tan et al., 2011). As enzymes that can add and remove PTMs have been discovered, histone
modifications are generally thought of as transient and reversible. The more common
modifications are histone acetylation and histone methylation, both on lysine residues.
Acetylation of H3 lysine tails (AcH3) by histone acetyltransferases (HATs) are associated with
transcriptional activation, as the positive charge of the acetyl group neutralizes the negative
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charge on the lysine, allowing the chromatin to open up and allow DNA to be more accessible
for transcription. Conversely, histone deacetylases (HDACSs) are associated with gene
repression as they compact the chromatin. Tri-methylation of H3 histones on lysine K9
(H3K9me3) and lysine K27 (H3K27me3) are both associated with transcriptional repression

(Kouzarides, 2007).

DNA methylation and gene silencing

DNA methylation by DNA methyltransferases (DMNTSs) is an epigenetic modification
primarily found symmetrically distributed on CpG dinucleotides. Specifically, a methyl group is
added to the carbon-5 position of cytosine to create 5-methylcytosine (5mC) (Doerfler 1983).
There are three family members in mammalian cells; DNMT1, DNMT3A and DNMT3B.
DNMT3A and DNMT3B are the de novo methyltransferases that establish DNA methylation
patterns at unmodified CpG sites. These two proteins can partially compensate for each other,
as a double deletion of DNMT3A and DNMT3B has a more severe phenotype on mouse
embryos than deletion of an individual protein (Okano et al., 1999). DNMT1, known as the
maintenance methyltransferase, interacts with UHRF1 at the DNA replication foci during S-
phase and restores the symmetrical CpG methylation patterns on the nascent DNA stand.
DNMT1 targeting to CpG sites relies on UHRF1 recognition of hemi-methylated CpG during
DNA replication (Rottach et al., 2009; Williams, et al., 2011b; Bostick et al., 2007; Sharif et al.,
2007).

DNA methylation has a long established role in gene regulation. By controlling gene
expression, this highly conserved modification has a profound impact on embryonic
development, imprinting, X-inactivation, genome stability, and normal development (Smith and
Meissner, 2013). There are at least two mechanisms by which DNA methylation can repress
transcription. The first is that the methyl modification can directly prevent transcription factors

from binding their target DNA sites (Bird 2002). Second, the methylated CpGs can attract
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methyl CpG binding proteins (MBPs) who recruit repressive chromatin modifiers associated with
transcriptional silencing, such as the MeCP1 HDAC complex (Hendrich and Tweedie, 2003).
Coincidentally, human cancer cells generally display altered DNA methylation. Cancer cells can
simultaneously develop aberrant hypomethylation at key genes known as oncogenes, and
hypermethylation at key genes known as tumor suppressors. This hypermethylation is
associated with gene silencing and is a hallmark of cancer pathogenesis (Herman and Baylin,

2003; Esteller, 2007).

TET proteins on active DNA demethylation and gene expression

While the concept of DNA methylation has long been established, controversy existed
over whether DNA CpG methylation can be actively removed in mammalian cells and if so, the
mechanism(s) by which this may occur. The discovery of the enzymatic activity of ten-eleven
translocation (TET) proteins in 2009 allowed unambiguous evidence of active DNA
demethylation (Tahiliani et al., 2009). The TET family members were first discovered by two
independent groups analyzing human leukemia samples and found that an unknown protein,
located on chromosome 10 (now known as TET1), was translocated with mixed lineage
leukemia (MLL), creating t(10;11)(q22;923), hence the nomenclature “ten-eleven translocation”
(Ono et al., 2002; Lorsbach et al., 2003).

TET proteins are 2-oxoglutarate and Fe(ll)-dependent oxygenases that can catalyze the
conversion of 5mC to 5-hydroxylmethylcytosine (5hmC) and further modify 5hmC to 5-
formylcytosine (5fC) and to 5-carboxylcytosine (5caC) (Kriaucionis and Heintz, 2009; Tabhiliani et
al., 2009; Ito et al., 2011) (Figure 1.1b). DNA repair enzymes, such as thymine-DNA glycosylase
(TDG), can remove 5caC and base excision repair enzymes can replaced the resulting abasic
site with an unmodified cytosine, culminating in active DNA demethylation (He et al., 2011;
Maite and Drohat, 2011). All three TET members in mammalian cells (TET1, TETZ2, and TET3)

have 5hmC catalytic activity. Additionally, TET1 and TET3 (but not TET2) possess a CXXC
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DNA binding domain that may allow targeting to chromatin (Rasmussen and Helin, 2016)
(Figure 1.1a). As TET2 does not contain a CXXC domain, evidence suggests that TET2 may

find its DNA targets by interaction with transcription factors (Ichiyama et al., 2015; Zhang et al.,

2015)
a
mTET1 | oxxe| | cysrich || psen | | 2039aa
mTET2 | ' cys-ich | DSBH | | 191220
mTET3 I_ICXXC| | Cys-rich | | DSBH | | 1668 aa
| J
Catalytic domain
b
NH; NH, OH NH o
DNMT \ TET kﬁ:j TET k(L . 'K(K
H H
C 5mC 5-hmC 5fC 5caC

Figure 1.1. The structure and enzymatic activity of TET proteins

(a) Schematic drawing of TET proteins indicating the approximate locations of the CXXC
binding domain and the catalytic domain. The catalytic domain consists of a cysteine-rich region
and the DSBH, where the actual catalytic activity occurs (Ko et al., 2010). (b) Stepwise
modification of 5-position cytosine by DNMT and TET enzymes. Abbreviations: DNMT (DNA
methyltransferase), TET (ten-eleven translocation), Cys-rich (cysteine rich), DSBH (double
stranded beta-helix). Figure is adapted from (Wu and Zhang, 2014).

In addition to actively removing DNA methylation, TET mediated 5hmC generation may
allow gene expression by several mechanisms. The first is the finding that UHRF1 is less

efficient at binding 5hmC than 5mC in vitro, thus 5hmC can potentially interfere with the DNA

maintenance function of DNMT1 (Hashimoto et al., 2012). Also, 5hmC strongly inhibits the



binding of MBP proteins MBD1, MBD2, and MeCP2 to DNA (Hashimoto et al., 2012; Jin, Kadam
and Pfeifer, 2010; Valinluck et al., 2004) and therefore 5hmC may contribute to gene activation.
To directly show the positive effect of TET catalytic activity in gene activation, in vitro studies
utilizing artificially methylated GFP reporter constructs showed that overexpression of human
TET1 can allow the re-expression of GFP, whereas a catalytic mutant of TET1 cannot (Zhang et
al., 2010). Additionally, studies on mouse embryonic stem cells (ESCs) show that expression of
the transcription factor Nanog is dependent on TET1 binding to and removing the DNA
methylation that would otherwise silence the gene (lto et al., 2010).

Surprisingly, TET proteins can also have repressive effects on gene transcription. Gene-
expression profiling of TET1-depleted embryonic stem cells (ESC) show that while most genes
were unaffected by TET1 knockdown, more genes were up-regulated than down-regulated
when TET1 is removed (Williams et al., 2011a; Wu et al., 2011). To account for the repressive
activity of TET1, these two groups showed TET1 is highly enriched at promoters that are
repressed by Polycomb repression complex 2 (PRC2) indicating a link between these two.
However these two groups were unable to show a physical interaction between TET1 and
PRC2. To further account for TET1 induced gene repression, TET1 was shown to bind to the
co-repressor complex SIN3A (Williams et al., 2011a), which can contribute to transcriptional
repression by facilitating histone deacetylation (Grzenda et al., 2009). Moreover, as evidence
that TET proteins can have a repressive role, TET2 can recruit HDAC2 for gene repression, and

this interaction is independent of TET2 catalytic activity (Zhang et al., 2015).

Gene regulation by PIAS proteins

The protein inhibitor of activated STAT (PIAS) proteins were first discovered in our lab
while searching for novel proteins that can interact with signal transducer and activator of
transcription (STAT) transcription factors. There are four members of the mammalian PIAS

family: PIAS1, PIAS2 (also known as PIASx), PIAS3, and PIAS4 (also known as PIASy). Each
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member has been shown to be involved in STAT signaling, and there is both specificity and
redundancy among the various PIAS-STAT interactions (Chung et al., 1997; Liu et al., 1998; Liu
et al., 2001; Arora et al., 2000).

PIAS family members have a high degree of sequence homology and share several
highly conserved domains (Shuai and Liu, 2005; Rytinki et al., 2009). One of the most
conserved domains is the N-terminal SAP domain (scaffold attachment factor-A/B, apoptotic
chromatin-condensation inducer in the nucleus (ACINUS) and PIAS domain. The SAP domain
is found in many chromatin-binding proteins and it contains a signature LxxLL motif found in
proteins that interact with nuclear receptors (Plevin et al., 2005). Another highly conserved and
striking domain in PIAS proteins is the RING-finger-like zinc-binding domain (RLD), which is
required for the SUMO-E3 ligase activity of PIAS proteins (Hochstrasser, 2011). Small ubiquitin-
like modifier (SUMO) is a molecule similar to ubiquitin and is conjugated in a similar fashion,
utilizing an E1, E2, and E3 ligase in a step-wise fashion. Unlike ubiquitinylation, which typically
leads to protein degradation, SUMOylation of target proteins can regulate an assortment of
cellular processes, including interactions between proteins, stability of proteins, regulation of
transcription factors, targeting proteins to the nucleus, and higher order chromatin structure
(Johnson, 2004; Shuai and Liu, 2005).

The negative regulation of gene expression by PIAS proteins is well characterized.
PIAS proteins can inhibit the transcriptional activities of activated STATs and NF-kB by
preventing their binding to DNA, although the precise mechanism of this inhibition is still
unknown (Chung et al., 1997; Liu et al., 1998; Liu et al., 2005). PIAS proteins can interact with
HDACSs and repress gene activity by the transcription factors androgen receptor (AR) and
Smad3, a repression that was abolished in the presence of the HDAC inhibitor trichostatin A
(TSA) (Arora et al., 2003; Long et al., 2003; Gross et al., 2004). PIAS proteins can also
SUMOylate target transcription factors, potentially affecting the target protein in a negative or

positive fashion as seen with Sp3 and p53, respectively (Sapetschnig et al., 2002; Bischof et al.,
7



2008).

Section 2: Hematopoietic Stem Cells and the Immune Response
Hematopoietic Stem Cells

The mouse hematopoietic stem cell (HSC) is one of the best characterized adult stem
cell systems in mammalian cells (Figure 1.2). HSCs are an ideal system to study stem cells and
differentiation because well defined cell surface markers exist to track stem cells at various
stages of differentiation by flow cytometry. The cell that contains the vast majority of self-
renewing activity is the long-term HSC (LT-HSC). However, there is a limit to the self-renewal
capacity, as computational assays estimate that the LT-HSC only divides about five times
during the lifespan of a mouse before the self-renewal capacity is exhausted (Wilson et al.,
2009). DNA methylation plays a significant role in self-renewal, as Dnmt1-/-, and double
knockout Dnmt3a/3b mice have defective HSC self-renewal capacities (Trowbridge et al., 2009;
Tadokoro et al., 2007). Additionally, Dnmt1-/- mice exhibit an increase in myeloerythroid cells,
indicating that DNA methylation is important for proper lineage differentiation (Trowbridge et al.,

2009; Broske et al., 2009).

Regulatory T cells and Foxp3

Regulatory T cells (Treg) are key players in the suppression of over-active immune
responses. During Treg development, the “master switch” transcription factor Foxp3 must be
expressed and permanent expression is required throughout the lifespan of a Treg cell (Floess
et al., 2007). Expression of Foxp3 is controlled by its promoter and three evolutionarily
conserved noncoding DNA sequence (CNS) elements. While CNS3 is important for increasing
the frequency of Treg cells, evidence suggests that CNS2 is most important for gene
expression, as it contains permissive histone marks and is demethylated in Treg cells but fully

methylated in the other T cell lineages (Kim and Leonard, 2007; Zheng et al., 2010; Toker and



Huehn, 2011).
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Figure 1.2. Hematopoietic stem cell differentiation and maturation.

Differentiation from the dormant LT-HSC to the committed progenitor to mature cells occurs in a
step-wise, hierarchical manner. Curved arrow indicates self-renewal. Note: not all progenitor
stages and not all potential mature cells are depicted here. Abbreviations: LSK (Lin-Sca+c-Kit+),
LT-HSC (long-term hematopoietic stem cell (HSC)), ST/MPP (short-term multi-potent
progenitor), CLP (common lymphoid progenitor), CMP (common myeloid progenitor), MEP
(megakaryocyte-erythroid progenitor), GMP (granulocyte-macrophage progenitor). Figure is
adapted from Metcalf, 2007 and Blank, Karlsson, and Karlsson, 2008.

T cell development first begins in the bone marrow, where lymphoid progenitors travel to
the thymus and the thymus becomes populated with immature thymocytes. Immature
thymocytes are characterized by the lack of both T cell receptors CD4 and CD8 (labeled as
CDA4-CD8-). Upon further maturation, still immature thymocytes now express both CD4 and CD8

(labeled as CD4+CD8+). When thymocytes express only either CD4 or CD8, but not both, they

are now mature T cells and can exit the thymus (Germain, 2002). For reference, Treg cells are
9



CD4+Foxp3+.

Macrophage polarization and controversy

Macrophages are a heterogeneous population of professional phagocytes that play a
key role in the innate immune response. Macrophages can be activated by a multitude of
stimuli, including growth factors, cytokines, nucleotide derivatives, and viral and bacterial
components. Depending on the activation stimuli, macrophages can play key roles in the
initiation and/or resolution of inflammation, wound repair, tissue homeostasis, fibrosis, allergic
responses, and tumorigenesis, among others (Murray et al., 2011, 2014).

The classification of activated macrophages is quite complicated. In the 1960s George
Mackaness introduced the term macrophage activation (“classical activation”) to describe the
effect of microbial stimuli on macrophages (Martinez and Gordon, 2014). Currently, classical
activation is ascribed to the inflammatory gene activation induced by IFN-y and/or LPS (Murray
et al., 2014). In 1992 the concept of “alternative” macrophage polarization was introduced to
describe the effect of interleukin-4 (IL-4), that is distinct from the effect of IFN-y, on the
augmentation of the mannose receptor (Stein et al., 1992). Then in 2000, the concept of the M1
and M2 macrophage polarization was introduced. The naming of “M1” and “M2” was inspired by
the T helper 1 (Th1) vs. T helper 2 (Th2) concept, in which Th1 strains of mice produce large
quantities of nitric oxide (a classical marker of macrophage activation against microbes),
whereas Th2 strains are stimulated to metabolize arginine, which antagonizes with nitric oxide
production (Mills et al., 2000). Over time, the classical vs. alternative and the M1 vs. M2
polarization ideas fused together. Now, the classical / M1 phenotype is associated with the
proinflammatory gene activation induced by IFN-y and/or LPS and relying on STAT1 to produce
nitric oxide, TNF-a, and IL-1, and other inflammatory proteins, whereas the alternative / M2

phenotype is associated with IL-4 and relying on STAT6 and the production of mannose
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receptor, arginase, chitinase-like 3 (CHIL3, YM1), resistin like beta (RETNLB), IL-10, and
others. (Biswas and Mantovani, 2010; Nahrendorf and Swirski, 2016).

However, based on the plasticity of macrophage activation in vivo, one must recognize
that the “M1” or “M2” (or “classical” or “alternative”) activation states derived in vitro are on the
extreme end of a spectrum and most likely the in vivo macrophage activation state will lie
somewhere in between these polar opposites (Murray et al., 2014). Additionally, in vivo there
are no clear polarization states, as macrophages can switch between M1 and M2, depending on
the environmental cues, and macrophages of different organs can respond differently to the
same cues (Martinez and Gordon, 2014; Davies and Taylor, 2015; Nahrendorf and Swirski,
2016). Therefore for simplicity the M1 / M2 concept is still useful for studying macrophage
activation and function in vitro, but can be tricky for in vivo studies due to the wide heterogeneity

of tissue macrophages.

Section 3: Aims of the Dissertation

Fully understanding the role and application of PIAS proteins has been a great research
interest ever since our discovery of these proteins. The creation of the Pias7-/- animal model
allowed us to explore the role of PIAS1 in various physiological and developmental settings
previously unavailable (Liu et al., 2004). Additionally, our knowledge on how PIAS1 regulates
gene expression greatly expanded upon the recent exciting discovery of a novel mechanism of
PIAS-mediated gene regulation: PIAS1 interaction with DNMTs for epigenetic gene silencing
(Chapter 2). The primary focus of this dissertation is to solidify the novel mechanism of PIAS1-
mediated epigenetic gene silencing in various cell types and settings (Chapters 2, 3, and 4). As
PIAS1 promotes DNA methylation, we became interested in TET proteins as they promote the
opposite function: DNA demethylation. Currently the role of TET proteins in innate immunity is

poorly understood. As previous work from our lab indicate a role for PIAS1 in inflammatory
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responses, we first addressed if TET proteins also have a role in the immune response (Chapter
5).

Chapter 2 will discuss the exciting role of PIAS1 in the epigenetic silencing of the Foxp3
promoter. Characterization of lymphocyte subpopulations in Pias1-/- mice revealed an increase
in CD4+Foxp3+ Treg cells. As mentioned earlier, previous groups have uncovered epigenetic
mechanisms controlling Foxp3 expression. We too asked if a similar epigenetic mechanism is
involved in our Pias1 mice. It was from this study that we discovered a new role for PIAS1 in the
negative regulation of genes, specifically, that PIAS1 interacts with the de novo DNMT3
methyltransferases in T cells to mediate epigenetic silencing of the Foxp3 promoter.
Furthermore, the repressive H3K9me3 and H3K27me3 modifications are found at PIAS1 target
sites.

Chapter 3 explores the role of PIAS1 in the epigenetic regulation of HSC self-renewal
and differentiation. Several groups have implicated DNA methylation as an important
mechanism for both self-renewal and the proper differentiation of progenitors in hematopoiesis.
With the newly discovered mechanism of PIAS1-mediated DNA methylation described in
chapter 2, we asked if PIAS1 has a role in HSC maintenance and function through the
recruitment of DNMTs. Here we show that PIAS1-mediated epigenetic regulation is required to
maintain quiescence of HSCs, and also for the proper expression of lineage-associated genes.

Chapter 4 investigates the role of PIAS1 in epigenetic gene silencing but in the context
of human breast cancer cells, specifically in the MDA-MB231 cancer cell line. Numerous studies
have correlated DNA hypermethylation of a subset of genes with tumor initiation and
progression in human cancers. We asked if PIAS1-mediated DNA methylation has an impact in
human cancer. Here, we show that PIAS1 silences a subset of tumor suppressor genes by
epigenetic mechanisms, including DNA methylation and histone modifications, resulting in

increased tumorigenesis in cells with elevated PIAS1 expression.
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Chapter 5 investigates a new direction in our exploration of the immune response, as we
explore the relatively unknown role of TET proteins in the innate immune response. We find that
Tet1 and Tet2 are induced by inflammatory stimuli, suggesting a role for TET in the immune
response. Importantly, TET2 is both a repressor and activator of genes in the activation of
macrophage responses. Additionally, TETZ2 silences a subset of inflammatory genes in

macrophages, and this has a negative impact in combating bacterial infections.
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Chapter 2: The Ligase PIAS1 Restricts Natural Regulatory T Cell

Differentiation By Epigenetic Repression
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Abstract

CD4"Foxp3* regulatory T (Treg) cells are important for maintaining immune tolerance.
Understanding the molecular mechanism that regulates Treg differentiation will facilitate the
development of effective therapeutic strategies against autoimmune diseases. We report here
that the PIAS1 SUMO E3 ligase restricts the differentiation of natural Treg cells by maintaining a
repressive chromatin state of the Foxp3 promoter. PIAS1 acts by binding to the Foxp3 promoter
to recruit DNA methyltransferases and HP1 (heterochromatin protein 1) for epigenetic
modifications. Pias1 deletion caused promoter demethylation, reduced H3K9 methylation, and
enhanced promoter accessibility. Consistently, Pias1” mice displayed an increased natural Treg
cell population and were resistant to the development of experimental autoimmune
encephalomyelitis. Our studies have identified a novel epigenetic mechanism that negatively

regulates the differentiation of natural Treg cells.

Introduction and Results

Naturally occurring thymus-derived regulatory T (nTreg) cells plays a critical role in the
maintenance of self-tolerance and homeostasis within the immune system (7-4). The
transcription factor Foxp3 controls the development and function of Treg cells (5-7). Several
regulatory DNA elements within the Foxp3 locus have been suggested to play important roles in
mediating Foxp3 expression, including the promoter region and conserved noncoding
sequences (6-9). Although significant progress has been made toward the identification of
transcription factors that positively regulate Foxp3 expression (70-13), little is known about the

negative regulatory mechanism involved in the process.
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PIAS1 (protein inhibitor of activated STAT1) is a SUMO E3 ligase that binds to the chromatin to
repress gene activation (74, 15). The recruitment of PIAS1 to the chromatin requires the SUMO
ligase-dependent Ser90 phospohrylation of PIAS1 induced by a variety of immune regulatory
stimuli including TCR (T-cell receptors) activation (76). To explore the potential regulatory role
of PIAS1 in T cells, the activation status of PIAS1 was examined in thymus and spleen. PIAS1
was activated in freshly isolated thymocytes and splenocytes, as evident by the presence of
PIAS1 Ser90 phosphorylation (Fig. 2.1A). FACS analyses indicated that there was a small
increase of the percentage of thymic single positive CD4" or CD8" T cells in Pias1” mice,
although the total T cell number was not significantly altered (Supplementary Fig. 2.1).
Interestingly, the population of thymic CD4"Foxp3™ Treg cells (natural Treg or nTreg) was
significantly increased (about 80%) in Pias?1” male and female mice (Fig. 2.1B). An increase of
the periphery CD4*Foxp3* Treg cells was also observed in Pias1” mice (Fig. 2.1B). However,
the mean intensity of Foxp3 expression in Foxp3* cells was not significantly altered by Pias?
deletion (Fig. 2.1C). In addition, Pias1 disruption did not affect the in vivo proliferation or survival

of Treg cells (Supplementary Fig. 2.2).

To test whether PIAS1 directly regulates the intrinsic differentiation potential of nTreg cells,
bone marrow from wild type and Pias?1” mice depleted of CD4* and CD8" T cells was
transplanted into sublethally irradiated Rag1” recipient mice. 4 weeks post transplantation, the
CD4"Foxp3* population of T cells in the thymus was examined by FACS analysis. Pias1
disruption caused a 4-fold increase of the thymic CD4"Foxp3™ cell population (Fig. 2.1D). To
further validate these findings, transplantation experiments were performed by injecting Rag1”
mice with a mixture of bone marrow from wild type CD45.1"C57SJL mice and either wild type or
Pias1™ mice (CD45.2). Consistently, the percentage of thymic CD4*Foxp3* from Rag1”™ mice
reconstituted with Pias?1” bone marrow (CD45.2) was significantly higher than that of the wild

type controls, while no difference was observed in thymic CD4"Foxp3™ differentiation of the
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CD45.1" control T cells (Fig. 2.1E). These studies support a role of PIAS1 in the negative

regulation of nTreg cell differentiation.

Peripheral naive CD4" T cells can be differentiated into so-called induced Treg cells (iTreg) (17-
19). In vitro differentiation studies indicate that transient TCR activation positively regulates
iTreg differentiation, while persistent TCR stimulation antagonizes Foxp3 induction (20). Pias1
disruption enhanced iTreg differentiation when naive CD4" T cells were transiently stimulated by
TCR for 15 hrs followed by culturing for additional 60 hrs with or without TGF-p treatment in the
absence of TCR stimulation (Fig. 2.1F). In contrast, iTreg differentation was inhibited under
persistent TCR stimulating conditions (Supplementary Fig. 2.3C). Thus, Pias? disruption
amplified the effect of TCR on iTreg differentiation, which is consistent with a negative

regulatory role of PIAS1 in TCR signaling.

nTreg cells play an important role in suppressing autoimmune diseases. To test the biological
significance of PIAS1-mediated regulation of nTreg in vivo, the response of Pias1” mice
together with the wild type littermate controls to Myelin Oligodendrocyte Glycoprtein (MOG)-
induced experimental autoimmune encephalomyelitis (EAE) was examined. 10 days post MOG
immunization, an increased population of CD4*Foxp3* Treg cells in the lymph nodes of Pias1™”
mice was detected as compared to the wild type controls (Fig. 2.2A). The antigen-specific
induction of IFN-y and IL-17 was significantly suppressed, while a higher level of TGF-p was
detected in Pias1” lymphocytes (Fig. 2.2B). Consistently, intracellular staining assays showed a
reduced percentage of antigen-specific IFN-y or IL-17-producing T cells (Fig. 2.2C). In addition,
a defect in lymphocyte proliferation in response to MOG, but not polyclonal anti-CD3 stimulation
was observed in Pias1” mice (Fig. 2.2D). To exclude the possibility that PIAS1 may have an
intrinsic ability to regulate the differentiation of Th1 or Th17 cells, purified naive CD4" cells were

cultured under several differentiation conditions. The results showed that the differentiation of
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Th1 or Th17 cells was not defective in vitro in the absence of PIAS1 (Supplementary Fig. 2.3A-
C). These results suggest that the increased Treg cells in Pias1” mice suppressed the induction
of Th1 and Th17 cells in response to MOG challenge. Indeed, Pias1™ mice displayed resistance
toward the development of EAE (Fig. 2.2E). In accordance with the observed phenotypes,
significantly reduced levels of IFN-y and IL-17, but increased levels of TGF-B, was detected in
the lymph nodes of Pias1” mice (Fig. 2.2F). These findings support an important regulatory role

of PIAS1 in nTreg cell differentiation and the onset of autoimmune diseases.

Next, we performed experiments to examine the molecular mechanism of PIAS1-mediated
regulation of nTreg cell differentiation. PIAS1 contains a chromatin-binding domain that targets
PIAS1 to gene promoters to regulate transcription (74-16). We tested the hypothesis that Foxp3
may be a direct PIAS1-target gene by ChIP assays. PIAS1 binds to the Foxp3 promoter, but not
the two intronic elements in thymic CD4°CD8" or naive CD4°CD25 T cells (Fig. 2.3A and
Supplementary Fig. 2.4B). In contrast, the binding of PIAS1 to the Foxp3 promoter was weak in
thymic and peripheral CD4"CD25" cells, which is consistent with the reduced expression of

PIAS1 detected in these cells (Supplementary Fig. 2.4A).

We hypothesized that the binding of PIAS1 to the Foxp3 gene promoter may influence the
chromatin status of the Foxp3 locus. We performed three independent assays to test this
hypothesis, including the examination of the chromatin modifications, transcription factor

recruitment, and restriction enzyme accessibility analysis of the Foxp3 locus in Pias1” T cells.

DNA methylation of the Foxp3 promoter and the intronic elements play an important role in the
regulation of Foxp3 expression (6, 7). The Foxp3 promoter is hypermethylated in CD4*CD25",
but hypomethylated in CD4'CD25" cells (27-26), which inversely correlates with the levels of

PIAS1 expression (Supplementary Fig. 2.4A). To test if PIAS1 indeed affects the promoter
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methylation of Foxp3 gene, bisulfite-sequencing analysis was performed to examine the
methylation of the Foxp3 locus in various subpopulations of wild type and Pias1™ cells. Several
CpG sites in the Foxp3 promoter were hypermethylated in wild type thymic CD4"CD8" DP,
CD47CD25" and peripheral naive CD4°CD25™ T cells, but were hypomethylated in thymic and
peripheral CD4"CD25" Treg cells (Fig. 2.3B). Importantly, Pias1 disruption caused a significant
reduction of DNA methylation of the Foxp3 promoter in thymic CD4°CD8" DP, CD4"CD25 and
peripheral naive CD4°CD25 T cells (Fig. 2.3B). In contrast, the removal of PIAS1 showed no
effect on the DNA methylation of the heavily methylated CNS2 element (Supplementary Fig.
2.5A), which is consistent with the lack of significant PIAS1 binding to the CNS2 region (Fig.
2.3A). In wild type Lineage marker’, Scal1®, c-Kit" (LSK) cells, a population highly enriched in
hematopoietic stem cells (HSC), the Foxp3 promoter was only modestly methylated, but upon
differentiation to the common lymphoid progenitors (CLP) and thymic CD4°CD8" DN cells, the
extent of the Foxp3 promoter methylation was significantly increased. Interestingly, the Foxp3

promoter methylation was significantly reduced in Pias1” CLP (Supplementary Fig. 2.5B).

To examine if PIAS1 also plays a role in the methylation of other gene promoters, we performed
similar studies on CD25, a key regulator of Treg cell differentiation (4, 6). ChIP studies showed
that PIAS1 binds to the Cd25 gene promoter, suggesting that Cd25 is also a PIAS1-target gene
(Supplementary Fig. 2.6A). Bisulphite-sequencing analysis indicates that the Cd25 gene
promoter was clearly hypermethylated in HSCs, but was hypomethylated in naive CD4* CD25
cells (Supplementary Fig. 2.6B). Interestingly, Pias1 disruption resulted in the hypomethylation
of the Cd25 gene promoter in HSC cells. The finding that PIAS1-mediated epigenetic regulation
of the Cd25 gene occurs at as early as the HSC stage supports the proposed two-step model of
Treg cell differentiation (27). Consistent with a negative regulatory role of PIAS1 in the
epigenetic control of the Cd25 gene, an increased CD4'CD25" population of T cells was

observed in Pias1” thymocytes and spleen (Supplementary Fig. 2.6D), and also in bone
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marrow transplantation studies (Supplementary Fig. 2.6E & 2.6F), similar to the results

observed with the Foxp3 gene (Fig. 2.1B, 2.1D, 2.1E).

We also examined the chromatin status of the Foxp3 promoter by analyzing histone
modifications. ChlP analysis showed a reduction of the repressive histone H3K9 methylation
code in Pias1” CD4*CD8" thymocytes, while Pias1 disruption showed no significant effect on
H3K27 or H3 histone acetylation marks (Fig. 2.3C). These findings further support a role of

PIAS1 in maintaining a repressive chromatin state of the Foxp3 promoter.

To further validate the role of PIAS1 in regulating the chromatin structure of the Foxp3 promoter,
restriction enzyme accessibility analysis (REA) on the Foxp3 locus was performed as previously
described (27). Enhanced accessibility of the Foxp3 promoter, but not the PIAS1 non-binding
CNS2 region, was observed in Pias1” thymic CD4*CD8" DP and naive CD4*CD25 T cells (Fig.

2.3D), supporting a more open chromatin structure of the Foxp3 promoter in Pias1” T cells.

To further test the hypothesis that PIAS1 regulates the chromatin status of the Foxp3 promoter,
we examined the binding of STATS5, a key transcription factor involved in Foxp3 induction (10-
12), to the Foxp3 locus in wild type and Pias1” CD4"'CD8* DP thymocytes. No significant
STATS5 binding to the Foxp3 promoter or the CNS regions was detected in wild type DP
thymocytes. However, Pias1 disruption resulted in the binding of a significant amount of STAT5
to the Foxp3 gene promoter, but not the CNS elements, in DP thymocytes (Fig. 2.3E), although
the level of STATS protein or STATS phosphorylation was not significantly affected by Pias1
disruption (Supplementary Fig. 2.7A & 2.7B). A significant increase of NFAT binding to the
Foxp3 promoter in Pias1” DP thymocytes was also observed (73) (Fig. 2.3E). The enhanced
accessibility of the Foxp3 promoter toward transcription factors in the absence of PIAS1 should

increase the probability of Foxp3 expression. Indeed, Pias1 disruption resulted in the increased
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frequency of Foxp3™ DP thymocytes (Supplementary Fig. 2.8). Enhanced STAT5 activity in DP
thymocytes promotes nTreg differentiation (70-72), which is consistent with the increased
population of Foxp3* nTreg cells in the thymus of Pias1” mice. Taken together, our results
support the hypothesis that PIAS1 maintains a repressive chromatin status of the Foxp3
promoter. The removal of PIAS1 enhances the accessibility of Foxp3 gene promoter toward
transcription factors, and thus the increased probability for the differentiation of Foxp3* Treg

cells.

We wished to understand how PIAS1 regulates the chromatin status of the Foxp3 promoter. We
tested the hypothesis that PIAS1, a chromatin-associated protein, may maintain a repressive
chromatin structure through the recruitment of chromatin-modifying enzymes. DNA
methyltransferases (DNMTs) promote DNA methylation of the chromatin (28). Indeed, DNMT1
has been suggested to regulate the DNA methylation of the CNS2 region (21, 26, 29). We
performed experiments to test the hypothesis that PIAS1 may participate in the recruitment of
DNMTs to the Foxp3 locus. PIAS1 has been shown to interact with DNMT3B in a yeast two-
hybrid screen and in 293T cells under overexpression conditions (30, 37). Co-IP assays were
performed to examine if the endogenous PIAS1 is associated with DNMTs in thymocytes or
peripheral naive CD4*CD25 cells. DNMT3A and DNMT3B, but not DNMT1, were present in the
PIAS1 immunoprecipitates (Fig. 2.4A). No such interactions were detected in the IgG negative
controls (Fig. 2.4A). These studies indicate that the endogenous PIAS1 protein is associated
with DNMT3A and DNMT3B in T cells.

Next, sequential ChlP assays were performed to test if PIAS1 is associated with DNMT3A and
DNMT3B on the Foxp3 promoter. Extracts prepared from wild type thymocytes were subjected
to ChIP assays with anti-PIAS1 antibody, followed by re-ChIP assays with anti-DNMT3A or anti-
DNMT3B. Sequential ChlP studies indicate that PIAS1 forms a complex with DNMT3A and

DNMT3B on the Foxp3 gene promoter (Fig. 2.4B).
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We tested if PIAS1 plays a role in the recruitment of DNMT3A and DNMT3B to the Foxp3 gene
promoter by ChIP assays. DNMT3B showed a significant binding to both the Foxp3 promoter
and the CNS2 region, but not the CNS1 element, in the wild type DP thymocytes (Fig. 2.4C). A
modest amount of DNMT3A was also found to be associated with both the Foxp3 promoter and
the CNS2 element. However, no significant binding of DNMT3A or DNMT3B to the Foxp3
promoter was detected in CD4°CD25" Treg cells that have low levels of PIAS1 expression and
promoter hypomethylation (Supplementary Fig. 2.9). Most importantly, Pias1 deletion
completely abolished the binding of both DNMT3A and DNMT3B to the Foxp3 gene promoter in
thymic DP cells (Fig. 2.4C), although the levels of DNMT expression were not affected by Pias?
disruption (Supplementary Fig. 2.7C). In contrast, the binding of DNMT3A and DNMT3B to the
CNS2 region was not affected by Pias? disruption (Fig. 2.4C), consistent with the finding that
PIAS1 does not bind to the CNS2 element (Fig. 2.3A). The PIAS1-dependent recruitment of
DNMTs to the Foxp3 promoter was also observed in peripheral naive CD4*CD25 cells
(Supplementary Fig. 2.10). These results indicate that PIAS1 is required for the recruitment of

DNMT3A and DNMT3B to the Foxp3 gene promoter.

To test if DNMT3A and DNMT3B play a role in the Foxp3 promoter methylation, transplantation
experiments were performed using mice in which the functional domains of both Dnmt3a and
Dnmt3b genes are flanked by two loxP sites (Dnmt3a?°?°*/Dnmt3b?*?**) (32, 33). Bone
marrow cells from Dnmt3a®°***/Dnmt3b****°* mice were infected with GFP or Cre-GFP
retrovirus. Genotyping analysis confirmed the deletion of Dnmt3a and Dnmt3b by the retroviral
Cre gene transduction (Supplementary Fig. 2.11A). GFP* bone marrow was sorted by flow
cytometry and transplanted into sublethally irradiated Rag?™ mice. 4 weeks post transplantation,
thymocytes from the recipient mice were harvested for bisulphite-sequencing analysis.

Decreased Foxp3 promoter methylation (Fig. 2.4D) was observed in thymocytes from the Rag1”
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" mice reconstituted with the Cre retroviral-transduced bone marrow. Consistently, enhanced

thymic Foxp3™ cell population was observed in the Cre retroviral-transduced recipient mice
(Supplementary Fig. 2.11B). Interestingly, decreased DNMT3A and DNMT3B expression by the
Cre transduction had no significant effect on the binding of PIAS1 to the Foxp3 promoter
(Supplementary Fig.2.11C). These results support the hypothesis that PIAS1 recruits DNMTs to

the Foxp3 gene promoter to negatively regulation Treg differentiation.

PIAS1 is required for maintaining the repressive H3K9 methylation mark on the Foxp3 promoter
(Fig. 2.3C). Since HP1 (heterochromatin protein 1) plays an important role in promoting H3K9
methylation and is known to interact with DNMTs (34), we tested the hypothesis that PIAS1 may
also be required for the recruitment of HP1 to the Foxp3 promoter. ChIP analysis showed that
HP1y was strongly associated with the Foxp3 promoter in wild type thymocytes. Pias? deletion
disrupted the promoter recruitment of HP1y (Fig. 2.4E). These results are consistent with a role
of PIAS1 in the maintenance of H3K9 methylation on the Foxp3 promoter. A similar effect was
also detected on the Cd25 gene promoter (Supplementary Fig. 2.6C). The PIAS1-mediated
epigenetic gene regulation is selective since the chromatin status of genes such as Ctla4, which
is not a PIAS1 downstream target, was not significantly affected by Pias? disruption

(Supplementary Fig. 2.12).

Discussion

Studies described in this manuscript have identified a novel epigenetic control mechanism in the
negative regulation of Foxp3™ nTreg differentiation. Our findings suggest that PIAS1 is a newly
identified epigenetic regulator that controls the chromatin status of the Foxp3 locus. PIAS1 acts
by maintaining a repressive chromatin state of the Foxp3 promoter, at least partly through the

recruitment of DNMTs and HP1 to promote epigenetic modifications (Fig. 2.4F). Pias1 disruption
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results in the formation of a permissive chromatin structure of the Foxp3 promoter and the
enhanced promoter accessibility toward transcription factors such as STAT5 and NFAT, leading
to the increased probability for precursor cells to differentiate into Foxp3™ Treg cells (Fig. 2.4G).
The physiological role of PIAS1 in the regulation of Foxp3 gene is supported by the observed
increase of the Foxp3* nTreg population in Pias1” mice, and the resistance of Pias1” mice
toward the development of EAE. Thus, the PIAS1 pathway may represent a novel therapeutic
target for the treatment of autoimmune diseases. DNMTs have no intrinsic sequence specificity
(28). Our finding that PIAS1 regulates the binding of DNMTs to the Foxp3 promoter, but not the
CNS2 element, suggests that PIAS1 may be an important cofactor that confers specificity in the
DNMT-mediated chromatin methylation. The PIAS1-mediated DNA methylation and histone
modifications may serve as a fine-tuning mechanism in the control of epigenetic modifications

during T-cell differentiation.
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Figure 2.1. Enhanced CD4'Foxp3* Treg differentiation in Pias1” mice. (A) Western blot
analysis of whole cell extracts from freshly isolated thymocytes and splenocytes using an
antibody specific for Ser90-phosphorylated PIAS1 (apPIAS1), total PIAS1 (aPIAS1), or Tubulin.
(B) Cells from thymus or spleen of male (n=7) or female (n=5) WT and Pias1” littermates were
analyzed by flow cytometry to determine the percentage of Foxp3* cells out of CD4" cells (gated
on CD4"CD8 population). P value was determined by non-paired t-test. (C) The same as in B
except that the mean fluorescence intensity (MFI) of Foxp3 of the CD4 Foxp3™ population was
shown (n=12). (D) Bone marrow was isolated from WT and Pias7- littermates, and injected into
the sublethally irradiated Rag7” recipient mice (n=8). The thymic CD4Foxp3* population was
analyzed 4 weeks post reconstitution by flow cytometry. P value was determined by non-paired
t-test. (E) Same as in D except that Pias7” or WT bone marrow (CD45.2) was mixed with WT
C57SJL bone marrow (CD45.1), and injected into the Rag?”™ mice (n=3 for WT and n=4 for
Pias1™). (F) In vitro inducible Treg (iTreg) differentiation assays were performed with FACS-
sorted CD4"CD25 splenic T cells under transient TCR treatment, and the percentage of Foxp3*
cells out of CD4" cells were determined by flow cytometry (indicated by the numbers in the
upper right quadrants). Shown is a representative of 3 independent experiments with 4-6 pairs
of mice for each experiment.
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Figure 2.2. Pias1™ mice are resistant to MOG-induced EAE. (A) The percentage of
CD4*Foxp3* cells in WT (LN*"*) and Pias1” (LN™") lymph node cells 10 days post MOGgs.ss
immunization (n=7). P value was determined by non-paired t-test. (B) Lymphocytes from Pias1™
mice and WT littermates 10 days post MOGss 55 immunization were either untreated or treated
with MOG peptide for 3 days, and IFN-y, IL-17 and TGF-31 production was measured by ELISA.
Shown is a representative of 3 independent experiments with 3-4 pairs of mice for each
experiment. Error bars represent SEM. (C) Same as in B except that cells were either untreated
or treated with 4 ug/ml of MOG3s.55 for 3 days in the presence of brefeldin A during the last 5 h
of culture. IFN-y or IL-17 producing CD4- cells were assayed by intracellular staining followed by
flow cytometry. P value was determined by non-paired t-test. (D) Same as in B except that cells
were either untreated or treated with MOGg3s.55 (left panel) or anti-CD3 (right panel) for 3 days.
Cell proliferation was measured by one-color cell proliferation kit. (E) Pias1” female mice and
their WT littermates were immunized with MOG3s.55 and pertussis toxin. The development of
EAE was scored (n=4). Error bars represent SEM. P value was determined by non-paired t-test.
(F) Lymphocytes were isolated from WT and Pias1™ littermates 21 days post MOGss.s5
immunization, and cultured for 3 days in vitro (n=4). Cytokine production was measured by
ELISA. Error bars represent SEM.
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Figure 2.3. PIAS1 maintains a repressive chromatin state of the Foxp3 promoter. (A) ChIP
assays were performed with freshly FACS-sorted CD4*CD8" thymocytes from male Pias1*"* or
Pias1™ mice (n=4), using anti-PIAS1 or IgG. Bound DNA was quantified by Q-PCR with the
indicated primers and normalized with the input DNA. (B) Methylation analysis was performed
by bisulfite conversion of genomic DNA from various FACS-sorted T cell populations of WT and
Pias1™ male mice (n=4-6). The X-axis represents the positions of the CpG sites relative to the
transcription start site (+1) in the Foxp3 gene. (C) ChlIP assays were performed the same as in
A except that a-Trimethyl-Histone H3 Lys9 (H3K9), a-Trimethyl-Histone H3 Lys27 (H3K27), or
a-acetylated-Histone H3 (AceH3) was used. (D) Restriction Enzyme Accessibility (REA) assays
were performed with thymic CD4"CD8" or splenic CD4"CD25 T cells. The data were quantified
by Q-PCR and expressed as a ratio of digestion at the Foxp3 promoter or CNS2 region to
digestion at a non-digested CNS1 region of the Foxp3 locus. (E) ChlIP assays were performed
the same as in A except that a-STATS, a-NFAT or IgG were used.
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Figure 2.4. PIAS1 is required for the promoter recruitment of DNMT3A, DNMT3B and
HP1y. (A) Co-IP assays. Protein extracts from thymocytes or splenic naive CD4"CD25 T cells
were subjected to immunoprecipitation with anti-PIAS1 or IgG, followed by immunoblotting with
the indicated antibodies. (B) Sequential ChIP assays. ChlP assays were performed with WT
thymocytes using anti-PIAS1 or IgG. The presence of the Foxp3 promoter region in the
precipitates were quantified by Q-PCR. In the re-ChlP experiments, anti-PIAS1 precipitates
were released, re-immunoprecipitated with anti-DNMT3A or anti-DNMT3B, and analyzed for the
presence of the Foxp3 promoter sequence. (C) ChIP assays were performed with freshly FACS-
sorted CD4*CD8" thymocytes from male Pias1"* or Pias1” mice (n=4), using anti-DNMT3A or
anti-DNMT3B. Bound DNA was quantified by Q-PCR with the specific primers against Foxp3
promoter, CNS1 or CNS2 region. (D) Methylation analysis was performed by bisulfite
conversion of genomic DNA from thymocytes of Rag?” mice reconstituted with either control
GFP (Con) or Cre-GFP (Cre) retrovirus-infected Dnmt3a®°?°*/ Dnmt3b%'** bone marrow.
Shown is a representative of 3 independent experiments with 4 pairs of mice for each
experiment. (E) ChIP assays were performed with wild type and Pias7 null thymocytes using
anti-HP1y. (F) A proposed model of PIAS1-mediated epigenetic regulation of Treg
differentiation. PIAS1 binds to the Foxp3 promoter to maintain a repressive chromatin state
through the recruitment of DNMT3A, DNMT3B, and HP1y. Pias1 disruption leads to the
formation of a permissive chromatin structure of the Foxp3 promoter and the enhanced
promoter accessibility toward transcription factors such as STAT5 and NFAT, resulting in the
increased probability for precursor cells to differentiate into Foxp3® Treg cells. S90p,
phosphorylated Ser90; H3K9, Trimethyl-Histone H3 Lys9; Met, DNA methylation. Filled
rectangle represents a repressive chromatin state, while open loop represents a permissive
chromatin state.



Supporting Online Material

Materials and Methods

Mice. The generation of Pias1” mice has been described (7). Rag?” mice (C57BL/6) and
C57SJL (CD45.1) mice were purchased from the Jackson Labs. Dnmt3a®°?°*/Dnmt3b?°*?
mice have been described (2, 3). For genotyping Dnmt3a?*?*/Dnmt36%°*?°* mice, PCR was
performed using a Touchdown PCR program beginning with an annealing temperature of 65°C
down to 54°C in 1°C increments per cycle, and additional 22 cycles were performed at 54°C. To
detect both the Dmnt3a-2lox and —1/ox alleles, the primers used are 5'-
CTGTGGCATCTCAGGGTGATGAGCA-3 and 5-TGAGTGGTGAGGCCCAGCTTATCGA-3'.
To detect the Dnmt3b-2lox allele, the primers used are 5’-
AGAGCACTGCACCACTACTGCTGGA-3 and 5-CAGGTCAGACCTCTCTGGTGACAAG-3.’
To detect the Dnmt3b-1lox allele, the primers used are 5’-
GAACTTGGTCTGCAGGACGATCGCT-3" and 5-CAGGTCAGACCTCTCTGGTGACAAG-3~’
The primers for Cre recombinase are 5'-GCGGTCTGGCAGTAAAAACTATC-3' and 5'-

GTGAAACAGCATTGCTGTCACTT-3".

Reagents. The antibody specific for Ser90-phosphorylated PIAS1 has been described (4). The
following antibodies were obtained from commercial sources: anti-Tubulin (Sigma), anti-STAT5
(sc-835; Santa Cruz Biotechnology), anti-NF-ATc2 (sc-7296; Santa Cruz Biotechnology), anti-
Trimethyl-Histone H3 Lys9 (17-625; Upstate Biotechnology), anti-HP 1y (05-690, Upstate
Biotechnology), anti-DNMT1 (ab16632 and ab13537; Abcam); anti-DNMT3A (ab13888; Abcam)
or anti-DNMT3B (ab2851 and ab13604; Abcam); anti-CD4 and anti-CD8 conjugated to
fluorescein isothiocyanate (FITC), phycoerythrin (PE), PE-Cy5 or allophycocyanin (APC) and
isotype controls (BD Biosciences), FITC-conjugated anti-CD45.2 and APC/Cy7-conjugated

CD62L (BioLegend), PE-conjugated anti-Foxp3 and APC-conjugated anti-CD25 (eBiosciences);
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anti-CD3, anti-CD28, anti-IFN-y, anti-IL-4, anti-IL-17, and anti-IL-12 were from BD Biosciences.
Recombinant murine IL-12, murine IL-4, murine IL-6, human TGF-81 and human IL-2 were from

PeproTech.

Rag1”" mice reconstitution. Rag?” reconstitution experiments were performed as described
(5). Bone marrow was isolated from 4-8 week-old Pias1” mice and their WT littermates
(CD45.2%), or 5- to 6-week-old CD45.1" C57SJL wild-type mice. Bone marrow was then
depleted of T cells with anti-CD4 and anti-CD8a magnetic beads (Miltenyi). Donor bone marrow
from Pias1” or WT mice (1x10° cells) was mixed with bone marrow from CD45.1" C57SJL mice
(2x10° cells), and injected intravenously into 6-7-week-old sublethally irradiated (450 rads)
Rag1™~ C57BL/6 mice. In some experiments, sublethally irradiated Rag7”~ C57BL/6 mice were
injected with 3x10° T cell-depleted bone marrow from Pias1” or WT mice. At 4 weeks after

reconstitution, thymi were collected and analyzed by flow cytometry.

For Rag1™ reconstitution with Dnmt3a?“**/Dnmt3b*°*?°* bone marrow, bone marrow was
isolated from 4-8 week-old Dnmt3a #°¥?°*/Dnmt3b%°*?°* mice, and spin infected twice with
retrovirus encoding GFP or GFP-Cre. FACS-sorted GFP" cells (0.4-1x10°) were injected
intravenously into 6-7-week-old sublethally irradiated (450 rads) Rag7~”~ C57BL/6 mice. At 4

weeks after reconstitution, thymi were collected and analyzed by flow cytometry.

Chromatin immunoprecipitation (ChIP) and sequential-ChIP. Various T cell populations
were purified using a FACS Sorter to a purity >99%. ChlP assays were performed as described
(4). For sequential-ChIP experiments, complexes from initial anti-PIAS1 ChIP were eluted with
10mM DTT at 37°C for 30min and diluted in a buffer containing 50 mM Tris pH 8.0, 5 mM
EDTA, 200 mM NaCl, 0.5% NP40 and re-immunoprecipitated with anti-DNMT3A or anti-

DNMT3B. The sequences of the primers are: Foxp3 promoter: forward-5’-
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CTCACTCAGAGACTCGCAGCA,; reverse- 5-GCAAGCATGCATATGATCACC (6). Foxp3
CNS1: forward-5-TGTTGGCTTCCAGTCTCCTT,; reverse-5- TGCTGAGCACCTACCATCAT
(7). Foxp3 CNS2: forward-5'-CAGAAAAATCTGGCCAAGTT,; reverse-5-AGGACCTGAATTGG
ATATGGT (6). Cd25 promoter: forward-5-AAGACAGCTTGGTGACACTATGAG,; reverse-5'-
TCAAAGGAAAATGATAAGCAAACA. Ctla4 promoter: forward-5’-

TGGGGGATTAAAGATGACCA; reverse-5-AGCCGTGGGTTTAGCTGTTA.

Co-immunoprecipitation (Co-IP). Total thymocytes or FACS-sorted CD4+CD25- T cells were
lyzed in IP buffer (1% Brij, 50mM Tris pH 8.0, 150mM NaCl, 1mM EDTA), and cell nuclei were
disrupted by sonication. Co-IP was performed by incubating the whole cell lysates with IgG or
anti-PIAS1 at 4°C overnight. After extensive washes, the immunoprecipitates were resolved by
SDS-PAGE, followed by sequential blotting with the following mouse monoclonal antibodies:

anti-DNMT1, anti-DNMT3A, and anti-DNMT3B. The same filter was reprobed with anti-PIAS1.

Methylation Analysis. Genomic DNA was purified with the ZR genomic DNA 1l kit (Zymo
Research). Methylation analysis was performed by bisulfite conversion of genomic DNA using
the EZ DNA methylation-Gold kit (Zymo Research). The following primers are used: Foxp3

promoter: forward-5-TATATTTTTAGA TGATTTGTAAAGGGTAAA,; reverse-5'-

TCACCTTAATAAAATAAACTACTA. Foxp3 CNS2: forward 5'-TATTTTTTTGGGTTTT
GGGATATTA,; reverse-5- AACCAACCAACTTCCTACACTATCTAT (9). Cd25 promoter:
forward-5’-TGTGAATTTTATATTTATGGAATTATGAAT; reverse-5'-
AATCTACTCAACAAAAACTTATACCTACTCTA. The PCR product was cloned using the TOPO

TA cloning kit (Invitrogen).

Cell sorting. The naive CD4°CD25 CD62L" cells were purified from spleen and lymph nodes

as the following. B cells were first depleted from total cells using CD45R-microbeads and MACS
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columns (Miltenyi Biotech). Cells were then labeled with CD4-FITC, CD8-PE, CD25-APC and
CD62L-APC/Cy7, followed by FACS sorting to collect CD4"'CD25CD62L" cells (Fig. S2-21A).
Thymic CD4°CD8", CD4"CD25" and CD4'CD25 cells were sorted following the scheme in Fig.
S2-21B. Splenic CD4'CD25" and CD4*CD25 cells were sorted in the same fashion as in Fig.
S2-21B. Hematopoietic stem cell (HSC; LinIL7Ra Sca1’¢c-Kit") and common lympoid progenitor
(CLP; Lin'IL7Ra*Sca1"c-Kit") cells were purified by FACS sorting as described (8) following
the scheme in Fig. S2-21C. The following antibodies were used: PE-conjugated Lineage
markers (CD3, CD4, CD5, CD8a, B220, Gr1, Ter119), APC-IL7Ra (CD127), FITC-c-Kit and

PE/Cy5-Sca1 (BioLegend).

In vitro T cell differentiation. In vitro T cell differentiation experiments were carried out as
described (710-12). The naive CD4"CD25CD62L" cells were purified from spleen and lymph
nodes using a combination of CD4*CD62L" and CD4"CD25" T cell purification kits (Miltenyi
Biotech) or by FACS sorting. For primary response, cells were stimulated with plate-bound anti-
CD3 (2 ug/ml) and soluble anti-CD28 (2 ug/ml) (N; neutral condition), or Th1 conditions [N + IL-
12 (5 ng/ml) + anti-IL-4 (5 ug/ml)] for 3 days, and cytokines in the supernatant were measured
by ELISA (BioLegend). For secondary response, cells were stimulated under N, Th1, Th2 [N +
IL-4 (10 ng/ml) + anti-IFN-y (10 ug/ml) +anti-IL-12 (5 ug/ml)], or Th17 [N + TGF-1 (2.5 ng/ml) +
IL-6 (20 ng/ml) + anti-IL-4 (5 ug/ml) + anti-IFN-y (5 ug/ml)] conditions in the presence of human
IL-2 (100U/ml) for 3-5 days. Cells were then restimulated with anti-CD3 and anti-CD28 for 16 h,
and cytokines in the supernatant were measured by ELISA. Cells were also restimulated with
PMA (50 ng/ml) (Sigma) and ionomycin (0.5 ug/ml) (Sigma) for 4 h in the presence of the
protein transporter inhibitor brefeldin A (2 ug/ml) (BD Biosciences) in the last 2 h. Cytokine-

producing T cells were analyzed by intracellular staining followed by flow cytometry.
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For conventional in vitro inducible Treg differentiation (iTreg) assay, FACS-sorted CD4'CD25
CD62L" T cell were cultured under neutral [N] or Treg [N + TGF-1 (2 ng/ml)] condition in the
presence of human IL-2 (100U/ml) for 3 days. CD4 Foxp3” cells were analyzed by intracellular
staining using a mouse Regulatory T cell staining kit as instructed (eBioscience), followed by
flow cytometry. For modified iTreg assays, FACS-sorted CD4°CD25 CD62L" T cell were
treated with plate-bound anti-CD3 (2 ug/ml) and soluble anti-CD28 (2 ug/ml) (TCR) for 15 hrs,
and then transferred to new wells and cultured in the presence of human IL-2 (100U/ml) and
various doses of TGF-p1 with or without TCR (persistant vs. transient TCR, respectively) for
additional 48 hrs. Foxp3*CD4" cells were analyzed by intracellular staining followed by flow

cytometry.

Intracellular staining. Intracellular staining was performed as described (771, 12). Cells were
stained with surface markers first, and then fixed and permeabilized with the cytofix/cytoperm kit
(BD Bioscience). Cells were stained with antibodies to cytokines (IFN-y, IL-17) by incubating on
ice for 30 min, followed by 3 washes with the Perm/Wash buffer (BD Bioscience). Data were
acquired on a FACSCalibur (BD Bioscience) and analyzed with the CellQuest or FCS Express

software.

Apoptosis and In vivo BrdU assays. T cell apoptosis was assessed by 7-AAD staining as
described (5). In vivo BrdU assays were performed as described (5). Mice were injected
intraperitoneally with a single dose of 50 mg BrdU (5-bromodeoxyuridine) per kg body weight.
Cells incorporating BrdU were detected by intracellular staining 16 h later, using a BrdU Flow Kit

following the instructions from the manufacturer (BD Pharmingen).

MOG3s.s5-induced EAE. MOG35.55-induced EAE was performed as described (77). Female 6-8

week-old Pias1” and WT mice were immunized with the MOG peptide (amino acids 35-55;
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MEVGWYRSPFS ROVHLYRNGK) (150 ug/mouse) emulsified in CFA (Difco) supplemented
with heat-inactivated M. Tuberculosis H37 RA (10 mg/ml; Difco) via subcutaneous injection.
The following day, mice were i.p. injected with 0.5 ug of pertussis toxin (List Biological). The
same procedure was repeated 7 days later. Signs of EAE were assigned scores on a scale of
1-5 as follows: 0, none; 1, limp tail or waddling gait with tail tonicity; 2, wobbly gait; 3,

hindlimb paralysis; 4, hindlimb and forelimb paralysis; 5, death.

Restriction Enzyme Accessibility (REA) assay. REA assays were performed as described
using the Rsal sites present in Foxp3 promoter and CNS2, but not CNS1, regions (9). The
primers used for PCR were: Foxp3 promoter: forward-5-CTCACTCAGAGACTCGCAGCA,;
reverse- 5-GCAAGCATGCATATGATCACC. Foxp3 CNS2: forward-5'-
CAGAAAAATCTGGCCAAGT,; reverse-5-AGGACCTGAATTGGATATGGT. Foxp3 CNS1:

forward-5’-TTTTCTTGTGGGGCTTCTGT; reverse-5-GACAGTCTGGCTCCCATACC.
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Fig. S2.1. T cell cellularity and differentiation in wild type and Pias1” mice. (A) No
significant differences in total cell numbers from thymus, spleen and lymph nodes (LN) between
Pias1™ mice and WT littermates (P> 0.05 by non-paired t-test) (n=12). (B) The distribution of
CD4"CD8", CD4CD8", CD4"CD8" and CD4 CD8" cells in thymus, spleen and lymph nodes (LN)
of Pias1" mice and their WT littermates (n=12). P value was determined by non-paired t-test.
(C) Foxp3 Mean fluorescence intensity (MFI) of the CD4"Foxp3™ population determined by flow
cytometry with cells from thymus or spleen of WT and Pias1” littermates (n=12). Error bars
represent SEM.
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Fig. S2.2. T cell proliferation and apoptosis are not altered in Pias1” mice. (A) In vivo T
cell proliferation in WT and Pias?” mice (n=5) was revealed by BrdU incorporation followed by
flow cytometry analysis. (B) Apoptosis of freshly isolated T cells from Pias1” mice and their WT
littermates (n=6) by 7-AAD staining followed by flow cytometry. Shown is a representative of 3
independent experiments (n=4-6 for each experiment). Error bars represent SEM. No significant
differences were observed in all panels (P> 0.05).
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Fig. S2.3. In vitro inducible Treg (iTreg) differentiation. (A) FACS-sorted splenic
CD4'CD25CD62L" naive T cells were cultured under modified iTreg conditions with transient or
persistent TCR treatment as described in Material and Methods, and the percentage of
CD4"Foxp3* cells were determined by flow cytometry (indicated by the numbers in the upper
right quadrants). Shown is a representative of 3 independent experiments (n=4-6 for each
experiment). (B) Same as in A except that cells were cultured under persistent TCR activation
and TGF-p for 3 days. N, neutral condition (no TGF-p). Shown is the average of 3 independent
experiments (n=4-6 for each experiment). Error bars represent SEM. P value was determined
by non-paired t-test. (C) FACS-sorted splenic CD4*CD25 CD62L" naive T cells were cultured
under TCR activation with or without TGFb (2 ng/ml) for indicated time periods. Total RNA was
subjected to Q-PCR using specific primers for the Irf1 gene and normalized by Actin.
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Fig. S2.4. MOG-induced cytokine productions were altered in Pias1” lymphocytes.
Lymphocytes from Pias1” mice and WT littermates 10 days post a single MOGgs.s5 injection
emulsified in CFA supplemented with H37 RA were either untreated or treated with MOG for 3
days, and IFN-y, IL-17 and TGF-B1 in the cell supernatants were measured by ELISA. Shown is
a representative of 3 independent experiments (n=4-6 for each experiment). Error bars

represent SEM.
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Fig. S2.5. Enhanced cell proliferation of non-Treg lymphocytes from naive Pias1” mice in
response to anti-CD3. Either total lymph node cells from the naive WT and Pias?1” mice, or
lymph node cells depleted CD25" cells by MACS column were cultured in vitro with various
doses of anti-CD3 for 3 days. Cell proliferation was determined by one-color cell proliferation kit.
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Fig. S2.6. The in vitro differentiation of Th1, Th2, and Th17 cells. (A) Primary response.
Naive CD4" CD25°CD62L" T-cells were stimulated with anti-CD3 and anti-CD28 (N; neutral
condition), or Th1 condition for 3 days. The production of IFN-y and IL-4 was measured by
ELISA. Unt, untreated. (B) Secondary response. The same as in A except that cells were
stimulated under N, Th1, Th2 or Th17 conditions (as described in the Material and Methods) in
the presence of human IL-2 for 5 days. Cells were restimulated with anti-CD3 and anti-CD28 for
16 h, and the cytokine productions of IFN-y, IL-4 and IL-17 were measured by ELISA. (C) Same
as in B except that cells were restimulated with PMA and ionomycin for 4h, and cytokine-
producing CD4- cells were determined by intracellular staining followed by flow cytometry.
Shown in A-C are the averages of 3 independent experiments (n=4 for each experiment). Error
bars represent SEM. No significant differences were observed in all panels by non-paired t-test
(P> 0.05).
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Fig. S2.7. PIAS1 preferentially binds to the Foxp3 promoter in CD4'CD25™ T cells, but not
CD4'CD25" Treg cells. (A) ChIP assays were performed with various FACS-sorted T cells from
or Pias1™ mice (n=4-6), using anti-PIAS1 or IgG. Bound DNA was quantified by
quantitative real-time PCR (Q-PCR) with the primers specific for the Foxp3 locus and
normalized with the input DNA. P value was determined by non-paired t-test.” (B) Western blot
analysis of whole cell extracts from FACS-sorted CD4°CD25" and CD4"CD25 T cells from
spleen of WT mice using an antibody specific for Ser90-phosphorylated PIAS1, total PIAS1, or
Tubulin. The differential levels of PIAS1 expression may be regulated by posttranslational
modifications such as phosphorylat
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Fig. S2.8. Methylation of the Foxp3 locus. (A) Methylation of the Foxp3 promoter region.
Methylation analysis was performed by bisulfite conversion of genomic DNA prepared from
FACS-sorted T cells of WT and Pias?” male mice (n=4-6). The X-axis represents the positions
of the CpG sites relative to the transcription start site (+1) in the Foxp3 gene. The Y-axis
represents the percentage. (B) same as in A except that the CNS2 region of the Foxp3 locus

was analyzed.
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Fig. S2.9. Methylation of the Foxp3 promoter in the precursor cells. Methylation analysis
was performed by bisulfite conversion of genomic DNA prepared from FACS-sorted
hematopoietic stem cells (HSC), common lymphoid progenitors (CLP) and thymic CD4'CD8 T
cells of WT and Pias? ™ male mice (n=4-6). The X-axis represents the positions of the CpG sites
relative to the transcription start site (+1) in the Foxp3 gene. The Y-axis represents the
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Fig. S2.10. PIAS1 mediates the epigenetic suppression of the Cd25 promoter and inhibits
Cd25 induction. (A) ChIP assays were performed with freshly FACS-sorted CD4°CD8"
thymocytes from male Pias1"*or Pias1” mice (n=4), using anti-PIAS1 or IgG. Bound DNA was
quantified by Q-PCR and normalized with the input DNA. (B) Methylation analysis was
performed by bisulfite conversion of genomic DNA prepared from various FACS sorted cells of
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WT and Pias?™ male mice (n=4-6). The X-axis represents the positions of the CpG sites
relative to the transcription start site (+1) in the Cd25 gene. HSC: Lineage marker’, Scal1”, c-Kit"
(LSK) cells enriched in hematopoietic stem cells. (C) Cells freshly isolated from thymus and
spleen of WT and Pias1” littermates (n=7) were analyzed for the percentage of CD4.CD25*
cells by flow cytometry (gated on CD4" population). (D) Bone marrow was isolated from WT and
Pias1™ littermates, and injected into the sublethally irradiated Rag?” recipient mice (n=10). The
thymic CD4"CD25" population was analyzed 4 weeks post reconstitution by flow cytometry. (E)
Same as in D except that Pias1” or WT bone marrow (CD45.2) was mixed with WT C57SJL
bone marrow (CD45.1), and injected into the Rag?”™ mice (n=3 for WT and n=4 for Pias1"). P
values in A, C-E were determined by non-paired t-test.
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Fig. S2.11. Enhanced binding of STAT5 and NFAT to the Foxp3 promoter in Pias1™
thymic CD4'CD8" T cells. (A) ChIP assays were performed with freshly FACS-sorted
CD4'CD8* thymocytes from male Pias1*"* or Pias1” mice (n=4), using anti-STAT5 or IgG.
Bound DNA was quantified by Q-PCR using the specific primers against the Foxp3 locus and
normalized with the input DNA. P value was determined by non-paired t-test.” (B) Western blot
was performed with whole cell extracts from thymocytes of WT and Pias1” mice, using
antibodies against STAT5, PIAS1 or Tubulin. (C) same as in B except that extracts from
splenocytes either untreated or treated with human IL-2 (10 ng/ml) for 15 min were used, and
filters were probed with an antibody specific for phosphorylated STAT5 (pSTAT5) or total
STATS5. (D) same as in A except that anti-NFAT was used.
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Fig. S2.13. The protein levels of DNMTs are not altered by Pias1 disruption. Western blot
was performed with whole cell extracts from thymocytes of WT and Pias1” mice, using
antibodies against DNMT1, DNMT3A, DNMT3B, PIAS1 and Tubulin as indicated.
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Fig. S2.14. Defective DNMT1 binding to the Foxp3 promoter in Pias1” thymic CD4*'CD8* T
cells. ChIP assays were performed with freshly FACS-sorted CD4'CD8" thymocytes from male
Pias1™* or Pias1” mice (n=4), using anti-DNMT1 or IgG. Bound DNA was quantified by Q-PCR
using the specific primers against the Foxp3 locus and normalized with the input DNA. P value
was determined by non-paired t-test.”
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Fig. S2.15. PIAS1 affects the recruitment of DNMT3, HP1y and transcription factors to the
Foxp3 promoter in splenic CD4°CD25" T cells. ChlIP assays were performed with FACS-
sorted CD4*CD25" splenic T cells from male Pias1”* or Pias1” mice (n=4-6), using IgG or
various antibodies as indicated. Bound DNA was quantified by Q-PCR using the specific
primers against the Foxp3 locus and normalized with the input DNA. P value was determined by
non-paired t-test.”
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Fig. S2.16. The recruitment of DNMT3 and transcription factors to the Foxp3 locus is not
altered significantly in CD4*CD25" Treg cells of Pias1 mice. ChIP assays were performed
with FACS-sorted CD4"CD25" splenic Treg cells from male Pias1*"* or Pias1” mice (n=4-6),
using IgG or various antibodies as indicated. Bound DNA was quantified by Q-PCR and
normalized with the input DNA. No significant differences were observed in all panels by non-
paired t-test (P> 0.05).
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Fig. S2.17. DNMT3 does not affect the binding of PIAS1 to the Foxp3 promoter. (A)
Genotyping. Bone marrow cells from Dnmt3a®*****/Dnmt3b?°**°* mice were infected with
retrovirus encoding GFP (Con) or GFP-Cre (Cre). Genomic DNA was prepared from infected
cells prior to FACS sorting for genotyping by PCR as described in Material and Methods. (B)
ChIP assays were performed with FACS-sorted GFP* splenic cells from
Dnmt3a?°*?°|Dnmt3b%**** mice 3 days post retroviral infection, using IgG or various antibodies
as indicated. Bound DNA was quantified by Q-PCR with the primers specific for the Foxp3 locus
and normalized with the input DNA. P value was determined by non-paired t-test.”
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Fig. S2.19. PIAS1 does not affect the chromatin status of the Ctla4 gene. ChlIP assays
were performed with FACS-sorted thymic CD4*CD8" T cells from male Pias1** or Pias1™ mice
(n=4-6), using IgG or various antibodies as indicated. Bound DNA was quantified by Q-PCR
using primers specific for the Ctla4 promoter and normalized with the input DNA. No significant
differences were observed in all panels by non-paired t-test (P> 0.05).
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Fig. S2.20. A proposed model of PIAS1-mediated epigenetic regulation of Treg
differentiation. PIAS1 binds to the Foxp3 promoter to maintain a repressive chromatin state
through the recruitment of DNMT3A, DNMT3B, and HP1y. Pias1 disruption leads to the
formation of a permissive chromatin structure of the Foxp3 promoter and the enhanced
promoter accessibility toward transcription factors such as STAT5 and NFAT, resulting in the
increased probability for precursor cells to differentiate into Foxp3* Treg cells. S90p,
phosphorylated Ser90; H3K9, Trimethyl-Histone H3 Lys9; Met, DNA methylation. Filled

rectangle represents a repressive chromatin state, while open loop represents a permissive
chromatin state.
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Fig. S2.21. FACS-sorting schemes. (A) Gating strategy for splenic naive CD4" CD25CD62L"
cells. (B) Gating strategy for thymic CD4° CD8", CD4* CD8", CD4" CD25 and CD4" CD25" cells.
(C) Gating strategy for hematopoietic stem cells (HSC) and common lymphoid progenitors
(CLP) from bone marrow.
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Chapter 3: PIAS1 SUMO Ligase Regulates the Self-Renewal

and Differentiation of Hematopoietic Stem Cells

Note: included at the end of chapter 3 is Table 2, displaying unpublished work that was still
ongoing when this article was published. Table 2 is an improvement in regards to statistical
power over the published Table 1. Regardless, the original data in Table 1 is still valid, as both

Table 1 and Table 2 display similar conclusions.
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Abstract

The selective and temporal DNA methylation plays an important
role in the self-renewal and differentiation of hematopoietic stem
cells (HSCs), but the molecular mechanism that controls the
dynamics of DNA methylation is not understood. Here, we report
that the PIAS1 epigenetic pathway plays an important role in regu-
lating HSC self-renewal and differentiation. PIAS1 is required for
maintaining the quiescence of dormant HSCs and the long-term
repopulating capacity of HSC. Pias1 disruption caused the abnor-
mal expression of lineage-associated genes. Bisulfite sequencing
analysis revealed the premature promoter demethylation of Gatal,
a key myeloerythroid transcription factor and a PIAS1-target gene,
in Pias1~/~ HSCs. As a result, Pias1 disruption caused the inappro-
priate induction of Gatal in HSCs and common lymphoid progeni-
tors (CLPs). The expression of other myeloerythroid genes was also
enhanced in CLPs and lineage-negative progenitors, with a concur-
rent repression of B cell-specific genes. Consistently, Pias1 disrup-
tion caused enhanced myeloerythroid, but reduced B lymphoid
lineage differentiation. These results identify a novel role of PIAS1
in maintaining the quiescence of dormant HSCs and in the epige-
netic repression of the myeloerythroid program.

Keywords epigenetic repression; hematopoietic stem cell; lineage differentia-
tion; protein inhibitor of activated STAT1; self-renewal
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Introduction

Mouse hematopoiesis is a well characterized system to understand
the regulation of hematopoietic stem cells (HSCs). HSCs are a small
population of pluripotent cells in bone marrow (BM) capable of dif-
ferentiating into all blood cells of the myeloerythroid and lymphoid
lineages at a single cell level (Chao et al, 2008). HSCs can be

identified by a combination of surface markers. Lin~Scal "c-Kit"
(LSK) cells are enriched in HSCs. Recent studies showed that dormant
HSCs (d-HSCs) within the Lin Scal*c-Kit*CD150"CD48 CD34
population harbor the vast majority of multipotent long-term self-
renewal activity (Wilson et al, 2008). HSCs maintain the blood sys-
tem through self-renewal and multi-lineage differentiation. The dif-
ferentiation program of HSCs is thought to follow the hierarchy
model and is governed by the coordinated expression of lineage-
affiliated transcription factors (Copley et al, 2012).

Epigenetic mechanisms play essential roles in the regulation of
the self-renewal and differentiation of HSCs (Attema et al, 2007;
Cedar & Bergman, 2011). DNA methylation is mediated mainly by
three DNA methyltransferases (DNMTs), including the de novo
methyltransferases DNMT3A and DNMT3B, and the maintenance
methyltransferase DNMT1 (Jaenisch & Bird, 2003). Recent studies
have shown that DNMTs are critical for regulating the self-renewal
and differentiation of HSCs (Tadokoro et al, 2007; Broske et al,
2009; Trowbridge et al, 2009; Challen et al, 2011). Although
DNMTs do not possess sequence-specific DNA binding properties,
gene-specific and temporal epigenetic changes are associated with
the proper differentiation of self-renewing HSCs. The molecular
mechanism that controls the methylation dynamics during HSC dif-
ferentiation has not been understood.

PIAS1 (protein inhibitor of activated STAT1) is a SUMO E3 ligase
that binds to chromatin to repress transcription (Shuai & Liu, 2005).
Recent studies have uncovered a novel role of PIAS] in mediating an
epigenetic mechanism to restrict natural regulatory T cell (nTreg) dif-
ferentiation. PIAS1 acts by recruiting DNMTs and histone modifica-
tion factors such as HP1y to promote epigenetic silencing of the Foxp3
promoter, a transcription factor crucial for nTreg differentiation (Liu
et al, 2010). These findings raise an interesting question on whether
the PIAS1 epigenetic gene silencing pathway plays a role in stem cell
biology. Here, we demonstrated that PIAS1 is important for maintain-
ing the quiescence of dormant HSCs, and PiasI/~ LSK cells showed
profound defects in long-term competitive reconstitution assays. Fur-
thermore, PIASI is essential for preventing the premature and inap-
propriate activation of the myeloerythroid transcription factor Gatal
through epigenetic repression. These studies identified PIAS1 as a
novel epigenetic regulator of HSC self-renewal and differentiation.
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Results
Altered HSCs and lineage-restricted progenitors in Piasz~/~ mice

Previous studies showed that PIAS1 restricts the differentiation of
CD4 " Foxp3 " natural regulatory T cells (nTreg) (Liu et al, 2010). To
address whether PIAS1 affects the differentiation of other lymphoid/
myeloid lineages, flow cytometry analyses were performed with
splenocytes and peripheral blood lymphocytes (PBL) from wild-type
(WT) and PiasI~/~ mice using lineage-specific markers (Fig S1).
Minor increases in the percentages of myeloid cells were observed
in periphery, with no differences in the cellularity of B cells, T cells,
dendritic cells or erythroids. These data indicate that PIAS1
does not dramatically affect peripheral lineage differentiation in
homeostasis.

Similar flow cytometry analyses were performed with bone
marrow (BM) cells, where a reduction in the cell numbers as well as
the percentage of B220™ B cells was observed in Pias1 ™/~ BM (Fig 1A
and Fig S2A). When the lineage-negative (Lin~) population was
examined, a minor increase in the percentage of Lin~ cells was
observed in Pias1~/~ BM, although the cell number of Lin~ cells was
not altered (Fig 1B and Fig S2B). Interestingly, while no significant
differences were observed in common myeloid progenitor (CMP) and
granulocyte monocyte progenitor (GMP) populations, a 50% decrease
in common lymphoid progenitor (CLP) population was observed in
Pias1~/~ BM with a concurrent increase in megakaryocyte erythro-
cyte progenitor (MEP) as well as the myeloid-restricted Lin Scal
cKit" (L7STK™) cells (Fig 1C and Fig S2C). In addition, reduced Pre-B
populations were observed in Pias1~/~ BM (Fig 1C and Fig S2C).

Next, the effect of Piasl disruption on HSCs was examined. An
approximately 2-fold increase in HSC-enriched LSK cells was
observed in Pias1~/~ BM (Fig 1D and Fig S2D). LSK can be further
divided into long-term hematopoietic stem cells (LT-HSC; Lin~
Scal "c-Kit "CD347) and short-term multi-potent progenitors (ST/
MPP; Lin~Scal "c-Kit *CD34 "). Similar increases were observed in
LT-HSC, but not ST/MPP, population (Fig 1D and Fig S2D).
Dormant mouse HSCs (d-HSCs) within the Lin~Scal * c-Kit *CD150 "
CD48 CD34"~ population harbor the vast majority of multi-potent
long-term self-renewal activity (Wilson et al, 2008). No significant
difference was observed in the percentage or the cell number of
d-HSC cells between WT and Pias1 /~ BM (Fig 1E and Fig S2E).

Increased cell death of Piasz~/~ lymphoid progenitors and
enhanced cell proliferation of Piasz '~ dormant HSCs

To determine whether the changes in Pias1 ™/~ progenitor populations
were due to cell proliferation and/or cell death, flow cytometry analy-
ses were performed with freshly isolated BM from WT and Piasl ™/~
mice using 7-AAD to reveal cell death, or Ki67 and Hoechst DNA
staining to reveal cell cycle profiles. Increased cell death was observed
in Piasl~/~ CLP as well as Pro-B and Pre-B populations (Fig 2A),
while minor difference was observed in their cell cycle properties (Fig
S3). These data are consistent with the reduced B cells observed in
Pias1~/~ BM, and indicate that PIAS1 is important for the survival of
CLP and B cell progenitors under homeostatic condition.
Interestingly, although no difference was observed in the cell
cycle profiles of Lin~, myeloid-restricted L"S"K*, CMP, GMP, MEP
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and ST/MPP subpopulations, the percentage of cells in GO phase
was significantly reduced in Pias1 ™/~ LSK cell, with a concurrent
increase of the cells in G1 phase of the cell cycle (Fig 2B and Fig
S3). More importantly, similar alteration in cell cycle profiles was
observed in PiasI ™/~ LT-HSC and d-HSC, but not ST/MPP, popula-
tions as compared to that of WT controls (Fig 2B and C). These
results suggest that PIAS1 is important for maintaining the quies-
cence of d-HSCs.

Defective long-term reconstitution capability of Piasz /~ HSCs

To directly test the functional role of PIASI in the regulation of
HSC in vivo, competitive reconstitution assays were performed
using WT or Pias]/~ BM cells (CD45.2") as donors and the
congenic WT C57SJL BM (CD45.17) as competitors. Piasl /= cells
showed dramatic defects in reconstituting hematopoietic system of
WT C57SJL recipient mice in multiple lineages, including B cells
(B2207), T cells (CD3™) and myeloid cells (Macl™) (Fig 3A and
B). The defects were significant at 5 weeks, and became more
profound at later time points, with PiasI~/~ donor cells exhibiting
over 20-fold reduction in the ability to reconstitute blood system
as compared to WT cells, indicating that PIAS1 affects the func-
tions of progenitor cells as well as long-term HSCs. Similar results
were obtained with in vivo competitive reconstitution assays using
FACS-sorted WT or Piasl /~ LSK cells (Fig 3C and D), confirming
that the reconstitution defects of PiasI~/~ BM cells lie within the
LSK population. These data indicate that PIAS1 is crucial for the
in vivo reconstitution activities of HSCs and their progeny.

To further quantify the effect of PIAS1 on the long-term repopu-
lation capability of HSCs, competitive limiting dilution assays were
performed to determine the frequencies of functional HSCs in WT
and Pias1~/~ BM. No significant difference was observed in the per-
centage of donor-derived CD45.2" populations in the peripheral
blood 21 weeks post the primary reconstitution (WT: 57.8 + 11%;
Piasl~/~: 42.9 + 11.5%). In contrast, by 10 weeks post secondary
reconstitution, recipients of PiasI ~/~ BM revealed a 5-fold decrease
in the competitive repopulating unit (CRU) as compared to that of
WT controls (Table 1). Similar defects were observed 16 weeks post
the secondary transplantation, indicating that PIAS1 is crucial for
maintaining the long-term repopulation capacity of HSCs. These
data strongly support for an important role of PIAS1 in the regula-
tion of the self-renewal of HSCs in vivo.

The effect of PIAS1 on multi-lineage differentiation

To access the role of PIAS1 in lineage differentiation in vivo, the dis-
tribution of B cells, T cells and myeloid cells within the CD45.2™
donor population at various time points was analyzed in competi-
tive reconstitution assays. Piasl~/~ BM cells showed defective B
lymphocytes differentiation at both early and late time points, indi-
cating that PIAS1 affects B cell progenitors as well as stem cells
(Fig 3E). Pias1~’~ BM also showed defective T cell differentiation at
10 and 16 weeks, while myeloid cells were not affected (Fig 3E).
These data are consistent with the previous results that PIASI is
important for the survival of CLP, while restricting the myeloid
progenitor population. When reconstitution assays were performed
for WT or Pias1~/~ LSK cells, no difference was observed at 4 or
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Figure 1. Altered lineage-restricted progenitors and LSK populations in Piasz~/~ mice.
A Cell numbers of T cells (CD4* or CD8"), B cells (B220"), granulocytes/monocytes (Grl*Macl*), dendritic cells (CD11c*) and erythroids (Ter119%) in freshly isolated
bone marrow (BM) from 8 to 12 weeks old WT (Piasl*/*) and Pias1~/~ littermates were assayed by flow cytometry.

B
@

Same as in (A) except that cell numbers of Lin~ cells were assayed.

Same as in (A) except that cell numbers of myeloid-restricted Lin~Scal c-Kit* (L"S™K*) populations, common myeloid progenitors (CMP), granulocyte monocyte

progenitors (GMP), megakaryocyte erythrocyte progenitors (MEP), common lymphoid progenitors (CLP), Pro-B and Pre-B cells as defined in supplementary Materials

and Methods were assayed.

supplementary Materials and Methods in total BM were assayed.
E

Same as in (A) except that cell numbers of LSK, long-term hematopoietic stem cells (LT-HSC) and short-term multi-potent progenitors (ST/MPP) as defined in

Same as in (A) except that cell numbers of dormant hematopoietic stem cells (d-HSCs; Lin~Scal*c-Kit"CD150"CD48 CD34 ") were assayed.

Data information: Shown in each panel is a pool of 3 independent experiments (n = 9-13). Error bars represent SEM. P-values were determined by non-paired t-test.

See also Fig S1 and S2.

10 weeks except for the reduced B cells from Pias1 ™/~ LSK donors
at 10 weeks, further suggesting that PIAS1 is important for B cell
differentiation at multiple stages (Fig 3F). In contrast, both B and T
cell lineages were defective, while myeloid cell differentiation was
increased from Piasl~/~ LSK donors at 17 weeks. These data indi-
cate that PIASI is important for balancing the long-term multi-line-
age differentiation of HSC between CLP and CMP.

Increased myeloid-restricted Lin~Scal c-Kit* (L"S"K™) popula-
tion was observed in Piasl/~ BM (Fig 1C and Fig S2C). To address
whether PIAS] affects the differentiation of L™S”K ™ cells into their
progeny in vivo, short-term competitive reconstitution assays were
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performed with FACS-sorted L™S K™ cells from WT or Piasl /" lit-
termates (Fig S4). Surprisingly, Pias1™/~ L™STK™ cells showed
defects in differentiating into Macl* cells as compared to WT con-
trols, indicating that PIASI is important for the proper differentia-
tion of L"S"K™ cells into their progeny.

No defects in Piasz~/~ BM homing and niche retention

The observed defects in the long-term reconstitution capacity of
Pias1~/~ HSC can be explained by several mechanisms, including
the intrinsic properties of Pias1~/~ cells such as self-renewal, as well
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Figure 2. Increased cell death of Piasz/~ lymphoid progenitors and enhanced cell proliferation of Piasz '~ dormant HSCs (d-HSCs).

A
B

Cell death of indicated BM subsets from Pias1~/~ mice and their WT littermates (Pias1*/*) were assayed by 7-AAD staining followed by flow cytometry.

Cell proliferation of indicated BM subsets from WT and Pias1~/~ mice was revealed by intracellular Ki67 (icKi67) and Hoechst DNA staining followed by flow
cytometry. GO, icKi67~, 2N DNA content; G1, icKi67*, 2N DNA content; S+G2/M, icKi67*, > 2N DNA content.

Same as in (B) except that d-HSCs were assayed (left). A representative cell cycle profile of WT and Pias1~'~ d-HSCs was also shown (right). Numbers in top right are
the percentage of cells in each cell cycle.

Data information: Shown in each panel is a pool of 3 independent experiments (n = 10-13). Error bars represent SEM. P-values were determined by non-paired t-test.
See also Fig S3.

Figure 3. Impaired long-term reconstitution capability and altered lineage differentiation of Pias1~/~ HSCs.

A

m o 0O W

F

In vivo competitive reconstitution assays. Total bone marrow cells (2 x 10% from WT or Pias1~/~ littermates (CD45.2*) were mixed with 2 x 10° of WT C57SJL bone
marrow cells (CD45.1%) and injected into lethally irradiated WT C57SJL mice. The percentage of T cells (CD3"), B cells (8220") and myeloid cells (Mac1*) from donor
mice in peripheral blood (PBL) were assayed by flow cytometry at 5, 10 and 16 weeks post reconstitution.

Same as in (A) except that bone marrow (BM) cells from the recipient mice were assayed at 20 weeks post reconstitution.

Same as in (A) except that FACS-sorted LSK cells (1000) from WT or Pias1~/~ littermates were used.

Same as in (B) except that FACS-sorted LSK cells (1000) from WT or Pias1~/~ littermates were used.

Same as in (A) except that the percentage of T cells (CD3"), B cells (8B220") and myeloid cells (Mac1*) within the donor cells (CD45.2%) in peripheral blood (PBL) were
presented.

Same as in (E) except that FACS-sorted LSK cells (1000) from WT or Pias1~/~ littermates were used.

Data information: Shown is a pool of 3 independent experiments in all panels (n = 10). Error bars represent SEM. P-values were determined by non-paired t-test. See
also Fig S4.
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Table 1. Evaluation by limiting dilution analysis of competitive long-term repopulating cells (CRU) in mice transplanted with WT (Pias1*/*) or

Pias1-null (Pias1”") bone marrow cells

CRU evaluation of primary recipients®

10 weeks post transplantation

16 weeks post transplantation

Number of cells injected into secondary recipients Pias1** Pias1™/- Pias1** Pias1™-

2,000,000 3/3 (245 +97) 4/4 (47 £ 2.7) 3/3 (325 + 11.2) 3/4 (39 + 25)
1,000,000 2/2 (295 + 01) 1/2 (1.2 + 11) 2/2 (294 + 21.2) 1/2 (1.0 £ 08)
300,000 3/3 (89 + 53) 0/3 (05 + 0.1) 3/3 (165 + 9.9) 0/3 (02 + 0.1)
100,000 1/5 (0.5 + 0.7) 0/5 (03 + 02) 0/5 (02 + 03) 0/5 (03 + 02)

CRU frequency per 10° cells (range)®

052 (0.20-1.34)

0.09 (0.04-021) 037 (0.14-0.97) 0.06 (0.02-0.15)

“Results are expressed as number of mice repopulated with donor-derived cells (CD45.2"; >1%) over total. Numbers in parentheses represent the mean % =+ s.d.

of peripheral blood CD45.2" cells found in the transplanted recipients.

°CRU frequency was calculated using Extreme Limiting Dilution Analysis (ELDA) software available at http:/bioinfwehi.edu.au/software/elda/.
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Figure 4. No defects in BM homing or niche retention in Piasz '~ mice.

A

Homing of bone marrow (BM) cells. CFDA-SE (CFSE)-labeled total BM cells (2 x 107) from WT and Pias1 ™/~ littermates were injected into lethally irradiated WT

C57SJL mice. The percentage of CFSE* cells in BM of the recipient mice was determined by flow cytometry 12 and 24 h post injection.

B Same as in (A) except that the number of CFSE* cells was presented.

C Same as in (A) except that CFSE-labeled long-term hematopoietic stem cells (LT-HSC; Lin~Scal*c-Kit*CD34 ") cells (2000 cells/mouse) from WT and Pias1~/~
littermates were used, and the number of CFSE* cells in BM of the recipient mice was determined 24 h post injection.

D Niche retention assays. Total BM cells (4 x 107) from WT C57SJL mice (CD45.1%; n = 12) were injected into non-irradiated WT or Pias1~/~ recipient mice (CD45.2").

The percentage of CD45.1* cells in BM of the recipient mice were assayed by flow cytometry 12 weeks post injection.

Data information: Shown in each panel is a pool of 2 independent experiments (n = 9-10). Error bars represent SEM.

as Piasl/~ cells homing to BM and niche retention. To examine
whether Pias1 ™/~ BM cells are defective in homing to BM, CFDA-SE
(CFSE)-labeled WT or Pias1~/~ BM cells were injected into lethally
irradiated WT C57SJL recipient mice, and cells migrated to BM were
determined by measuring CFSE™* cells in BM. No difference was
observed in the ability of Pias1 ™/~ cells to home to BM compared to
that of WT controls (Fig 4A and B). Similar results were obtained
with LT-HSC cells, suggesting that Pias]~/~ LT-HSC cells are not
defective in homing to BM (Fig 4C).

HSCs are thought to reside in niches, which are cellular and
molecular microenvironments that regulate stem cell quiescence,
self-renewal and differentiation (Jones & Wagers, 2008; Kiel & Mor-
rison, 2008). The ability of Pias1~/~ BM cells to be retained in the
niche was examined by nonablative transplant assays, where BM
from WT C57SJL mice (CD45.1") were injected into non-irradiated
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WT or Piasl™/~ mice (Fig 4D). No difference was observed in the
engraftment of WT C57SJL cells into WT or Pias1~/~ mice, indicat-
ing that the HSC niche in both WT and PiasI ™/~ mice are stably
occupied by host cells. Taken together, these results indicate that
the observed defects in the long-term reconstitution capacity of
Pias]~/~ HSC are not due to defects in BM homing or niche reten-
tion, implying that PIAS1 is crucial for the intrinsic properties of
HSCs.

No defects in the BM microenvironment of Piasz '~ mice

It is well established that BM microenvironment is important for
HSC function and maintenance (Jones & Wagers, 2008; Kiel & Morri-
son, 2008; Ehninger & Trumpp, 2011). To test whether the impaired
function of PiasI ™/~ HSC is due to altered BM microenvironments
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Figure 5. No defects in BM microenvironment in Piasz '~ mice.

A

In vivo reconstitution assays. Total BM cells (4 x 10°% from WT C57SJL mice (CD45.1*) were injected into lethally irradiated WT or Pias1~/~ recipient mice (CD45.2*).

The percentage of T cells (CD3%), B cells (B220") and myeloid cells (Mac1*) from donor mice in peripheral blood (PBL) were assayed by flow cytometry at 4, 18 and

20 weeks post reconstitution.
B

Same as in (A) except that the percentage of T cells (CD3*), B cells (B220*) and myeloid cells (Macl1*) within the donor cells (CD45.1%) in PBL were assayed.

Data information: In (A) and (B) is shown a pool of 2 independent experiments (n = 9-10). Error bars represent SEM. P-values were determined by non-paired t-test.

in Piasl1~/~ mice, in vivo reconstitution assays were performed by
transplanting WT C57SJL BM cells into lethally irradiated WT or
Pias1~/~ recipient mice. Interestingly, enhanced engraftment of WT
C57SJL cells into Piasl™/~ mice was observed at 4 weeks and
18 weeks, while the difference was diminished at 20 weeks
(Fig 5A). In addition, no differences in the distribution of mature T
cells, B cells and myeloid cells within WT donor cells were observed
at all time points examined (Fig 5B). These results indicate that the
BM microenvironment in PiasI /" mice is not responsible for the
impaired Piasl /~ HSC functions, further suggesting that PIAS1
regulates the intrinsic properties of HSCs.
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Abnormal expression of lineage-specific genes in Piasz '~ cells

To test if Pias1 disruption affects the transcription of lineage-specific
genes, Q-PCR assays were performed with Lin~ progenitors from
WT and PiasI~/~ BM. While no change or slight increase was
observed in the expression of myeloerythroid-specific genes, includ-
ing Gatal (GATA-binding factor 1), Gata2 (GATA-binding factor 2),
Csflr (Macrophage colony-stimulating factor 1 receptor), Mpo
(Myeloperoxidase) and Cebpa (CCAAT/enhancer-binding protein
alpha) (Akashi et al, 2000), transcription of genes essential for B
cell differentiation, including II7r (Interleukin-7 receptor subunit
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Figure 6. Transcription of the lineage-affiliated genes is regulated by PIAS1.

A

gene in WT cells was relatively set as 1, and the results were adjusted by Hprt1.

B
C
D

Same as in (A) except that common lymphoid progenitors (CLP) cells were used.
Same as in (A) except that long-term hematopoietic stem cells (LT-HSC; Lin~Scal*c-Kit*CD34 ") cells were used.
Same as in (A) except that CLP cells were used, and the expression of GATA1-downstream genes was quantified.

Gatat

Epor Hbb-b1 Sic4a1

Quantitative real time polymerase chain reaction (Q-PCR) analyses were performed with total RNA from WT or Pias1~/~ Lin~ population. The expression of each

Data information: Shown in each panel is the average of 3-5 independent experiments. Error bars represent SEM. P-values were determined by non-paired t-test. See

also Fig S5.

alpha), EbfI (Early B-cell factor 1), Pax5 (Paired box protein Pax-5)
and Iglll (Immunoglobulin lambda-like polypeptide 1) was signifi-
cantly reduced (Fig 6A). In contrast, transcription of other lym-
phoid-associated genes, such as Ikzfl (Ikaros family zinc finger
protein 1) and T cell-specific factor Gata3 (GATA-binding factor 3),
was not altered. These data are consistent with the defective B lym-
phoid differentiation phenotype observed in Piasl~/~ BM cells,
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further supporting the notion that PIAS1 is important for maintain-
ing the expression of B cell-specific genes while restricting the
expression of myeloerythroid genes.

GATAL1, a key transcription factor for erythropoiesis, can directly
repress the transcription of EbfI (Iwasaki et al, 2003; Xie et al,
2004). To further investigate the role of PIAS1 in the transcriptional
regulation of lineage-associated genes, Q-PCR analyses were
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performed with various FACS-sorted BM subpopulations from WT
and Pias1™/~ mice (Fig S5). Interestingly, transcription of my-
eloerythroid-associated genes, including Gatal, Gata2, Csflr, Mpo
and Cebpa, was dramatically increased in CLP cells, with a con-
current decrease in genes important for B cell differentiation, such
as Il7r, Ebf1, PaxS and Iglll (Fig 6B). When HSC-enriched LT-HSC
cells were examined, increased transcription of Gatal, Csflr and
CsfIr and decreases in B cell differentiation-related genes, includ-
ing I17r, Ebfl, PaxS and Iglll, were observed (Fig 6C). In addition,
transcription of these genes was not affected in CMP (Fig S5).
These data indicate that PIAS1 is an important transcriptional
regulator for the proper expression of lineage-affiliated genes in
LT-HSC and CLP.

To test whether PIAS] affects the transcription of GATA1-down-
stream genes, Q-PCR analyses were performed with FACS-sorted
CLP cells from WT and Pias1 ™/~ BM to assess the transcription of
several GATAIl-regulated genes, including Epor (Erythropoietin
receptor), Hbb-b1 (Hemoglobin subunit beta-1) and Sic4al (Solute
carrier family 4 member 1; an erythroid specific factor) (Fig 6D).
The transcription of all 3 genes were increased in PiasI~/~ CLP cells
as compared to that of WT controls, suggesting that enhanced Gatal
transcription in Pias1 ™/~ cells leads to the functional increase in
GATAl-mediated gene activation.

PIAS1 suppresses Gataz through direct epigenetic silencing

To test whether Gatal is a direct PIAS1-target gene, chromatin
immunoprecipitation (ChIP) assays were performed with WT and
Pias1™/~ BM cells using 2 independent PIAS1 antibodies (Fig 7A).
Binding of PIAS1 to the promoter region of Gatal was observed in
WT, but not PiasI~/~ BM, indicating that Gatal is a direct target of
PIAS1. ChIP assays were also performed with FACS-sorted LSK or
myeloerythroid-restricted L™S"K™" cells (Fig 7B). PIASI also binds
to the promoter region of Gatal in these cells.

PIAS1 has been shown to regulate the promoter methylation of
the Foxp3 gene (Liu et al, 2010). To understand the mechanism of
PIAS1-mediated transcriptional repression of Gatal, the methylation
status of the Gatal promoter was analyzed by bisulfite-sequencing
of WT and Piasl~/~ BM subpopulations. Several CpG sites in the
Gatal promoter were hypermethylated in WT LT-HSC and ST/MPP
cells (Fig 7C). Piasl disruption caused a significant reduction of
DNA methylation in the Gatal promoter, consistent with the
enhanced transcription of Gatal observed in Pias1~/~ LT-HSC cells
(Fig 6C).

It has been demonstrated that PIAS1 is important for the recruit-
ment of DNMT3A/3B to the Foxp3 promoter (Liu et al, 2010). To
test whether PIAS]1 interacts with DNMT3A in BM cells in vivo, co-
immunoprecipitation (Co-IP) assays were performed with cell
extracts from BM using anti-PIAS1 antibody, followed by immuno-
blotting with anti-DNMT3A. PIAS1 can interact with DNMT3A in
BM cells (Fig 7D). Furthermore, ChIP assays revealed that while
DNMT3A binds to the Gatal promoter in WT BM cells, the binding
of DNMT3A to the Gatal promoter was abolished in Pias1 ™/~ BM
(Fig 7E). These results indicate that PIAS]1 is required for the recruit-
ment of DNMT3A to the Gatal promoter in BM, and further suggest
that PIAS] represses Gatal transcription by maintaining DNA meth-
ylation of the Gatal promoter in HSCs.
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Discussion

PIAS1 is a SUMO E3 ligase involved in the regulation of multiple
transcriptional programs (Shuai & Liu, 2005; Liu et al, 2007; Liu &
Shuai, 2008). Recent studies have uncovered an important role of
PIAS1 in mediating a novel epigenetic mechanism to restrict the
expression of Foxp3 in natural regulatory T cells (Liu et al, 2010). In
this manuscript, we explored the role of the newly identified PIAS1
epigenetic pathway in the regulation of HSCs. Our results have iden-
tified an essential role of PIAS1 in regulating the self-renewal and
differentiation of HSCs (Fig 8).

We demonstrated that PiasI~/~ BM cells as well as HSC-enriched
LSK population failed to reconstitute blood system in the presence
of WT competitors. No defects were observed in Piasl/~ BM
microenvironment, niche retention, or homing, suggesting an intrin-
sic role of PIAS1 in regulating the self-renewal of HSCs. It has been
documented that the Lin~Scal " c-Kit "CD150 * CD48 CD34~ popula-
tion is enriched in dormant HSCs (d-HSCs), and the ability of d-
HSCs to remain quiescent is crucial for maintaining the capacity for
lifelong replenishment of all blood cells. Pias1~/~ d-HSCs showed
reduced GO population with an increase in G1 phase (non-quiescent
cells). These results suggest an important role of PIAS] in maintain-
ing the quiescence of d-HSCs. It is likely that the increased cell pro-
liferation of Piasl™/~ d-HSCs resulted in their exhaustion and
reduced long-term reconstitution capacity. The effect of PiasI dis-
ruption on cell proliferation was only observed in HSC-enriched
populations, including d-HSCs, LT-HSCs and LSK cells, but not dif-
ferentiated BM progenitor subsets, such as CMP, GMP, MEP, CLP
and myeloid-restricted Lin~Scal c¢-Kit". The precise molecular
mechanism responsible for PIAS1-mediated regulation on the quies-
cence of d-HSCs is not known. It will be very interesting to test
whether the PIAS1-mediated epigenetic control mechanism is
involved in this process, although this is technically challenging due
to the rareness of dormant HSCs.

It has been documented that DNA methylation plays an impor-
tant role in the regulation of HSC self-renewal and differentiation
(Tadokoro et al, 2007; Broske et al, 2009; Trowbridge et al, 2009;
Challen et al, 2011), but how DNMTs are regulated to control meth-
ylation dynamics in hematopoiesis is not known. PIAS1 interacts
with DNMTs in vivo (Liu et al, 2010) (Fig 7D). Our recent studies in
regulatory T cells suggest that PIAS1 can recruit DNMTs to specific
gene promoters to promote DNA methylation (Liu et al, 2010), sug-
gesting that PIAS1 may function as a cofactor of DNMTs. In this
report, we showed that Gatal is a direct target of PIAS1, and Piasl
disruption resulted in the premature demethylation of the Gatal
promoter in HSCs. Consistently, an inappropriate induction of Gatal
in HSCs and CLPs was observed. Gatal is a key myeloerythroid
transcription factor and its elevated expression can suppress the
induction of crucial lymphoid genes such as EbfI (Iwasaki et al,
2003). Indeed, the expression of a number of B lymphoid genes was
significantly repressed in PiasI-null Lin~ progenitor cells (Fig 6A).
As a result, defective B cell differentiation was observed in the
absence of PIAS1 (Fig 1A). These results suggest that the PIAS1 epi-
genetic pathway plays an important role in preventing the inappro-
priate expression of the myeloerythroid gene program, which is
essential for the balanced myeloerythroid vs lymphoid lineage
differentiation.



The EMBO Journal

Relative Binding

IS

~

Y

Relative Binding

Wl Pias1++
[ Pias1-

P <0.02
—

P<0.05

IgG a-PIAS1c a-PIAS1n

Gata1 Promoter

mm IgG
=1 o-PIAS1

P<0.01
[

P <0.002

20

LSK L-S-K*
Gata1 Promoter

IP

Input 1gG «-PIAS1

E] E o-DNMT3A

Gata1

LT-HSC

ST/MPP

WB

PIAS1 regulates hematopoietic stem cells

-750 -500 -250 +1 +250
I:H — u I I HH
Pias1++ Pias1--
o— -00-0—00—000—
by ZSZS -
-8 0—0—(‘:}00— —O— Unmethylated
3 s~ —o— Methylated
s
H
.
100 100
80 80
60 60
40 40
20 20 I
0 0
NMMOT™owmwo NM MO« o wmwo
CEREBEEE EREEEEEE
1 1 1 1 1 1 1 Ll 1 1 1 1 1 1 1 |l
-0 0 -0—0—0—0-0—000—
> 00 0e
! 4 O-0—
0—@- O—
bt
b§
0—e.
& 1
100 100
80 80
60 60
40 40
20 20
0 0
NM MO oo NM MO o wo
CRRE33883 CRIGE8883
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
E Nl Pias1+*
[ Pias17-
60
P<0.05
50 —
[
£ 40
T
£
o
o 30
2
]
Kif
@ 20
14
10
0
IgG  o-DNMT3A

Figure 7. PIAS1 suppresses Gataz1 through direct epigenetic silencing.
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A Chromatin immunoprecipitation (ChIP) assays were performed with cell extracts from WT or Pias1~/~ BM, using 2 independent antibodies against either the
C-terminal (a-PIAS1c) or the N-terminal (a-PIAS1n) PIASL, or IgG as a negative control. Bound DNA was quantified by Q-PCR with specific primers against Gatal
promoter, and normalized with the input DNA.

B Same as in (A) except that FACS-sorted LSK or Lin~Scal c-Kit* (L"S™K") cells from WT BM were used.

C Methylation analysis of the Gatal promoter was performed by bisulfite conversion of genomic DNA from FACS sorted long-term hematopoietic stem cells (LT-HSC)
and short-term multi-potent progenitors (ST/MPP) as defined in Materials and Methods from WT and Pias1 ™/~
of the CpG sites relative to the transcription start site (*1); the y axis represents the percentage.

D PIASI interacts with DNMT3A in BM cells. Co-immunoprecipitation (Co-IP) assays were performed with cell extracts from WT BM, using anti-PIAS1 or IgG, followed
by immunoblotting with anti-DNMT3A or a monoclonal anti-PIAS1.

E  PIASL is required for the recruitment of DNMT3A to the Gatal promoter. Same as in (A) except that anti-DNMT3A was used for ChIP assays.

male mice (n = 5). The x axis represents the positions

Data information: Shown in each panel is a representative of 3 independent experiments (n = 4-6 for each experiment). Error bars represent SEM. P-values were
determined by non-paired t-test.
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Figure 8. A proposed model of the essential function of PIAS1 in the regulation of self-renewal and lineage differentiation of HSCs.
PIASL restricts dormant cells to enter the active cell cycle, while supports the self-renewal of active HSC. PIAS1 also supports the proper differentiation of lymphoid cells,

while restricting the myeloerythroid lineage.

Studies from several groups have shown that DNMTs play
important roles in regulating the self-renewal and differentiation of
HSCs (Tadokoro et al, 2007; Broske et al, 2009; Trowbridge et al,
2009; Challen et al, 2011). The conditional knockout of Dnmt3a
impaired HSC differentiation, and Dnmt3a-null HSCs upregulated
HSC multipotency genes and downregulated differentiation factors
(Challen et al, 2011). The phenotype of Pias] /~ mice in regulating
HSC lineage differentiation resembles that of DnmtI knockout mice
(Broske et al, 2009). Both Piasl disruption and DNMT1 reduction
caused the premature demethylation of Gatal promoter in HSCs, the
derepression of myeloerythroid genes in Lin~ progenitor cells, the
reduction of CLPs, and the impaired B cell differentiation (Broske
et al, 2009). These findings provide genetic evidence to support our
hypothesis that PIAS] is a key cofactor of DNMTs in promoting
DNA methylation. Our results have uncovered a novel functional
role of the PIAS1 epigenetic pathway in regulating the methylation
dynamics in the HSC differentiation program.

Materials and Methods

Flow cytometry analysis and sorting of HSC and progenitors

Single cell suspensions were prepared from spleen, bone marrow
(BM) or peripheral blood (PBL). Cells were stained with various
combinations of surface markers followed by flow cytometry analy-
sis using a FACSCalibur or FACScanX (Becton Dickinson, BD,
San Jose, CA, USA). Data were analyzed using the FCS Express soft-
ware (De Novo). FACS cell sorting was performed as described (Zeng
et al, 2004; Wilson et al, 2008; Broske et al, 2009; Trowbridge et al,
2009; Ji et al, 2010; Mayle et al, 2012). Briefly, single cell suspen-
sions were prepared from BM and subjected to surface staining with
various markers. FACS sorting of HSC and progenitors was performed
using a FACSAria (Becton Dickinson, BD). See supplementary Materi-
als and Methods for definitions of each population.

Cell proliferation and cell death

Cell death was assessed by 7-AAD staining as described (Liu et al,
2004, 2010). Cell proliferation was assayed by intracellular anti-Ki67
and Hoechst DNA staining as described (Wilson et al, 2008). Briefly,
single cell suspensions of BM were first stained with various surface
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markers, followed by fixation/permeabilization of the cells. Cells
were then stained with anti-Ki67 and 1 pg/ml bisbenzimide (Hoechst
no. 33342; Sigma, St. Louis, MO, USA), and analyzed on a LSR flow
cytometer (Becton Dickinson, BD). Approximately 1 x 10° cells were
collected for each sample when the cell cycle profiles of dormant
HSCs (d-HSCs) were analyzed to ensure that sufficient numbers of d-
HSCs were collected.

In vivo competitive reconstitution assays

In vivo competitive reconstitution experiments were performed as
described (Liu et al, 2008). Briefly, bone marrow was isolated from
4 to 8 week-old Pias1~/~ mice and their WT littermates (CD45.27),
or C57SJL wild-type mice (CD45.17). Total bone marrow (2 x 10°
cells) or FACS-sorted LSK cells (1000 cells) from Piasl1~/~ or WT
mice was mixed with competitor bone marrow from C57SJL mice
(2 x 10° cells), and injected intravenously via retro-orbital eye injec-
tion into 6-8-week-old C57SJL recipient mice that were lethally irra-
diated 24 h previously (10 Gy at a split dose). The reverse was
performed in some experiments, where BM from WT SJL mice
(CD45.1"; 4 x 10°) were injected into lethally irradiated WT or
Pias1~/~ recipient mice (CD45.2%). Reconstitution of donor T cells
(CD3™), B cells (B220") and Granulocytes/monocytes (Macl®) in
peripheral blood (PBL) were assayed by flow cytometry 4-20 weeks
post reconstitution.

Competitive limiting dilution assay

Competitive limiting dilution assays were performed as described
(Sauvageau et al, 1995). Briefly, total bone marrow (BM) cells
(3 x 10° cells) from Pias1~/~ or WT mice (CD45.2") were injected
intravenously into 6-8-week-old lethally irradiated congenic WT
C57SJL recipient mice (CD45.17). Reconstitution of donor cells in
peripheral blood (PBL) was assayed by flow cytometry at various
time points post reconstitution. For secondary transplantation, BM
cells pooled from 3 to 4 mice transplanted 21 weeks earlier with
either WT or Pias1~/~ cells were injected at different doses into leth-
ally irradiated WT C57SJL recipient mice, together with a life-sparing
dose of 1 x 10° competitor BM cells from C57SJL mice. The level of
lymphomyeloid repopulation with donor-derived cells (CD45.27)
in these secondary recipients was evaluated by flow cytometry at
10 and 16 weeks post transplantation. Recipients with > 1%
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donor-derived cells were considered to be repopulated by at least
one competitive repopulating unit (CRU). CRU frequencies were cal-
culated using Extreme Limiting Dilution Analysis (ELDA) software
(http://bioinf.wehi.edu.au/software/elda/) (Hu & Smyth, 2009).

Bone marrow in vivo homing assay

In vivo homing assays were performed as described (Adams et al,
2006; Janzen et al, 2006). Briefly, freshly isolated total bone marrow
cells were labeled with 2.5 uM carboxyfluorescein diacetate succin-
imidyl ester (CFDA-SE; Molecular Probes, Grand Island, NY, USA)
as instructed by the manufacturer. Cells were then injected intrave-
nously via retro-orbital eye injection into 6-8 weeks old lethally
irradiated WT C57SJL mice. Mice were euthanized 12 or 24 h post
injection and homed cells in the BM were assayed by measuring
CFDA-SE™ cells using flow cytometry. In vivo homing assays were
also performed with CFSE-labeled long-term hematopoietic stem
cells (LT-HSC; Lin~Scal *c-Kit"CD347) cells (2000 cells/mouse)
FACS-sorted from WT and Pias1 /"~ littermates.

Niche retention assay

Niche retention assays were performed as described (Trowbridge
et al, 2009). Total bone marrow cells (4 x 107) from WT C57/SJL
mice (CD45.17) were injected into non-irradiated WT or Pias1™/~
recipient mice (CD45.2"). The percentage of CD45.1" cells in bone
marrow of the recipient mice were assayed by flow cytometry
12 weeks post injection.

Quantitative real time polymerase chain reaction
(Q-PCR) analysis

Quantitative real-time polymerase chain reaction (Q-PCR) analyses
were performed as described (Liu et al, 2004) with the following
modification. A conventional PCR reaction was carried out with a
mixture of primers using the following program: 1. 95°C for 3 min;
2. 95°C for 15 s, 60°C for 15 s, 72°C for 30 s for 12 cycles; 3. 72°C
for 5 min. PCR products were purified by QIAquickPCR purification
kit (Qiagen, Valencia, CA, USA) and used as templates for subse-
quent Q-PCR analyses using individual primers and SYBR Green
performed on CFX96 (BioRad, Hercules, CA, USA). Results were cor-
rected by Hprt1 (Hypoxanthine-guanine phosphoribosyltransferase 1).
See supplementary Materials and Methods for primer sequences.

DNA methylation by bisulfite sequencing

Genomic DNA was purified with the ZR genomic DNA II kit (Zymo
Research, Irvine, CA, USA). Methylation analysis was performed by
bisulfite conversion of genomic DNA using the EZ DNA methyla-
tion-Gold kit (Zymo Research). The PCR product was cloned using
the TOPO TA cloning kit (Invitrogen, Grand Island, NY, USA).

Coimmuprecipitation (Co-IP) assays

Co-IP assays were performed as described (Liu et al, 2010). Briefly,
whole-cell extracts from bone marrow cells were prepared by using
lysis buffer containing 1% Brij, 50 mM Tris (pH 8), 420 mM NacCl,
1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 pg/ml

74

PIAS1 regulates hematopoietic stem cells  Bin Liu et al

leupeptin, 3 pg/ml aprotinin, 1 pg/ml pepstatin and 0.1 mM sodium
vanadate. The mixture was incubated on ice for 20 min and centri-
fuged at 15000 g for 5 min. The supernatant was adjusted to
150 mM NaCl and used for immunoprecipitation with polyclonal
anti-PIAS1 antibodies (Liu et al, 1998, 2005) at 1:100 dilution or
IgG, followed by immunoblotting with anti-DNMT3A (Abiocode,
Agoura Hills, CA, USA) or a monoclonal anti-PIAS1 (Abiocode).

Chromatin immunoprecipitation (ChIP) and MiniChIP assays

Chromatin immunoprecipitation (ChIP) assays were performed with
bone marrow (BM) cells using the ChIP Assay Kit (Upstate Biotech) as
described (Liu et al, 2010). Briefly, cell extracts from WT or Pias1 ™/~
BMs (2 x 10° per sample) were prepared and chromatin was sheared
by sonication (10 s at 30% of the maximum strength for a total of six
times). ChIP assays were performed using anti-PIAS1, anti-DNMT3A
(Abiocode), or rabbit IgG as a negative control. Bound DNA was
quantified by Q-PCR and was normalized with the input DNA. Mini-
ChIP assays were performed essentially as described (Attema et al,
2007), using LSK and L™S"K ™ cells purified by FACS sorting to a pur-
ity > 99%. For FACS sorting, a fast sort for Lin~ cells was performed
first to enrich Lin~ cell, followed by a regular sort for LSK and
L™SK™ cells. Approximately 50 000 LSK cells were obtained from 20
WT mice and subjected to MiniChIP assays. Of 25 000 LSK cells or
50 000 LS K™ cells were used per sample for MiniChIP assays.

Supplementary information for this article is available online:
http://emboj.embopress.org
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Figure S1. Normal peripheral lineage differentiation in Pias7~ mice. (A) Frequencies of mature
B cells (B220*1gM*), myeloid cells (Mac1*), granulocyte/monocyte linage (Gr1*Mac1¥), dendritic
cells (CD11c") and erythroid cells (Ter119%) in freshly isolated splenocytes from 8-12 weeks old
WT and Pias1™” littermates were assayed by flow cytometry. (B) Same as in A except that cell
numbers of each population were presented. (C) Same as in A except that peripheral blood
lymphocytes (PBL) were analyzed. Shown in each panel is a pool of 3 independent experiments
(n=9-13). Error bars represent SEM. P values were determined by non-paired t-test.
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Figure S2. Altered lineage-restricted progenitors and LSK populations in Pias1™" mice. (A)
Percentage of T cells (CD4* or CD8"), B cells (B220), granulocytes/monocytes (Gr1*Mac1%),
dendritic cells (CD11c") and erythroids (Ter119") in freshly isolated bone marrow (BM) from 8-
12 weeks old WT (Pias1”*) and Pias1~" littermates were assayed by flow cytometry. (B) Same
as in A except that frequencies of myeloid-restricted Lin"Sca1c-Kit" (L"S™K") populations,
common myeloid progenitors (CMP), granulocyte monocyte progenitors (GMP), megakaryocyte
erythrocyte progenitors (MEP), common lymphoid progenitors (CLP), Pro-B and Pre-B cells as
defined in Supplementary Materials and Methods were assayed. (C) Same as in A except that
cell numbers of LSK, long-term hematopoietic stem cells (LT-HSC) and short-term multi-potent
progenitors (ST/MPP) in total BM as defined in Supplementary Materials and Methods were
assayed. (D) Same as in A except that the percentage of Lin™ population was assayed. (E)
Same as in A except that the percentage of dormant hematopoietic stem cells (d-HSCs;
Lin"Sca1*c-Kit"'CD150"CD48°CD34") was assayed. Shown in each panel is a pool of 3

independent experiments (n=9-13). Error bars represent SEM. P values were determined by
non-paired t-test.
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Figure S3. Normal cell proliferation of various progenitor populations. (A) Cell proliferation of
indicated BM subsets from WT and Pias?~ mice as defined in Supplementary Materials and
Methods was revealed by intracellular Ki67 (icKi67) and Hoechst DNA staining followed by flow
cytometry. GO, icKi67-, 2N DNA content; G1, icKi67*, 2N DNA content; S+G2/M, icKi67*, > 2N
DNA content. (B) Same as in A except that Pro-B and Pre-B cells were assayed. (C) Same as
in A except that Lin™ cells were assayed. Shown in each panel is a pool of 3 independent

experiments (n=10-13). Error bars represent SEM. P values were determined by non-paired t-
test.
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Figure S4. Defective short-term reconstitution capability of Pias1~~ myeloid-restricted
Lin"Sca1 c-Kit" (L"S'K") cells revealed by in vivo short-term competitive reconstitution assays.
FACS-sorted L"SK" cells (10,000) from WT or Pias1~" littermates (CD45.2") were mixed with
2x10° of WT C57SJL bone marrow (BM) cells (CD45.1%) and injected into lethally irradiated WT
C57SJL mice. The percentage of myeloid cells (Mac1*) from donor mice in peripheral blood
(PBL), BM and spleen were assayed by flow cytometry 13 days post reconstitution. Shown is a
pool of 3 independent experiments in all panels (n=10). Error bars represent SEM. P values
were determined by non-paired t-test.
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Figure S5. Transcription of the lineage-affiliated genes is regulated by PIAS1. Quantitative real
time polymerase chain reaction (Q-PCR) analyses were performed with total RNA from WT or
Pias1”~ bone marrow (BM), or FACS-sorted HSC-enriched Lin"Sca1*c-Kit" (LSK), common
lymphoid progenitors (CLP) and common myeloid progenitors (CMP) as defined in
Supplementary Materials and Methods, using gene-specific primers. Each gene is indicated at
the top left of each panel, and the results were adjusted by Hprt1. Shown is the average of 2
independent experiments (n=5 for each experiment). Error bars represent SD. P values were
determined by non-paired f-test.



Supplementary Materials and Methods
Mice and Reagents

The generation of Pias1~”~ mice has been described (Liu et al., 2004). C57SJL (CD45.1) mice
were purchased from the Jackson Labs.

The following antibodies were purchased from BioLegend: fluorescein isothiocyanate (FITC)-
conjugated anti-IgM (RMM-1), anti-Mac1 (CD11b; M1/70), anti-CD3 (145-2C11), anti-CD4
(RM4-5), anti-Sca1 (D7); phycoerythrin (PE)-conjugated anti-B220 (CD45R; RA3-6B2), anti-
GR1 (Ly-6G/Ly-6C; RB6-8C5), anti-Mac1 (M1/70), anti-CD11c (N418), anti-Ter119 (TER119),
anti-NK-1.1 (PE136), anti-CD5 (53-7.3), anti-CD8a (53-6.7), anti-IL7Ra (CD127; SB/199); Alexa
Fluor 647-conjugated anti-IL7Ra (CD127; SB/199); Pacific Blue-conjugated anti-CD48 (HM48-1);
allophycocyanin (APC)-conjugated anti-FCgRII/Ill (CD16/32; 93), anti-CD45.2 (104); PE/Cy7-
conjugated anti-FCgRIV/III (CD16/32; 93); PerCP-conjugated anti-CD45.1 (A20); PE/Cy5-
conjugated anti-Sca1 (D7), anti-CD34 (MEC14.7); APC/Cy7-conjugated anti-c-Kit (2B8); and
isotype controls. PE-conjugated anti-CD4 (GK1.5) and Alexa Fluor 488-conjugated anti-Ki67
(B56) are from BD Pharmingen. APC-conjugated anti-CD150 (mShad150) is from eBioscience.

Flow cytometry analysis and sorting of HSC and progenitors

Various cell populations are defined as the following: common lymphoid progenitors (CLP): Lin~
Sca1"" c-Kit°"IL7Ra"; common myeloid progenitors (CMP): Lin~ Sca1 c-Kit" CD34 FcgRII/II®Y;
granulocyte monocyte progenitors (GMP): Lin~ Sca1 c-Kit" CD34'FcgRIl/III"; megakaryocyte
erythrocyte progenitors (MEP): Lin~ Sca1 c-Kit" CD34 FcgRIl/IIIT; Pro-B, LinTlgM™B220"CD43";
Pre-B, Lin'lgM™B220°CD43"; LSK: Lin"Sca1'c-Kit"; long-term hematopoietic stem cells (LT-
HSC): Lin"Sca1c-Kit"CD34™ and short-term multi-potent progenitors (ST/MPP): Lin"Sca1'c-
Kit"CD34). Dormant hematopoietic stem cells (d-HSC) are defined as Lin"Sca1'c-
Kit"CD48 CD34 CD150". Lineage markers include CD3, CD4, CD5, CD8a, B220, GR1, Mac1
and Ter119, except that only CD3, CD4, CD8a and GR1 were used for Pro-B and Pre-B
populations.

Short term competitive reconstitution assays

Short term competitive reconstitution assays were performed as described with slight
modifications (Yang et al., 2005). Briefly, FACS-sorted myeloid-restricted Lin"Sca1 cKit" (L"S'K")
cells (10,000) from WT or Pias1™" littermates (CD45.2") were mixed with 2x10° of WT C57SJL
bone marrow (BM) cells (CD45.17) and injected into lethally irradiated WT C57SJL mice. The
percentage of myeloid cells (Mac1") from donor mice in peripheral blood (PBL), BM and spleen
were assayed by flow cytometry 13 days post reconstitution.

Primer sequences
The following primers for murine genes are used for Q-PCR:

Hprtl-f: 5'- CAGTACAGCCCCAAAATGGT
Hprtl-r: 3'- CAAGGGCATATCCAACAACA
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Gatal-f: 5'- AGCAACGGCTACTCCACTGT
Gatal-r: 5'- TGCTGACAATCATTCGCTTC

Gataz-f: 5'- GATACCCACCTATCCCTCCTATGTG
GataZ-r: 3'- GTGGCACCACAGTTGACACACTC

Csflr-f: 5'- CTTTGGTCTGGGCAAAGAAGAT
Csflr-r: 5'— CAGGGCCTCCTTCTCATCAG

Mpo-f: 5'- GTTCCGCCTGAACAATCAGT
Mpo-r: 5'- ATTCAGTTTGGCTGGAGTGG

Cebpa—-f: 5'- CAAGAACAGCAACGAGTACCG
Cebpa-r: 3'- GTCACTGGTCAACTCCAGCAC

Ikzfl-f: 5'- CACAACGAGATGGCAGAAGA
Tkzfl-r: 3'- CTGACAGGCACTTGTCTCCA

Gata3-f: 5'- CTACCGGGTTCGGATGTAAGTC
Gata3-r: 5'- GTTCACACACTCCCTGCCTTCT

I17r-f: 5'- TGGCTCTGGGTAGAGCTTTC
I17r-r: 5'- GTGGCACCAGAAGGAGTGAT

Ebfi-f: 5'- CGGAAATCCAACTTCTTCCA
Ebfl-r: 5'- GTCTTTTCGCTGTTGGCTTC

Pax5-f: 5'- AACTTGCCCATCAAGGTGTC
Pax5-r: 5'- GGCTTGATGCTTCCTGTCTC

Iglll-f: 5'- GAGCTTCAGTGGGAAGCAAC
Iglll-r: 5'— CCCACCACCAAAGACATACC

Epor-f: 5'- TGTCTCCTACTTGCTGGGGC
Epor-r: 5'- CAAGCGTTGGGTGAAGCACA

Hbb-bl-f: 5'- AACGATGGCCTGAATCACTT
Hbb-bl-r: 5'- ACGATCATATTGCCCAGGAG

Slc4al-f: 5'- CCTCATCCTCACAGTGCCTC
Slc4al-r: 5'- CAGGCCATTCTCCTCGTCAA

Piasl-f: 5'- CATCAACACCTCCCTCATCC
Piasl-r: 5'- CCTCCTGCACTTAGCTGGTC

The following primers are used for bisulfite sequencing:
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Gatal-f: 5'- TTTATTTTAATTTTTTGGGATTTTTAGG
Gatal-r: 5'- AACTACAAACCACCTCTATAAAACAATCTA

The following primers are used for Chromatin immunoprecipitation (ChIP):

Gatal promoter-f: 5'- ACCTGCAAAATGGGTACAGC
Gatal promoter-r: 5'- TTCAGTGAGGAAAGCCCCTA
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Number of cells injected into

secondary recipients

CRU evaluation of primary recipients

10 weeks post-transplantation

16 weeks post-transplantation

Pias1 +/+

Pias1 -/-

Pias1 +/+

Pias1 -/-

2,000,000
1,000,000
300,000
100,000

CRU frequency per 1075 cells (range)

6/6 (41.70 +/- 3.98)

9/9 (32.72 +/- 12.59)

(
8/8 (14.08 +/- 4.63)
(

5/6 (16.28 +/- 15.13)

1.869 (0.761-4.595)

5/6 (2.85 +/- 1.63
5/8 (2.37 +/- 2.41
4/9 (0.92 +/- 0.53

)
)
)
0/5 (0.08 +/- 0.10)

0.108 (0.061-0.193)

6/6 (46.19 +/- 7.09)

9/9 (35.19 +/- 17.95)

8/8 (19.23 +/- 9.28)

5/6 (23.07 +/- 23.09)

1.869 (0.761-4.595)

4/6 (1.99 +/- 1.43)
4/8 (2.23 +/- 2.26)
3/9 (0.89 +/- 0.51)
0/5 (0.08 +/- 0.13)

0.071 (0.038-0.132)

Table 2. Evaluation by limiting dilution analysis of competitive long-term repopulating cells
(CRU) in mice transplanted with Pias1+/+ or Pias1-/- bone marrow cells (UPDATED).

Results are expressed as number of mice repopulated with donor-derived cells (CD45.2+; >1%)
over total. Numbers in parentheses represent the mean % +/- standard deviation of peripheral
blood CD45.2+ cells found in the transplanted recipients. CRU frequency was calculated using

Extreme Limiting Dilution Analysis (ELDA) software available at

http://bioinf.wehi.edu.au/software/elda/. Note: The difference between Table 1 (published) and

Table 2 (unpublished) is that Table 2 has a greater n value, thus the reconstitution values are
more accurate. Due to time constraints, the experiment represented here in Table 2 was still
ongoing when the manuscript was accepted for publication, and data here was not published.
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Chapter 4: PIAS1 Regulates Breast Tumorigenesis Through

Selective Epigenetic Gene Silencing
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Abstract

Epigenetic gene silencing by histone modifications and DNA methylation is essential for cancer development. The
molecular mechanism that promotes selective epigenetic changes during tumorigenesis is not understood. We report here
that the PIAS1 SUMO ligase is involved in the progression of breast tumorigenesis. Elevated PIAS1 expression was observed
in breast tumor samples. PIAST knockdown in breast cancer cells reduced the subpopulation of tumor-initiating cells, and
inhibited breast tumor growth in vivo. PIAS1 acts by delineating histone modifications and DNA methylation to silence the
expression of a subset of clinically relevant genes, including breast cancer DNA methylation signature genes such as cyclin
D2 and estrogen receptor, and breast tumor suppressor WNT5A. Our studies identify a novel epigenetic mechanism that
regulates breast tumorigenesis through selective gene silencing.
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Introduction Most tumors are composed of a mixture of cancer cells, and the
heterogeneity of tumors is the major obstacle to effective cancer
therapy. It has been demonstrated that a sub-population of cancer
cells, referred to as tumor-initiating cells (TICs) or cancer stem
cells, is tumorigenic when transplanted into immunosuppressed
nonobese diabetic/severe combined immunodeficiency (NOD/
SCID) mice [8]. TICs display some key properties of stem cells
including self-renewal and multilineage differentiation [9]. In
addition, TICs are found to be resistant to radiation and
conventional chemotherapies [10-13]. Therefore, TICs may
largely contribute to tumor cellular heterogeneity, tumor progres-
sion and tumor recurrence [14—17].

PIASI is a member of the PIAS (protein inhibitor of activated
STAT) transcriptional regulator family that possesses SUMO
(small ubiquitin-like modifier) E3 ligase activity [18]. Biochemical
and genetic studies indicate that PIAS1 is a physiologically
important transcriptional repressor of STAT1 and NF-kappaB
[19-21]. PIASI is rapidly activated by phosphorylation on Ser90
residue in response to a variety of stimuli, including pro-
inflammatory signals, TCR activation and growth factors.
Activated PIASI is then recruited to gene promoters to repress
transcription [22,23]. Recent studies indicate that PIAST mediates
a novel epigenetic regulatory mechanism to control natural

Both genetic and epigenetic alterations contribute to cancer
development [1-3]. Tumor suppressors and epigenetic gatekeeper
genes are frequently silenced by epigenetic mechanisms during
tumor initiation and progression [3-5]. Extensive studies have
been performed in the identification and characterization of
altered DNA methylation in breast cancer development and
progression. More than 100 genes have been reported to be
aberrantly hypermethylated in breast tumors or breast cancer cell
lines [1,6]. Many of these genes play important roles in the
regulation of cell cycle, apoptosis, angiogenesis, metastasis and
tumor initiation. It has been proposed that breast cancer-specific
DNA methylation signatures can extend our ability to classify
breast cancer and predict outcome beyond what is currently
possible [6]. Epigenetic therapy holds a promising potential for the
successful treatment of cancer since epigenetic changes are
reversible as opposed to mutations [7]. The approval of DNA
methylation and histone deacetylase (HDAC) inhibitors for cancer
treatment offers new promise for epigenetic therapy. However,
these drugs are rather nonspecific, and the development of more
effective strategies for epigenetic therapy requires a thorough
understanding of the molecular specificity involved in epigenetic
gene silencing.
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regulatory T cell (Treg) differentiation. PIAS1 binds to the Foxp3
promoter to maintain a repressive chromatin state through the
recruitment of DNA methyltransferases (DNMTs) and HPI-
gamma [24]. These findings indicate that this newly identified
PIAS] epigenetic mechanism plays an important role in T cell
differentiation.

In this paper, we report that PIASI is important for breast
tumorigenesis. Elevated PIAS1 expression was observed in breast
cancer patient samples. PIAS1 knockdown in breast cancer cells
inhibited tumor growth i wvive. Most interestingly, mechanistic
studies indicate that PIAS1 suppresses a number of- genes
clinically relevant to breast tumorigenesis through epigenetic
mechanisms. These studies suggest that targeting the PIASI
epigenetic signaling pathway may represent a novel therapeutic
strategy for cancer treatment.

Results

Elevated PIAS1 expression in primary human breast
cancer tissues

To test whether PIAS1 is involved in breast cancer progression,
immunohistochemistry (IHC) tissue arrays were performed to
examine the expression of PIAS] protein in a panel of primary
human breast tumor samples. PIASI is a nuclear protein, but it
diffused to the cytoplasm under formalin fixation conditions
(Figure S1 in File S1), a phenomenon observed with other nuclear
proteins [25]. IHC analyses indicate that PIASI is significantly
upregulated in primary breast cancer samples at early stages of
breast ductal carcinoma w situ (DCIS) as well as invasive ductal
carcinoma (IDC) (Fig. la).

PIAS1 is important for breast tumorigenesis

To directly test whether PIAS] plays a functional role in breast
tumorigenesis, RNA interference approach was used to knock-
down the expression of PIASI protein in MDA-MB231 cells.
Stable cell lines expressing a scramble short hairpin RNA (control
shRNA) or two independent PIAS] shRNAs (shRNA1 and
shRNA2) were obtained. Western blot analysis showed that
PIAS1 expression was significantly suppressed by both PIASI
shRNAs, although a more efficient inhibition by PIAS1 shRNA2
was observed (Fig. 1b). PIAS] knockdown did not affect the
growth of MDA-MB231 cells under the conventional serum-
containing conditions (DMEM) (Fig. lc, left panel). In contrast,
when these cells were cultured under serum-free growth factor-
enriched conditions (Stem Cell Media; SCM), which favor normal
stem cells and more closely resemble primary tumors than the
DMEM condition [26], PIAS] knockdown significantly inhibited
the survival of MDA-MB231 cells (Fig. 1c, right panel). To directly
test the effect of PIAS] knockdown on tumor growth in vivo,
xenograft experiments were performed in SCID mice. PIASI
knockdown significantly inhibited the tumor formation of MDA-
MB231 cells in both the subcutaneous and the fat pad models
(Fig. 1d), suggesting an important role of PIAS] in the regulation
of breast tumorigenesis.

PIAS1 regulates the self-renewal of breast tumor
initiating cells (TICs)

The finding that PIAS] knockdown affects breast cancer cell
survival specifically under the conditions that favor stem cell
growth suggests a possibility that PIAS] may play a role in the
regulation of breast cancer stem cells/tumor-initiating cells (TICs).
Previous studies suggest that the ALDH" subpopulation of breast
cancer cells is highly enriched in breast TICs [27]. ALDEFLUOR

assays revealed that PIAS] knockdown almost completely

PIAS1 Epigenetic Pathway in Breast Cancer

eliminated the ALDH' population (Fig. 2a), supporting the
hypothesis that PIAS1 knockdown inhibits breast TICs. To
further test whether PIASI regulates breast TICs, the control
and PIAS1 knockdown MDA-MB231 cells were subjected to
mammosphere assays [14,28,29]. PIASI knockdown significantly
inhibited the formation of mammospheres (Fig. 2b), suggesting
that PIASI regulates the self-renewal of breast TICs.

PIAS1 Ser90 phosphorylation and SUMO ligase activity
are required for PIAS1-mediated regulation of breast TICs

Previous studies indicate that PIASI is activated by Ser90
phosphorylation to bind to chromatin and repress transcription of
target genes in response to pro-inflammatory stimuli [22], a
process that is dependent on the SUMO ligase activity of PIASI.
We explored whether PIASI can also be activated by growth
factor signals. Western blot analysis revealed that PIAS] became
phosphorylated on Ser90 in response to EGF or Heregulin in
various breast cancer cell lines, including MDA-MB231, BT-20,
BT-474 and HCC-1954 (Fig. 2¢). To test the importance of PIAS1
Ser90 phosphorylation and PIAS]1 SUMO ligase activity in the
regulation of breast TICs, PIAS1 shRNA1 knockdown MDA-
MB231 cells were rescued with either an empty vector (Vec), wild
type PIAS1 (WT), PIAST Ser90 mutant (S90A), or PIAS1 SUMO
ligase defective mutant (W372A) through an shRNA escape
approach, in which silent mutations were introduced into PIASI
expression constructs to escape the inhibitory effect of PIASI
shRNA. Western blot analysis indicated that the expression of WT'
or mutant PIAS] proteins in the rescued cell lines was comparable
to that of the MDA-MB231 control cells (Fig. 2d).

Consistent with the previous results (Fig. 1c), the introduction of
either WT or S90A and W372A PIAS] mutants did not affect cell
growth under the conventional DMEM conditions (Fig. 2e, left
panel). In contrast, when these cells were cultured under SCM
conditions, only WT, but not the vector (Vec) or W372A mutant
PIASI reconstituted cells, rescued cells from cell death (Fig. 2e,
right panel). PIAS1 S90A mutant showed minor increase in cell
survival, although the increase is not statistically significant (Fig. 2e,
right panel). In addition, mammosphere assays were performed to
examine the ability of WT or PIAS] mutants to support the self-
renewal of TICs. The introduction of PIAS1 WT into PIASI
knockdown cells promoted the formation of mammospheres
(Fig. 2f). The introduction of PIAS1 S90 or W372 mutant resulted
in minor increases in mammospheres, although the increases are
not statistically significant (Fig. 2f). Consistently, ALDEFLUOR
assays indicated that PIAS1 W, but not S90 or W372 mutant,
restored the population of ALDH" TIC:s (Fig. 2g). Taken together,
these studies suggest that the observed inhibition of TIC's in PIASI
knockdown cells is due to the reduction of PIAS] expression, and
that both PIAS1 Ser90 phosphorylation and SUMO ligase activity
are required for the maintenance of the breast TICs.

PIAS1 selectively represses a subset of genes clinically
relevant to breast cancer

We explored the molecular mechanism of PIASI-mediated
regulation of breast TICs. Gene profiling studies were performed
to identify PIAS] downstream genes involved in tumorigenesis.
Total RNAs from the control and PIAS1 knockdown MDA-
MB231 cells cultured under DMEM or SCM conditions were
subjected to microarray analysis. Since PIASI is a transcriptional
repressor and PIAS] knockdown inhibited self-renewal of breast
TICs under SCM conditions, we focused on the genes that were
preferentially upregulated in PIAS1 knockdown cells under SCM
conditions (Table S1 in File S1). Interestingly, among the group of
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Figure 1. PIAS1 is important for tumorigenesis of breast cancer. (a) PIAS1 protein levels are increased in breast tumor samples as revealed by
tissue microarray analysis. Left panel: Representative tissue microarray spot from morphologically normal duct, ductal carcinoma in situ (DCIS) and
invasive ductal carcinoma (IDC). Right panel: a box and whisker plot of PIAS1 levels in various tissue samples. Total sample numbers (n) were
indicated. P values are determined by non-parametric two-tailed Kruskal Wallis test with alpha level equals 0.05. “+”, the mean of each population;
“A", outliers. (b) Western blot analyses were performed with whole cell extracts from MDA-MB231 cells containing a control shRNA or two
independent PIAS1 shRNAs (PIAS1 shRNA1 and 2). (c) The growth of MDA-MB231 control shRNA, PIAST shRNA1 and shRNA2 cells in DMEM
supplemented with 10% FBS (left), or Stem Cell Media (SCM) (right) (mean = SEM). Shown is a representative of 3 independent experiments. P values
were determined by paired t-test. (d) In vivo tumorigenesis studies. MDA-MB231 cells containing a control shRNA or PIAS1 shRNA2 were injected into
the female SCID-beige mice subcutaneously (left: 1x10° cells/mouse; n=4), or in fat pad (right: 2x10° cells/mouse; n=5). Shown is a representative
of 3 independent experiments. Each data point represents mean * SEM. P values were determined by non-paired t-test.
doi:10.1371/journal.pone.0089464.g001
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Figure 2. PIAS1 is important for the maintenance of the Tumor Initiating Cells (TICs) in MDA-MB231 cells. (a) Reduced ALDH"
population in PIAS1T knockdown cells using the ALDEFLUOR assay. Cells cultured in Stem Cell Media (SCM) for 25 days were incubated with
ALDEFLUOR substrate (BAAA) with or without the specific inhibitor of ALDH, DEAB, to define the ALDH* population (R2). The number indicates the
percentage of the ALDH" population. (b) Mammosphere assays. MDA-MB231 control shRNA and PIAST shRNAT and shRNA2 cells were seeded in SCM
on 35 mm petri dishes (5,000 cells/dish) and spheres were counted 7 days later. (c) PIAS1 is phosphorylated on Ser90 in response to EGF and
Heregulin in breast cancer cells. Various breast cancer cells were starved for 16 h, then either untreated or treated with EGF (100 ng/ml) or Heregulin
(15 ng/ml) for indicated time points. Western blot analyses were performed with whole cell extracts, using an antibody specific for Ser90-
phosphorylated PIAS1 (anti-pPIAS1) or total PIAS1 (anti-PIAS1). (d) Reconstitution of MDA-MB231 PIAS1 shRNA1 cells with the lenti-viruses encoding
the empty vector (Vec), wild type PIAS1 (WT), PIAST S90A mutant (S90A), or PIAST W372A mutant (W372A). Western blot was performed with whole
cell extracts from these cells using anti-PIAS1 or anti-Tubulin. (e) The effect of WT or S90A and W372A PIAS1 mutants on cell proliferation and
survival. MDA-MB231 cells as in d were seeded in DMEM supplemented with 10% FBS (left), or Stem Cell Media (SCM) (right) (mean = SEM). Shown is
a representative of 3 independent experiments. P values were determined by paired t-test. (f) Mammosphere assay. MDA-MB231 cells as in d were
seeded in SCM at 5,000 cells/dish. Spheres were counted 7 days after plating. (g) ALDEFLUOR assay. MDA-MB231 cells as in d were cultured in SCM
for 5 days, and the ALDH" population was determined by the ALDEFLUOR assays. Shown in each panel is a representative of 3 independent

experiments. Error bars represent SEM. P values were determined by paired t-test.

doi:10.1371/journal.pone.0089464.9002

genes strongly induced by PIAS] knockdown, several genes are
known to be clinically relevant to breast cancer, including breast
cancer DNA methylation signature genes Cyclin D2 (CGND2) and
Estrogen receptor (£SRI), candidate tumor suppressor WNT54,
progestagen-associated endometrial protein (PAEP), as well as
leucine zipper, downregulated in cancer 1 (LDOCI). WNT5A,
which signals through a non-canonical WNT pathway, is a
candidate tumor suppressor in breast cancers [30]. The loss of
WNT5A is associated with early relapse in invasive ductal breast
carcinomas (IDC) and short recurrence-free survival. PAEP (also
known as GDA/PPI4) is an epithelial differentiation-related gene.
PAEP expression is associated with a more favorable prognosis in
breast and ovarian cancers, and PAEP inhibits breast tumor
growth in SCID mice [31,32]. CGND2 is frequently silenced in a
variety of human cancers, including breast and ovarian cancers,
through promoter hypermethylation [33,34]. LDOCI has been
reported to be downregulated in pancreatic and gastric cancer
cells [35].

The induction of these genes identified by microarray was
validated by quantitative real time PCR (Q-PCR) analysis in two
independent PIAS1 knockdown MDA-MB231 cell lines (Fig. 3a
and Table S2 in File S1). As a control, PIAS1 knockdown did not
show significant effect on the expression of WNTI and CCNDI,
which show sequence homologies, but are functionally distinct in
tumorigenesis, from WNT54 and CCNDZ2, respectively. These
results suggest that PIAS] shows specificity in gene repression.
Consistently, the transcription of WNT54 and CCGND2, but not
CCND1, was also elevated in PIAS] knockdown xenograft tumor
samples (Fig. 3b).

PIAS1 promotes self-renewal of breast TICs through
WNT5A suppression

The WNT pathway is known to play a role in the regulation of
self-renewal of stem cells [36-38]. Consistent with the gene
expression results, higher levels of WNT5A protein were detected
in PIASI knockdown MDA-MB231 cells (Fig. 4a). WNT5A
shRNA was introduced into PIAS1 shRNA2 knockdown MDA-
MB231 cells to inhibit WNT54 expression. While WNT5A
shRNAT efficiently inhibited the expression of WNT54, WNT5A
shRNA2 showed only a minor inhibition of WNT54 expression
(Fig. 4b). Mammosphere assays showed that the suppression of
WNT54 expression by WNT5A shRNALI significantly enhanced
the formation of mammospheres (Fig. 4c). Furthermore, the
exogenous administration of recombinant WNT35A protein
efficiently inhibited the mammosphere formation of parental
MDA-MB231 cells (Fig. 4d). Consistently, the knockdown of
WNT5A by shRNAT significantly enhanced the tumor growth of
PIAS1 knockdown MDA-MB231 cells i vivo (Fig. 4e). These

studies support a role of WNT5A in PIASI knockdown-mediated
inhibition of the self-renewal of breast TICs and breast tumori-
genesis.

PIAS1 promotes epigenetic gene silencing in breast
cancer cells

Our recent studies showed that PIAS] restricts nTreg differen-
tiation by recruiting DNMTs to the Foxp3 promoter to promote
DNA methylation and epigenetic silencing [24]. We explored
whether the PIASI epigenetic pathway also operates in breast
cancer cells. Our previous results showed that PIASI inhibits the
expression of CGND2, ESRI and WNT54; but not CGNDI (Fig. 3).
Hypermethylation of the CGND2, ESRI and WNT5A loci has been
reported in various cancer types [39-42]. Therefore, chromatin
immunoprecipitation (ChIP) assays were performed to test
whether PIAS] was associated with the genomic loci with close
proximity to the reported methylation regions of the CCNDZ,
ESRI and WNT54 genes in MDA-MB231 cells. As shown in
Fig. 5a, PIAS1 bound to the CGND2, ESRI and WNT5A4 loci in the
control shRNA cells, while the binding was reduced in PIASI
shRNA2 cells. Furthermore, PIAS] was not associated with the
CCGNDI promoter (Fig. 5a), consistent with the finding that PIASI
does not affect the expression of CCGNDI (Fig. 3). Interestingly,
PIASI knockdown resulted in a substantial increase of the active
histone mark histone H3 acetylation (AcH3) on the WNT54 gene
(Fig. 5b). In contrast, the repressive modifications, such as histone
H3 K27 trimethylation (H3K27me3) and histone H3 K9
trimethylation (H3K9me3), were considerably reduced in PIAS]
knockdown cells (Fig. 5b). Similar changes in AcH3 and
H3K9me3 were observed in the CGND2 promoter (Fig. 5c). As a
control, H3K9me3 was readily detectable in the centromeric
satellite repeat, Satellite 2, a heterochromatin region [43] in MDA-
MB231 cells (Fig. 5d). More importantly, the H3K9me3 level was
not affected in PIAS1 knockdown cells, suggesting that PIAS1 does
not affect global heterochromatin structure (Fig. 5d). In addition,
while H3K9me3 and H3K27me3 were not detectable in the
CCNDI promoter, the AcH3 level was not affected by PIASI
knockdown (Fig. 5e), consistent with the finding that PIAS] does
not affect the CGNDI expression (Fig. 3). Taken together, these
results suggest that PIAS] regulates histone modifications of its
target genes.

CCND2 and ESRI are signature genes that are frequently
methylated in breast cancer [l]. Bisulfite sequencing analysis
indicated that the promoter of CCND2 was methylated in MDA-
MB231 control cells, which was significantly reduced in PIASI
knockdown cells (Fig. 6a). Similar reductions in DNA methylation
were observed in ESRI and WNT54 genes (Fig. 6a). Consistently,
ChIP assays indicated that both DNMT1 and DNMT3A bind to
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Figure 3. PIAS1 regulates the expression of a panel of tumor suppressor genes. (a) Real-time quantitative PCR (Q-PCR) assay. MDA-MB231
cells containing control shRNA, PIAST shRNA1 or shRNA2 were cultured in DMEM plus 10% FBS (DMEM) or Stem Cell Media (SCM) for 30 h, and total
RNA was used for Q-PCR assays with gene-specific primers. The gene names are labeled at the top left of each panel. The data were normalized by
beta-Actin (ACTB) and presented as “Relative Expression” as compared to that in control shRNA cells under DMEM condition, which was set as “1”
except for the ESR1 gene (the expression was not detectable in control shRNA cells). Shown is a representative of 3 independent experiments. Error
bars represent SD. ND, not detected. See also Table S1 and Table S2 in File S1. (b) Same as in a except that total RNA from fat pad tumor xenograft
samples were used (n=5). Error bars represent SEM. P values were determined by non-paired t-test.

doi:10.1371/journal.pone.0089464.g003

the CCND2 promoter in the control MDA-MB231 cells, while the
binding was compromised by PIASI knockdown (Fig. 6b). These
studies suggest that PIAS1 recruits DNMTs to promote DNA
methylation in breast cancer cells.

Discussion

Although extensive studies have been performed in the
identification and characterization of altered DNA methylation
and epigenetic modifications in breast cancer development and
progression [1,4-6], the molecular mechanism involved in this
process has not been understood. Studies described in this
manuscript have identified a novel epigenetic control mechanism
in promoting selective epigenetic silencing in breast cancer. Our

results suggest that the PIAS] epigenetic pathway, which has been
previously shown to function in regulatory 1" cell differentiation
[24], is up-regulated in breast cancer and is involved in promoting
DNA methylation and epigenetic silencing of breast cancer
signature genes such as ESRI and CCND2, as well as the breast
tumor suppressor WNTIA.

Microarray analysis of PIAS1 knockdown breast cancer cells has
uncovered an essential role of PIASI in the suppression of a group
of genes previously known to be clinically relevant to breast
cancer, such as WNT54 (Fig. 3). The WN'T family of proteins can
signal through the canonical beta-catenin-dependent or the non-
canonical beta-catenin-independent pathway [36-38]. WNT5A
belongs to the nontransforming class of the WNT gene family that
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Figure 4. PIAS1-mediated WNT5A suppression is important for the maintenance of breast Tumor Initiating Cells (TICs). (a) Western
blot analyses with whole cell extracts from MDA-MB231 cells containing control shRNA, PIAS1 shRNA1 or shRNA2 cultured in DMEM plus 10% FBS. (b)
Western blot analyses with whole cell extracts from MDA-MB231 PIAS1 shRNA2 cells containing either a control shRNA, a WNT5A-specific ShRNA
(WNT5A shRNAT1), or a non-working WNT5A shRNA (WNT5A shRNA2). (c) Mammosphere assay. Cells were seeded in Stem Cell Media (SCM) at
5,000 cells/dish, and spheres were counted 7 days later. Shown is a representative of 3 independent experiments. Error bars represent SEM. P values
were determined by paired t-test. (d) Same as in c except that the parental MDA-MB231 cells were used with or without recombinant WNT5A
treatment as indicated. (e) Tumorigenesis in vivo. Cells as in b were injected subcutaneously into SCID-beige mice (5x10° cells/mice; n=6). Shown is
a representative of 3 independent experiments. Each data point represents mean * SEM. P values were determined by non-paired t-test.

doi:10.1371/journal.pone.0089464.g004

activates non-canonical signaling pathways. The biology of
WNT5A is cell-type dependent, and it has been reported that
WNTS5A may signal through different WNT receptors to cause
different cellular responses [44]. Gene targeting studies indicate
that WNTSA is required for normal mammary gland develop-
ment, and Wntde-null ammary tissue shows an accelerated
developmental capacity [45]. In addition, WN'T5A overexpression
inhibits tumorigenesis of uroepithelial cell carcinoma and
suppresses mammary cell migration [46,47]. The loss of WNT5A
is associated with early relapse in invasive ductal breast carcinomas
and short recurrence-free survival, supporting WNT5A as a
candidate breast tumor suppressor [30]. The tumor suppressor
function of WNTSA has also been suggested in other human
cancers [48,49]. In this report, we showed that PIAS1-mediated
regulation of the self-renewal of breast TICs is largely achieved
through the transcriptional repression of WNT5A. The exogenous
administration of recombinant WNT5A protein to MDA-MB231
breast cancer cells suppressed mammosphere. Consistently,
WNTS5A inhibition by shRNA rescued PIAS1 knockdown-

mediated suppression of mammosphere and tumor growth n vive

(Fig. 4). Our results suggest that the PIASI-WNT5A pathway
regulates the self-renewal of breast TICs.

PIASI] is a nuclear SUMO E3 ligase that functions as a
transcriptional repressor. PIASI is activated by Ser90 phosphor-
ylation in response to proinflammatory stimuli. Activated PIASI is
then recruited to gene promoters to repress transcription [22,50].
In this report, we showed that PIASI is also phosphorylated/
activated in response to growth stimuli, and the ability of PIAS]1 to
regulate the self-renewal of breast TICs requires PIAS1 Ser90
phosphorylation as well as PIAS1 SUMO E3 ligase activity (Fig. 2).
Our studies suggest that PIAS1 may act as a sensor protein in the
nucleus that responds to growth and inflammatory stimuli in the
tumor microenvironment to regulate the self-renewal of TICs
through epigenetic gene regulation.

In conclusion, studies described in this paper suggest that PIAS1
plays an important role in promoting selective epigenetic silencing
during breast tumorigenesis. It is possible that the PIASI
epigenetic pathway may provide a link between inflammation
and the development of breast cancer (Fig. 7). Targeting the
PIASI1 epigenetic pathway may represent a novel therapeutic
strategy for the treatment of breast cancer.
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Figure 5. PIAS regulates the histone marks of the target genes. (a) Chromatin immunoprecipitation (ChIP) assay. Extracts from MDA-MB231
cells containing control shRNA, or PIAS1 shRNA2 were immunoprecipitated with anti-PIAS1 or IgG. The bound DNA was quantified by Q-PCR with
gene-specific primers and presented as “percent of input” (% input). (b) Same as in a except that antibodies specific for acetylated histone H3 (AcH3),
histone H3 trimethylated at Lys9 (H3K9me3), or histone H3 trimethylated at Lys27 (H3K27me3) were used, and the levels of these histone marks at
the WNT5A loci were quantified. (c) Same as in b except that histone marks at the CCND2 promoter were quantified. (d) Same as in b except that the
level of H3K9me3 at the heterochromatin region Satellite 2 was quantified. (e) Same as in b except that histone marks at the CCNDT promoter were
quantified. Shown in each panel is a representative of 3 independent experiments. Error bars represent SD.
doi:10.1371/journal.pone.0089464.9g005
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Figure 6. PIAS1 regulates DNA methylation status of the target genes. (a) DNA Methylation analyses of the indicated loci were performed
by bisulfite conversion of genomic DNA from MDA-MB231 cells containing control shRNA or PIAS1 shRNA2. The x axis represents the positions of the
CpG sites relative to the transcription start site (+1); the y axis represents the percentage. (b) Chromatin immunoprecipitation (ChIP) assay. Extracts
from MDA-MB231 cells containing control shRNA, or PIAS1 shRNA2 were immunoprecipitated with anti-DNMT1, anti-DNMT3A or IgG. The bound
DNA was quantified by Q-PCR with CCND2 promoter-specific primers and presented as “percent of input” (% input). Shown in each panel is a

representative of 3 independent experiments. Error bars represent SD.
doi:10.1371/journal.pone.0089464.9006

Materials and Methods

Mice, cell Lines and reagents

Tissue samples from breast cancer patients used for IHC
analysis were purchased from commercial companies (Imgenex
and Full Moon Biosystems). The work is exempt from Human
Research since the data were analyzed anonymously. Human
breast cancer cell lines MDA-MB231, BT-20, BT-474 and HCC-
1954 were obtained from ATCC. MDA-MB231
maintained in DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% Penicillin/Streptomycin. All other cells were
maintained in RPMI supplemented with 10% FBS and 1%
Penicillin/Streptomycin. Stem Cell Media (SCM) is composed of
DMEM/F-12 (Cellgro) supplemented with 0.4% BSA, 1%
Penicillin/Streptomycin, 2 mM Glutamine, 25 ng/ml human
EGF (R&D), 25 ng/ml human basic FGF (R&D) and 5 ug/ml
human insulin (Sigma). The following agents have also been used:
Heregulin (Upstate), anti-pPIAS1 (Ser90-phosphorylated PIASI)
[22], polyclonal anti-PIAS1 [20], [51]; anti-Tubulin (Sigma), anti-
WNT5A/B (Cell Signaling) and recombinant murine WNT5A
protein (R&D). This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by The UCLA Institutional Animal Care
and Use Committee (Protocol Number: 1999-015-43A).

cells were

shRNA knockdown and reconstitution

Oligonucleotides encoding a control small hairpin  RNA
(shRNA) or various shRNAs targeting PIAS] or WNT5A were
cloned under the control of the U6 promoter in the Lentiviral
vector CS-CP for PIASI

(containing a puromycin-resistant

marker) or CS-CH for WNT5A (containing a hygromycin-
resistant marker), which was modified from the CS-CG Lentiviral
vector [52]. Lentiviruses were generated by co-transfecting 293T
cells with shRNA constructs together with helper plasmids pCMV-
VSV-G and pHR’8.9AVPR using the calcium phosphate method.
The viral supernatant was collected 72 h post transfection, and
used to infect various cancer cells. Cells were subjected to drug
selection (puromycin: 2.5 ug/ml; hygromycin: 250 ug/ml) 48 h
post infection. The target sequences of the shRNAs are: Control

shRNA:  GCACTACTGTCGATGACGA; PIAS] shRNAL:
GTTTCTGATAAACAAAACC; PIAS] shRNA2: GAAAC-
TATTCCATGGCAGT; WNT5A shRNAT: AGTG-

CAATGTCTTCCAAGT; WNT5A shRNA2: TATTAAGCC-
CAGGAGTTGC.

The wild type (WT), S90A and W372A mutant PIAS] escape
expression constructs were generated by insertion of WT or
mutant PIAS] ¢cDNA fragments into the Lentiviral expression
vector bearing a Hygromycin-resistant marker. These PIASI
cDNAs carried 4 silent mutations that can escape the inhibition by
shRINA without changing the codons of the protein (only the third
nucleotide of each codon was altered). Lentiviruses were obtained
as described above and target cells were infected with viral
supernatant followed by Hygromycin selection.

In vitro mammosphere formation. In vifro mammosphere
assays with MDA-MB231 cells were performed as described
[12,27]. Briefly, cells were seeded under SCM conditions at
indicated densities on 35 mm petri dish. Fresh human EGF
(25 ng/ml), basic FGF (25 ng/ml) and Insulin (5 ug/ml) were
supplemented every 2 days. Spheres were counted under a
microscope after 5-7 days of culture.

Inflammation  Growth factor
S90p
S90p
AcH3 E H3K9/K27
— WNT5A WNT5A
CCND2 N CCND2
Epigenetic Gatekeepers Epigenetic Gatekeepers

Figure 7. A proposed model of the function of PIAS1 in breast cancer. In response to growth factor and inflammatory signals, PIAST is
activated via Ser90 phosphorylation (S90p), and recruited to the target gene promoters. PIAS1 represses the expression of epigenetic gatekeeper
genes, such as ESR1, WNT5A and CCND2, by promoting inhibitory histone H3 lysine 9 and lysine 27 trimethylation (H3K9/K27) and DNA methylation
(Met), while inhibiting acetylated histone H3 (AcH3). Therefore, PIAS1T promotes tumorigenesis by selective epigenetic gene silencing.

doi:10.1371/journal.pone.0089464.g007
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Cell proliferation assay

For MDA-MB231 cell proliferation under DMEM conditions,
cells were seeded in DMEM plus 10% FBS and 1% Penicillin/
Streptomycin at a density of 1x10° cells per well in 6 well plate,
and stained with trypan blue and counted for viable cells everyday
for 5 days. Alternatively, cells were seeded at a density of 3,000
cells per well in 96 well tissue culture plate (08-772-3; Fisher), and
cell growth was determined everyday for 4-5 days by CellTiter96
AQueous One Solution Cell Proliferation Assay as instructed by
the manufacturer (Promega). For cell growth under SCM
conditions, cells were seeded in SCM at a density of 3,000 cells
per well in 96 well non-treated microplate (12-565-226; Fisher),
and supplemented with fresh human EGF (25 ng/ml), basic FGF
(25 ng/ml) and Insulin (5 ug/ml) every 2 days. Cell growth was
determined at indicated time points by CellTiter96 AQueous One
Solution Cell Proliferation Assay as instructed by the manufacturer
(Promega). Triplicates were performed for each time point of the
growth curve.

ALDEFLUOR assay

The ALDH" cell population was determined using an
ALDEFLUOR assay kit as instructed (StemCell Technologies).
Briefly, cells grown under SCM condition were incubated with the
ALDH substrate BAAA in ALDEFLUOR assay buffer in the
presence or absence of the specific ALDH inhibitor diethylami-
nobenzaldehyde (DEAB) at 37°C for 45 min, followed by flow
cytometry. The ALDH" population of each sample was deter-
mined using its own negative control (DEAB containing sample) as
a reference.

In vivo tumorigenesis

Exponentially growing cells were trypsinized and resuspended
in serum free-DMEM or RPMI, mixed with equal volume of
Matrigel (BD Biosciences), and injected into the fat pad, or
subcutaneously into the flank of 6-10 week old SCID beige mice
(UCLA Department of Radiation Oncology) in a volume of 150 ul
per site. Tumors were measured weekly with a caliper and tumor
volume was calculated as width x length x height x 0.526.

Tissue microarray analysis

Tissue microarray slides were obtained from Imgenex and Full
Moon Biosystems, and immunohistochemistry (IHC) staining was
performed using polyclonal anti-PIAS1 [20] as instructed by the
manufacturers.
tissues from healthy individuals as well as histologically normal
tissues adjacent to tumors. Semiquantitative assessment of PIASI
staining was performed using a 0-2 scale (0 =negative; 1 =weak
staining; 2 =strong staining) based on the average intensity per
epithelial cell, and PIAS]1 score was defined as the product of
PIAS] staining scale and the percentage of PIASI positive
staining. A total of 3 independent tissue arrays containing 30—
100 samples each were performed and the data were pooled.
Statistic analysis was performed using non-parametric two-tailed
Kruskal Wallis test with alpha level equals 0.05 for all tests, since
both “Normal duct” and “IDC” populations are not normally
distributed.

“Normal duct” was defined as normal breast

Microarray analysis

MDA-MB231 cells containing a control shRNA or PIAS]
shRNA2 were cultured in DMEM plus 10% FBS (DMEM) or
SCM for 30 h. Total RNA was prepared and subjected to
microarray analyses using the human genome U133A 2.0 array
chip (Affymetrix) as described [19]. The microarray data is
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presented in Table S1 in File S1 and has been deposited to Gene
Expression Omnibus (GEO) database (GSE44024).

Quantitative real time PCR (Q-PCR)

Quantitative real time PCR (Q-PCR) analyses were performed
with breast cancer cells or tumor xenograft samples as described
previously [19]. Briefly, total RNA was prepared using RNA
STAT60 (Tel-Test). First strand complementary DNA was
produced by reverse transcription (RT) of 1 ug total RNA using
iScript cDNA synthesis kit (Bio-Rad). Q-PCR was carried out
using the CFX96 real-time PCR detection system (Bio-Rad) in a
final volume of 25 ul containing Taq polymerase, 1xTaq buffer,
125 uM dNTP, SYBR Green I (Molecular Probes) and gene-
specific primers. Amplification conditions were: 95°C (3 min), 40
cycles of 95°C (10 s) and 61°C (30 s). Q-PCR data were analyzed
by CFX Manager 2.0 software (Bio-Rad), and normalized by beta-
Actin (ACTB). The results were presented as “Relative Expression”
as compared to that in the control shRNA cells, which was set as
“1”. Primers are listed in Table S2 in File SI.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using the ChIP analysis kit as
instructed (Upstate). Briefly, cells grown in DMEM plus 10% FBS
were cross-linked and lysed. Chromatin was sheared by sonication
(10 s at 30% of the maximum strength for a total of six times). Cell
extracts were immunoprecipitated with indicated antibodies, or
IgG as a negative control. The binding of these factors to various
DNA regions was quantified by quantitative real time PCR (Q-
PCR) using the immunoprecipitates as templates and specific
primers (Table S2 in File S1). The results were presented as
“percent of input”. The following antibodies were used in the
ChIP assay: normal rabbit IgG (sc-2027; Santa Cruz), anti-PIAS1
[51], anti-histone H3 trimethylated at Lys9 (H3K9me3) (17-625;
Millipore); anti-histone H3 trimethylated at Lys27 (H3K27me3)
(17-622; Millipore); anti-Acetylated histone H3 (AcH3) (17-615;
Millipore); anti-DNMT1 (Ab13537; Abcam) and anti-DNMT3A
(R0015-2; Abiocode).

Bisulfite treatment and methylation analysis

Bisulfite modification of DNA was performed using EZ
Methylation-Gold kit (Zymo Research). Bisulfite genomic se-
quencing (BGS) was conducted using cells grown in DMEM plus
10% FBS as described [39-42]. Taqg DNA polymerase (Zymo
Research) was used for PCR amplification using specific primers
(Table S2 in File S1). The PCR conditions were as follows: 1 cycle
of 95°C for 10 min, then 40 cycles of 95°C for 45 s, 56°C for
1 min, and 72°C for | min; and 1 cycle of 72°C for 10 min.
Amplified products were cloned into pCR4-Topo (Invitrogen),
with 8 to 12 colonies randomly chosen and sequenced.

Supporting Information

File S1 Contains the following files: Figure S1, Table SI and
Table S2. Figure S1. Validation of the polyclonal anti-PIAS1
antibody by immunofluorescence. MDA-MB231 cells containing
control shRNA or PIAS] shRNA2 were fixed by 3 different
methods as indicated, followed by staining with polyclonal anti-
PIAS1. FMA, formaldehyde. Table S1. Microarray analysis. Fold
induction is defined as the ratio of the expression levels of a given
gene in PIAS1 shRNA2 vs. control shRNA cells. Genes with
greater than 10-fold induction under Stem Cell Media (SCM)
condition are shown. Table S$2. Primers used for Q-PCR, ChIP
and methylation.
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Control shRNA PIAS1 shRNA2

a-PIAS1 Hoechst a-PIAS1 Hoechst

a—PIAS1
FMA+Triton
a—PIAS1
10% Formalin
25h

Figure S1. Validation of the polyclonal anti-PIAS1 antibody by immunofluorescence.

o—PIAS1
10% Formalin
5 min

MDA-MB231 cells containing control shRNA or PIAS1 shRNA2 were fixed by 3 different
methods as indicated, followed by staining with polyclonal anti-PIAS1. FMA, formaldehyde.
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Table S1. Microarray analysis

Fold induction is defined as the ratio of the expression levels of a given gene in PIAS1 shRNA2
vs. control shRNA cells. Genes with greater than 10-fold induction under Stem Cell Media
(SCM) condition are shown.

Fold induction

Gene Acession numbel SCM DMEM

SPANXA1 gb:NM_013453.1 78.6 18.86
LDOC1 gb:NM_012317.1 58.1 9.04
MMP1 gb:NM_002421.2 36.38 36.18
SPANXA1 gb:NM_013453.1 35.49 28.63
WNT5A gb:NM_003392.1 34.55 6.73
PAEP gb:NM_002571.1 30.65 2.77
GJA7 gb:NM_005497.1 24.01 0.34
WNT5A gb:Al968085 22.7 4.17
SELL gb:NM_000655.2 21.03 3.67
ORM1 gb:NM_000607.1 20.67 2.14
MGC2463 gb:NM_024070.1 19.93 3.29
CD84 gb:AF054816.1 19.92 0.16
HEY1 gb:NM_012258.1 19.19 2.45
MUC5B gb:Al697108 18.21 2.2
FLJ21369 gb:NM_024802.1 17.97 0.04
FZD8 gb:AL121749 17.6 4.18
SCYAS8 gb:Al984980 17.17 0.18
MC4R gb:NM_005912.1 16.65 2.28
FLJ22494 gb:NM_024815.1 15.98 0.5
RPL5 gb:U66589.1 15.58 2.19
H4F2 gb:NM_003548.1 15.34 2.52
PSCDBP gb:L06633.1 15.29 0.22
FLJ12130 fis gb:AK022192.1 14.92 5.28
SLC5A7 gb:NM_021815.1 14.86 5.71
APBA2 gb:AW571582 14.32 4.38
NF2 gb:AF122827.1 13.9 22.25
HSD17B2 gb:NM_002153.1 13.89 0.34
SPANXC gb:NM_022661.1 13.81 11.48
FCGR1A gb:X14355.1 13.43 0.41
FLJ10178 gb:AK001040.1 13.3 6.68
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Table S1. Microarray analysis (continued)

Fold induction

Gene Acession numbei1 SCM DMEM

LCNA1 gb:NM_002297.1 13.27 3.34
FLJ21610 gb:NM_022751.1 13.2 10.83
SLC15A2 gb:BF223679 12.73 16.23
PAI2/SERPINB2 gb:NM_002575.1 12.57 20.35
BHBGT IIB gb:S83374.1 12.55 2.74
FLJ11507 fis gb:AK021569.1 12.54 2.49
LECT2 gb:NM_002302.1 12.44 3.67
EPB41L4 gb:NM_022140.1 12.41 2.41
CGl-96 gb:AL450314.1 12.29 6.59
NMES gb:NM_003551.1 12.03 0.35
SYT1 gb:AV723167 12 9.02
KIAA1060 gb:AB028983.1 11.95 0.13
TRPC6 gb:NM_004621.2 11.88 0.28
VAMP5 gb:Al814466 11.77 10.37
CCND2 gb:AW026491 11.69 4.22
pseudogene gb:AL163533 11.55 0.49
SH3D5 gb:NM_015385.1 11.36 217
DCT gb:AL139318 11.05 3.53
HRMT1L1 gb:U79286.1 10.91 5.21
ELL2 gb:NM_012081.1 10.88 12.08
GADD45G gb:NM_006705.2 10.84 5.63
C110RF25 gb:AJ300461.1 10.72 0.26
SLC19A3 gb:NM_025243.1 10.71 10.62
GAS2 gb:NM_005256.1 10.55 0.22
DACH gb:NM_004392.1 10.55 0.1
RLBP1 gb:NM_000326.1 10.51 3.1
ADCY1 gb:L05500.1 10.48 0.38
SYTS gb:NM_003180.1 10.36 0.34
PAD gb:NM_012387.1 10.2 11.25
unknown gb:AL049786.1 10.11 0.18
CTNND2 gb:AF035302.1 10.1 0.2
KIAA0983 gb:AB023200.1 10.07 6.51
OAZ4 gb:AF293339.1 10.04 4.82
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Table S2. Primers used for Q-PCR, ChIP and methylation.

Species Gene 5'or 3 DNA sequence
Q-PCR primers:
human WNT5A 5' CAAGGGCTCCTACGAGAGTG
3 GCCAGCATGTCTTCAGGCTA
WNT1 5' CTCCTCCACGAACCTGCTTA
3 CGGATTTTGGCGTATCAGAC
CCND2 5' TCACCAACACAGACGTGGAT
3 ACGGTACTGCTGCAGGCTAT
CCND1 5' GCCATGAACTACCTGGACCG
3 TGATCTGTTTGTTCTCCTCCGC
LDOC1 5' GCTGCCAGGCTTACATCTTC
3 CCAGGTTGGTCCTGATCTC
PAEP 5' ACTATACGGTGGCGAACGAG
3 CAGGTACTGGCACATCATGC
ESR1 5' CGGCTCCGTAAATGCTACGA
3 AACATTCTCCCTCCTCTTCGG
ACTB 5' AGGCACCAGGGCGTGATGG
3 CATGGCTGGGGTGTTGAAGG
ChIP primers:
human WNT5A 5' GGCCACAGTTGAGTAGTGGT
3 CAACTGTTCCACGGAGAGG
CCND2 5' TGTTCTGGTCCCTTTAATCG
3 AACGGATCCTAATCCTCCTG
ESR1 5' AAACCACCCATGTCCTATTTTG
3 AGGCTGGAAAGTACCCTATGCT
CCND1 5' TGGGGACCCTCTCATGTAAC
3 TAGAATTTGCCCTGGGACTG
Satellite 2 | 5' CATCGAATGGAAATGAAAGGAGTC
3 ACCATTGGATGATTGCAGTCAA
Methylation
primers:
human WNT5A 5' TGGGGTTGGAAAGTTTTAATTAT
3 ACTAAACACCTACCTTCATAAC
CCND2 5' TTTTGGAGTGAAATATATTAAAGGG
3 CCCCTACATCTAACAAACC
ESR1 5' TAATGTTTGGTAATAAAGTTTTTATTGG

AAAACCTTCTAAAATACATATAAATCAAAT
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Chapter 5: TET2 is a Regulator of the Innate Inmune Response

in Murine Macrophages
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Abstract

The ten-eleven translocation (TET) proteins are important epigenetic modifiers. TET
proteins possess enzymatic activity to create the DNA modification 5-hydroxymethylcytosine
(5hmC) which can affect gene regulation. Deficiencies in TET2 have been reported in numerous
human hematopoietic disorders and in addition animal studies indicate an enhanced myeloid
proliferation in mice lacking TET2. Despite this, little is known about the role of TETZ2 in the
innate immune response. Using TET2 deficient mice, we show that TET2 is a negative inhibitor
of a subset of the microbial responsive genes associated with M1 polarized macrophages.
Simultaneously, TET2 is required for the expression of a subset of M2 associated genes. Tet2-/-
mice exhibit protection against Listeria monocytogenes infection, likely due to the

overexpression of proinflammatory genes.

Introduction

Macrophages are phagocytic cells that survey their microenvironment and play a key
role in the initiation of the immune response. Possessing a multitude of specialized receptors
such as the interferon receptors and toll-like receptors (TLR), macrophages can respond to a
myriad of external cues such as cytokines, growth factors, microbes, microbial products, and
glucocorticoids (Murray et al., 2014). Through the combination and intensity of the stimuli,
macrophages can mount appropriate immune responses, ranging from “classical’/M1 responses
associated with bacteria, virus, and protozoa infections, to the “alternative”/M2 responses
associated with other macrophage functions that are not part of the anti-microbial response,
such as the resolution of inflammation, parasite clearance, wound healing and fibrosis, and
allergic responses (Ishii et al., 2009; Murray et al., 2011). In vitro, IFN-y and/or LPS can polarize
macrophages to the inflammatory associated M1 phenotype, whereas IL-4 polarizes

macrophage to the alternative, M2 phenotype (Martinez and Gordon, 2014).
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As the M2 phenotype encompasses a variety of potential macrophage functions, widely
used markers of IL-4 induced M2 polarization include Chitinase-like 3 (Chil3, also known as
Chi3I3 and Ym1), Chitinase-like 4 (Chil4, also known as Chi3/4 and Ym2), Arginase 1 (Arg1),
Mannose Receptor 1 (Mrc1, also known as CD206), and the chemokines C-C motif ligand 17
(Ccl17) and C-C motif ligand 22 (Ccl/22) (Murray et al., 2014). Chil3 and Chil4 have roles in the
allergic response and also are important for nematode killing (Webb, McKenzie, and Foster,
2011; Welch et al., 2002; Sutherland et al., 2014). Arg1 is involved in immunosuppression, as it
down-regulates nitric oxide synthesis (Munder, 2009). Mrc1 is upregulated in helminth infections
(Anthony et al., 2006), and Ccl/17 and Ccl22 are Th2 chemokines and have been implicated in
fibrosis (Belperio et al., 2004).

Over 2000 proteins are produced upon stimulation with IFN-y, of which roughly 20% are
Guanylate binding proteins (GBP) (Kim et al., 2012). The GBP family is highly conserved in
vertebrates and includes seven members in humans and eleven members in mice. GBPs are a
family of large guanosine triphosphatases (GTPases) and, while described as part of the
dynamin superfamily, GBPs share little homology with other dynamin proteins (Praefcke and
McMahon, 2004). Multiple studies have uncovered important anti-viral and anti-pathogenic roles
for GBPs, including host defense to intracellular pathogens such as influenza virus, Salmonella
typhimurium, Chlamydia muridarum, Francisella novidica, Listeria monocytogenes, and
Toxoplasma gondii, among others (Pilla-Moffett et al., 2016). GBPs have been observed to
deliver lysosome to L. monocytogenes and Mycobacterium bovis BCG for pathogen Kkilling. In
fact, mice lacking GBP1 are more susceptible to listeriosis than their wildtype control due to
impaired macrophage activity (Kim et al., 2011).

The ten-eleven translocation (TET) methylcytosine dioxygenase family of proteins can
epigenetically regulate gene expression by altering the expression of genes controlled by DNA
methylation. TET proteins catalyze the conversion of 5-methylcytosine (5mC) into 5-

hydroxymethylcytosine (5hmC), the first step towards active DNA demethylation (Tahiliani et al.,
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2009). Numerous studies have been performed on embryonic stem cells and neuronal cells to
characterize the role of TET proteins. So far, both enzymatic and non-enzymatic role of TET
proteins in gene regulation have been uncovered (Pastor et al., 2013). However, there are few
studies characterizing the role of TET proteins in innate immunity. Three groups have
independently created Tet2 deficient mice, and in all cases found dysregulated hematopoietic
stem cells (HSC) with an increase in myeloid cells (Moran-Crusio et al., 2011; Ko et al., 2011; Li
et al., 2011). Additionally, TET2 is commonly mutated in several human myeloid malignancies,
such as acute myeloid leukemia (AML), in which 22% of cases have TET2 mutations
(Delhommeau et al., 2009; Ficz and Gribben, 2014). This demonstrates that TET2 plays an
important role in myeloid cell differentiation. As the hematopoietic system is the source of
mature blood cells that includes myeloid-derived macrophages and dendritic cells (Seita and
Weissman, 2010), we determined if TET proteins play a role in the gene regulation of immune
responses.

Here we characterized the role of TET2 in macrophages in the context of the innate
immune system. We show that TET2 levels are induced upon pro-inflammatory stimuli,
suggesting a role for TET2 in the gene regulation of inflammatory genes. Gene analysis of
stimulated macrophages reveal that TET2 represses several genes important for bacterial and
viral clearance, such as Ifn-8, II-6, Gbp1, and Isg15. In the absence of TET2, macrophage cells
are more polarized towards the M1 phenotype and exhibit corresponding deficiencies in several
M2 genes. Finally, in vivo results with Listeria monocytogenes show that TET2 has a negative

impact with pathogen clearance.

Results
TET proteins are induced by proinflammatory stimuli.
To determine if TET proteins have a role in the inflammatory response, wild-type and

littermate matched Tet7-/- or Tet2-/- bone marrow-derived macrophages (BMDM) were treated
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with various immune stimulatory factors and cytokines in a time course dependent manner.
Gene expression was analyzed by qPCR. Lipopolysaccharide (LPS) is a component of the outer
membrane of Gram-negative bacteria that strongly induces TLR4. Zymosan is found on the
surface of Saccharomyces cerevisiae and is composed of protein-carbohydrate complexes and
can activate TLR2. Polyinosinic:polycytidylic acid (poly I:C) is a synthetic analog of double-
stranded RNA typically associated with viral RNA and signals through TLR3 (Kawai and Akira,
2010). Interferon beta (IFN-B), interferon gamma (IFN-y) and interleukin 4 (IL-4) are cytokines

with strong immunoregulatory roles (Hu and lvashkiv, 2009; Gordon and Martinez, 2010).
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Figure 5.1. Proinflammatory signals stimulate TET expression in BMDM.

(a) BMDM from Tet1+/+ and Tet1-/- littermate matched mice were treated with either LPS (20
ng/ml), zymosan (100 ug/ml), high molecular weight (HMW) poly I.C (20 ug/ml), IFN-y (100
ng/ml), or IL-4 (10 ng/ml) for indicated time points. Gene expression levels were determined by
gPCR using total RNA. (b). Same as in (a) but using Tet2+/+ and Tet2-/- littermate mice. (c)
Same as in (a) except only Tet2+/+ cells were treated with IFN-B (500 units/ml). Experiments
were repeated at least three times. Shown are representative data. Values are normalized to
Hprt. Error bars indicate standard deviation among duplicates in gPCR.
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As shown in Figure 5.1a, Tet1 expression is induced within 6 hours of stimulation with
LPS, zymosan and poly I:C, reaching a peak for LPS and zymosan by 24 hours. In contrast,
IFN-y or IL-4 alone did not induce Tet? expression. Likewise, Tet2 expression is also induced by
LPS and zymosan but with an earlier induction profile that is apparent at 2 hours of stimulation
and peaks around 6 hours (Figure 5.1b). IFN-B can also induce Tet2, although modestly (Figure
5.1¢). In contrast, there was no Tet3 induction when cells were stimulated with LPS, IFN-B, and
IFN-y (data not shown). We determined if either Tet? or Tet2 can compensate for the lack of the
other, and found that generally there is no compensation as analyzed by gPCR (data not
shown). This is in agreement with other published reports (Ko et al., 2011; Dawlaty et al., 2011).
These results show that both Tet? and Tet2 are induced by inflammatory stimuli.

Next, protein immunoblots were performed to validate the gene expression data for
TET2. As shown in Figure 5.2a, BMDM treated with LPS, zymosan, and IFN-3, resulted in the
detection of a stimulus and time dependent increase in TET2 protein levels that corresponds
with the qPCR data. Unfortunately, our TET1 antibody is not sensitive enough to detect TET1
protein in these cells (data not shown). The activation of TLR4 by LPS can produce IFN-3, and
IFN-B can signal through the Type | interferon-a/p receptor (IFNAR), which is composed of two
chains, IFNAR1 and IFNAR2. Both chains are required for signaling (Noppert, Fitzgerald, and
Hertzog, 2007). To asked if the IFNAR pathway is involved in LPS-induced TET2 expression,
Ifnar1-/- BMDM was stimulated with LPS. Treatment of /fnar1-/- BMDM with LPS still resulted in
the induction of TET2, indicating that TET2 expression is not dependent on the Type | interferon
receptor pathway. As a control, Ifnar1-/- BMDM did not respond to IFN- stimulation, as

expected due to the lack of the receptor chain (Figure 5.2b).
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Figure 5.2. Induction of TET2 protein is independent of the IFNa receptor.

(a) Wild-type BMDM were treated with LPS (20 ng/ml), zymosan (100 ug/ml), or IFN- (500
units/ml) for indicated time points. Protein lysates were harvested and an immunoblot was
performed. (b) Ifnar1-/- BMDM were treated with LPS or IFN- similarly as in (a) and protein
lysates were subjected to immunoblotting. Protein loading was normalized to non-specific bands
(ns). Note: all TET2 antibodies used here were from Abiocode (Aguora Hills, USA), but various
antibody clones are used here. Both 5.2a and 5.2b “LPS” were probed with clone #E6-197, 5.2a
“zymosan” probed with clone #E10-47, and 5.2a “IFN-B” probed with clone #713.

TET2 represses a subset of immune regulatory genes.

Next, the role of TETZ2 in response to proinflammatory stimuli was determined. As
mentioned in chapter 1, TET proteins can stimulate or repress gene expression through various
mechanisms. To ask if TET2 and PIAS1 play potentially opposite roles in the inflammatory
response, our initial focus was on proinflammatory genes previously found to be negatively
regulated by PIAS1 (Liu et al., 2004; Liu et al., 2005). Analysis of TET2 deficient BMDM treated
with LPS or IFN-y by gPCR show enhanced expression of the cytokines /fn- and interleukin-6
(/I-6), along with Gbp1 and interferon-stimulated gene 15 (/sg15) (Figure 5.3). ISG15 is a di-

ubiquitin-like molecule that can conjugate to cellular proteins and also function as a cytokine to
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induce IFN-y production (D’Cunha et al., 1996; Giannakopoulos et al., 2005). However, the
induction of other classical proinflammatory genes such as CXC chemokine ligand 2 (Cxcl2,
also known as MIP2), CXC chemokine ligand 9 (Cxcl9, also known as MI/G), CXC chemokine
ligand 10 (Cxcl10, also known as /P10), and nitric oxide synthase 2 (Nos2) were not affected in
Tet2-/- BMDM (Figure 5.3). This indicates that TET2 does not globally affect the expression of
inflammatory genes, but rather TET2 regulates a subset of genes, similar to PIAS1. Whereas

PIAS1 is a negative regulator of /I-6, Gbp1, Cxcl9 and Cxcl10, of these four genes, TETZ2 only

represses /-6 and Gbp1.
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Figure 5.3. TET2 is a repressor of a subset of inflammatory genes.

(a) BMDM from Tet2+/+ and Tet2-/- littermate matched mice were treated with LPS (20 ng/ml)
for indicated time points. Gene expression levels were determined by gPCR analysis of total
RNA. (b) Same as in (a) except that cells were treated with IFN-y (100 ng/ml). Experiments
were repeated at least three times. Shown are representative data. Values are normalized to
Hprt. Error bars indicate standard deviation among duplicates in gPCR.
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TET2 represses IFN- promoter activity.

To study the effect of TET2 on IFN-B signaling, luciferase reporter assays were
performed in human 293T cells. The IFN-B promoter region from -400 bp to +20 bp of the
transcription start site (TSS) was cloned into a luciferase reporter construct (Figure 5.4a). To
ask if TET2 can repress IFN-B signaling, this reporter construct was then transiently transfected
with an increasing amount of mouse TET2 plasmid (either 6x or 30x the amount compared to
the luciferase construct). To activate IFN- signaling, cells were additionally transfected with
TBK1 to induce IFN-B transcription. TANK-binding kinase 1 (TBK1) is a protein that activates
the transcription factor IRF3 to signal IFN- production (Perry et al., 2005). Twenty-four hours
post transfection, cells were lysed and luciferase activity recorded. TET2 negatively affected the
expression of IFN-B, confirming the qPCR results (Figure 5.4b). To determine if the 5-
hydroxylmethylcytosine activity of TETZ2 is required for IFN-B repression, transient transfection
assays were performed with a TET2 mutant carrying H1302Y and D1304A mutations in the
catalytic domain, which severely abolishes TET2 enzymatic activity (Ko et al., 2010). Results
show that the enzymatic mutant TET2 can still repress IFN- promoter activity (Figure 5.4b). As
a control, transfection with PIAS1 repressed IFN-B-luciferase activity, as previously seen
(unpublished data). These results show that TET2 does not require catalytic activity to repress

IFN-B expression in vitro.
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Figure 5.4. TET2 represses IFN-B promoter activity.

(a) Schematic drawing of the murine IFN- promoter. Indicated in blue is the IFN-B promoter
region cloned into pGL3-luciferase reporter construct. Arrow indicates transcription start site
(TSS). Numbers indicate base pair from TSS. STAT1 and NF-kB transcription factor binding
sites are approximate. (b) Luciferase activity in lysates of 293T cells transfected 24 hours prior
with indicated plasmids. TBK1 was used to stimulate luciferase activity. Renilla was used for
normalization. Abbreviations: WT (wild-type); mut (catalytic mutant).

TET2 highly suppresses Gbp1 expression.

IFN-y is classically used to induce the expression of Gbp family members. We analyzed
if treatment with IFN-y can recapitulate the gene expression results obtained with LPS
stimulation (Figure 5.3a). Upon IFN-y treatment, Gbp1 is hyperactivated in Tet2-/- BMDM
compared to the wild-type control as analyzed by qPCR. Surprisingly Gbp2 induction is
defective in Tet2-/- BMDM. Gbp3 expression is generally not affected by the loss of TET2
(Figure 5.5a). The binding of IFN-y to its receptor triggers activation of STAT1 (Darnell Jr.,

1997), which then activates Gbp expression. Additionally IRF1 is required for Gbp activation in
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response to IFN-y (Briken et al., 1995). Gene analysis was performed to asked if potential
differences in Stat1 and/or Irf1 gene expression can account for the hyperactivation of Gbp1 in
Tet2-/- BMDM. Generally there was no defect in the induction of these two genes in TET2

deficient cells (Figure 5.5a).
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Figure 5.5. TET2 differentially regulates Gbp proteins.

(a) BMDM from Tet2+/+ and Tet2-/- littermate matched mice were treated with IFN-y (100
ng/ml) for indicated time points. Gene expression levels were determined by gPCR of total RNA.
(b) Same as in (a) except that resident peritoneal macrophages were analyzed. (c) Same as in
(a) except that littermate-matched primary MEF cells were treated with IFN-y at a lower dose
(20 ng/ml). Experiments were repeated at least four times for BMDM, and two times for
peritoneal macrophages and primary MEF. Shown are representative data. Values in (a) and (c)
are normalized to Hprt, and values in (b) are normalized to Gapdh because IFN-y affects Hprt
levels in peritoneal macrophages. Error bars indicate standard deviation among duplicates in

qPCR.
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As BMDM are derived in vitro, they may not be representative of other macrophage cell
types found in vivo. Therefore the IFN-y time course assay was repeated using primary resident
peritoneal macrophages (Figure 5.5b). Additionally, these assays were repeated in primary
mouse embryo fibroblast (MEF) cells to ask if the TET2 effect on Gbp71 expression is
macrophage specific (Figure 5.5¢c). Regardless of the source of the cell population, Gbp1 is
consistently upregulated, and Gbp2 is consistently downregulated in Tet2-/- cells. Stat1 and Irf1
expression levels remain unaffected by the loss of TET2 and cannot account for the

hyperactivation of Gbp1 seen in these three cell types.

TET2 deficient macrophages are defective in several M2 genes

Gene analysis of Tet2-/- BMDM and peritoneal macrophages stimulated with LPS and
IFN-y revealed either no difference in gene expression, or an overexpression of several key
immune responsive genes (Figure 5.3). In the spectrum of M1 vs. M2 macrophage polarization,
it appears that Tet2-/- macrophages are polarized more towards the M1 phenotype. Therefore,
gene analysis was performed by gPCR to address if there are corresponding defects in gene
expression in key M2 genes. BMDM were treated with IL-4 in a time course dependent manner
to induce M2 genes. Expression analysis show a significant defective response in Chil3 and
Chil4 in Tet2-/- BMDM. While the defect in Arg1 expression at 24 hours is less than two-fold,
this small defect was consistently observed in six independent experiments (Figure 5.6a).
However, not all key M2 genes are defective in Tet2-/- BMDM, as Ccl17, Ccl22 and Mrc1
expression is not affected by the loss of TET2. Next, to elucidate if the defect in M2 genes is
consistent in other macrophage cell types, resident peritoneal macrophages were analyzed. A
consistent defect in Chil3 and Chil4 induction was observed in TET2 deficient peritoneal
macrophages, although this defect is not as dramatic as seen in BMDM (Figure 5.6b). The
defect in Arg1 expression is no longer observed, although a slight defect in Ccl22 expression is

still apparent in peritoneal macrophages. Similar to BMDM, there is no defect in Cc/17 induction
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in peritoneal macrophages. These results show that TET2 is required for the expression of a

subset of M2 genes.
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Figure 5.6. TET2 is essential for the expression of several key M2 genes.

(a) BMDM from Tet2+/+ and Tet2-/- littermate matched mice were treated with IL-4 (10 ng/ml)
for indicated time points. Gene expression levels were determined by qPCR of total RNA. (b)
Same as in (a) except that resident peritoneal macrophages were analyzed. Experiments were
repeated at least four times for BMDM, and two times for peritoneal macrophages. Shown are
representative data. Values are normalized to Hprt. Error bars indicate standard deviation

among duplicates in gPCR.
STAT1 and STAT6 are similarly activated in Tet2-/- BMDM

IFN-y stimulation signals through the STAT1 pathway for M1 macrophage polarization,
whereas IL-4 signals though STAT6 for M2 polarization (Murray et al., 2014). STAT proteins are
a family of latent transcription factors found in the cytoplasm but become activated by
phosphorylation and translocate to the nucleus upon stimulation of specific interferon

receptor(s) (Darnell Jr., 1997). To explain the skew of our Tet2-/- macrophages towards the M1
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activation spectrum and concurrent defects in several M2 genes, protein immunoblots were
performed to detect potential defects in either STAT1 or STAT6 activation upon IFN-y or IL-4
stimulation, respectively. As shown in Figure 5.7, wild-type and Tet2-/- BMDM have similar
STAT1 and STAT®6 induction profiles. Therefore, STAT1 and STAT6 activation cannot account

for the differences seen in gene expression.
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Figure 5.7. No defect in STAT1 and STAT6 activation in Tet2-/- BMDM.
BMDM from littermate matched Tet2+/+ and Tet2-/- mice were treated with (a) IFN-y (100
units/ml) or (b) IL-4 (10 ng/ml) for indicated time points. Protein lysates were harvested and an
immunoblot was performed. Protein loading is normalized to tubulin. Both STAT1a (91 kDa) and
STAT1[ (84 kDa) isoforms are detectable with this phospho-STAT1 antibody. *Non-specific
protein band located just below the TET2 protein. TET2 antibody used here is clone E6-198
(Abiocode).
Tet2-/- mice show protection against Listeria monocytogenes infection

Mounting an immune response to intracellular pathogens such as Listeria
monocytogenes and influenza virus are key features of M1 polarized macrophages. Additionally,

GBP proteins are important for the anti-bacterial response, as all 10 GBP family members are

induced upon L. monocytogenes infection in ANA-1 murine macrophage cells (Degrandi et al.,
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2007). Furthermore, Isg15 expression stimulated by L. monocytogenes infection can restrict the
growth of the bacteria in vitro and in vivo (Radoshevich et al., 2015). Based on the skew
towards the M1 polarization, the hyperactivation of Gbp1, and the increased /sg15 expression in
TET2 deficient cells (Figures 5.5 and 5.3b, respectively), we next determined if TET2 deficiency
protects mice against L. monocytogenes infection. Mice were intraperitoneally injected with a
sublethal dose of 10° colony forming units (CFU) of L. monocytogenes. Three days later spleens
were harvested to determine bacterial burden. Ten pairs of littermate matched female mice
were used for the L. monocytogenes infection assay, four of which were heterozygous for Tet2
vs. Tet2-/-. Tet2 heterozygous mice generally behaved in a similar fashion as wildtype mice
when infected with L. monocytogenes. Results from CFU titers found in the spleen reveal that
Tet2-/- mice have a significantly lower bacteria burden than their wildtype and heterozygous
controls (p-value 0.0327) (Figure 5.8). This shows that TET2 negatively affects the ability to

control L. monocytogenes infections, in vivo.
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Figure 5.8. Loss of TET2 results in protection against Listeria monocytogenes infection.
Female Tet2-/- mice with their matched Tet2+/+ or Tet2+/- littermates were infected with 1x10°
CFU Listeria monocytogenes (strain 10403s) by intraperitoneal injection (n =10). Three days
later, spleens were removed, weighed, and mechanically homogenized. Bacteria titer was
determined by serial dilution and plating of spleen homogenates on LB agar plates. Statistics
were performed using Students t-test. Each circle represents one mouse. Horizontal bars
indicate mean value. Abbreviations: CFU (colony forming unit), LB (Luria broth).
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Discussion

Among the TET family proteins, Tet2 expression is highest in myeloid progenitors (Ko et
al., 2010), suggesting that Tet2 has an important function in myeloid differentiation. As
macrophages and dendritic cells are derived from myeloid progenitors, we set out to uncover
the potential role of TET2 in innate immunity. Here we show that proinflammatory stimuli
induces both Tet1 and Tet2 expression, suggesting a role for these proteins in the immune
response. Additionally, a subset of inflammatory genes (Ifn-g, il-6, Gbp1, and Isg15, Figure 5.3),
are hyperactivated in Tet2-/- cells, suggesting that TET2 has a role in the negative regulation of
these genes. As further evidence, luciferase assays show that TET2 is a repressor of /fh-
expression. Furthermore, in the spectrum of M1 vs. M2 macrophage polarization, gene
expression analysis reveal that TET2 deficient cells are more polarized to the M1 state, as they
over express several key M1 proinflammatory genes and have defects in the expression of
several M2 genes. Finally, as the M1 polarized state is associated with increased pathogen
killing, we show that TET2 deficient mice indeed have protection against L. monocytogenes
infection.

LPS-induced expression of Tet2 is especially exciting because the induction profile is
relatively rapid; starting at 2 hours, it reaches a peak at 6 hours, and by 24 hours expression
levels drop to almost basal level, indicating that induction of Tet2 is tightly controlled (Figure
5.1). Two different groups have made similar observations (Neves-Costa and Moita, 2013;
Zhang et al., 2015). Interestingly, in response to LPS, the expression levels of Tet1 peak as
levels of Tet2 drop down to basal level. One possibility is that TET1 may be part of a feedback
mechanism to inhibit TET2. Another possibility is that as Tet2 expression drops, Tet?7 becomes
induced as compensation. Future studies will explore these two possibilities.

With the catalytic activity of TET proteins implicated in active demethylation, we initially
hypothesized that genes would be repressed in the absence of TET2. Our data indicate that

TET2 is both a repressor (for M1 genes) and an activator (of M2 genes). The repressive effect
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of TET2 has been reported by Zhang et al. (2015), using dendritic cells as their model system.
Similar to our finding, Zhang et al. noticed that //-6 was overexpressed in TET2 deficient cells.
They show that TET2 is targeted to the /-6 promoter by the transcription factor IKB and in turn,
TET2 recruits HDAC2 to specifically repress /I-6. Further studies can determine if TET2 inhibits
gene expression in a similar fashion in macrophages.

Curiously, stimuli treated TET2 deficient cells show hyperactivation of Gbp1 with a
correspondingly defective Gbp2 response. The inverse relationship between Gbp7 and Gbp2
expression is especially interesting because in mice the Gbp1 gene is immediately upstream of
Gbp2 with only 1,466 base pairs separating the two genes. Previous reports indicate that Gbp1
and GbpZ2 transcription are co-regulated, as the promoter region of both genes are very similar
(Ramsauer et al., 2007). Indeed, we observe that wild-type cells induce Gbp1 and Gbp2 in a
similar fashion. One possibility to account for the vast difference in Gbp7 and Gbp2 expression
in Tet2-/- cells is that the hyperactivation of Gbp1 induces tertiary changes in the DNA structure
such as supercoiling, which negatively affects the expression of the immediately downstream
Gbp2 gene.

The differential induction of M1 and M2 genes in TET2 deficient macrophages led to a
search for factors that may account for the differences in gene expression. We have determined
that there is no defect in IFN-y and IL-4 receptor signaling as it pertains to STAT1 and STAT6
activation (Figure 5.7). A likely scenario is that epigenetic modifiers at the promoters are
affecting the expression of individual genes, as has been shown for the silencing of //-6 by
HDAC2 as mentioned above. Conversely, it is possible that the M2 genes deficient in Tet2-/-
mice are due to DNA hypermethylation, and that TET2 enzymatic activity is necessary for gene
expression. Future studies will explore histone and DNA methylation status in our differentially
expressed genes.

Here we show TET2 is a repressor of the inflammatory response. Likewise, TET2 is

required for proper expression of several key M2 macrophage genes. To date, we are the first to
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report the role of TET2 in macrophage polarization by analysis of M1 and M2 gene expression.
Additionally, we are the first to show Tet2-/- mice have enhanced protection against intracellular
pathogens such as Listeria monocytogenes, corresponding to their increased M1 macrophage
polarized state. The hyper inflammatory state associated with M1 macrophages seen in Tet2-/-
cells may provide an explanation why TET2 mutations are commonly found in human leukemia
and myeloproliferative disorders — the constant inflammatory response causes unwanted

transformation of cells that lead to disorders.
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Materials and Methods

Mice

Mixed background Tet2 fl/fl mice (Moran-Crusio et al., 2011), mixed background Tet7+/- mice
(Dawlaty et al., 2011), and E/IA-Cre mice were purchased from The Jackson Laboratory. Ifnar1-
/- mice were kindly provided by Dr. Genhong Cheng (Univ. of California, Los Angeles). Tet1+/-
mice were mated to produce littermate matched wild-type vs Tet7-/~- mice. E/IA-Cre mice were
crossed with Tet2 fl/fl mice to produced heterozygous Tet2+/A mice, who were then used as
breeders to produce littermate matched Tet2+/+ or Tet2 A/A (referred to as Tet2-/- here). For
experiments, littermate and gender matched wild-type and knockout pairs were used, except for
listeria-treated mice (Figure 5.8), where some pairs were of Tet2 heterozygous and knockout

litermates.

Mouse bone marrow-derived macrophages (BMDM)

Bone marrow was harvested from lower hind limbs of mice. Red blood cells were lysed with
ACK buffer (0.15 M NH,CI, 10 mM KHCO3, 0.1 mM EDTA). For BMDM, 2x10° cells were
seeded per 10 cm plate with DMEM containing 10% FBS, 1% penicillin-streptomycin and 30%
L929 conditioned media. Media was changed at day 3. At day 7 cells were used for
experiments. To prepare L929 conditioned media, L929 cells were split 1:3 and allowed to grow

to confluency. Three days later, conditioned media was collected and frozen for storage.

Peritoneal macrophages

Peritoneal cell exudate (PEC) were harvested by careful insertion of 5 ml of cold RPMI into the
peritoneal cavity of naive mice via a 22G needle and 5ml syringe, and then the inserted RPMI
was carefully collected to prevent accidental blood contamination. This was repeated, for a total

of 10 ml collection volume. Samples with blood were discarded. PEC was washed once with
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PBS, then resuspended in RPMI with 10% FBS and 1% penicillin-streptomycin and seeded onto
12-well plates. The next day, non-adherent cells were washed off with PBS. Fresh media was
added to the adherent cells (i.e. peritoneal macrophages) and cells were immediately used for

experiments.

Mouse embryonic fibroblast cells (MEF)

Mouse embryos were collected around embryonic day 14. Briefly, visible organs such as the
brain, liver, and spleen were removed, and the leftover tissue was incubated in trypsin for 2
hours at 37°C. Cells were then washed with media and seeded in DMEM with 10% FBS, 1%
penicillin/streptomycin and 0.055 mM (-mercaptoethanol. Every three days cells were

passaged. At passage 2, cells were used for experiments.

Cloning and Luciferase assay

Interferon-p promoter region from -400 to +20 of the transcription start site (TSS) was amplified
from BMDM genomic DNA using Platinum Taq High Fidelity DNA polymerase (Invitrogen) and
cloned into pGL3-basic (Promega) through Kpnl and Bglll cloning sites. pcDNA-mTET2 was
kindly provided by Dr. Hongjun Song (John Hopkins Univ.). Cloning primers used are mIFN-§ -
400 5-TCGGTACCGGATGAGCAGCTACTCTGCCT-3' and mIFN-B +20 5-TTGAGATCT
GATGGAAGCCAGGCTGGTGTC-3'". Creation of pcDNA-PIAS1 has been described (Liu et al.,
1998). TET2 enzymatic mutants were created at sites H1302Y and D1304A as described (Ko et
al., 2010). Using pcDNA-TET2 was the template, TET2 enzymatic mutants were created by 2-
step PCR with primers containing the mutation sites and the resulting full-length product re-
ligated into pcDNA using EcoRI and Sall cloning sites. Briefly, for the first-step PCR, primers

A+B created fragment 1, and primers C+D created fragment 2. In the second-step PCR,
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fragments 1+2 were used as template with primers A+D to create full length, TET2 mutant
cDNA.

Primer A: 5'-CAAGAATTCTATGGAACAGGACAGAACCACCCAT-3..

Primer B: 5-AATTGGCATGTTCTGCTGggctctgtaGGAATGAGCAGAGAAGTC-3'.

Primer C: 5-TTCTCTGCTCATTCCtacagagccCAGCAGAACATGCCAAAT-3'.

Primer D: 5'-CGATGTCGACTCATACAAATGTGTTGTAAGGCCC-3'

Transfections were performed by calcium phosphate method into 293T cells. Twenty-four hours
after transfection, luciferase activity was determined using the Dual-Luciferase Reporter Assay

System (Promega) according to manufacturer’s protocol.

RNA purification, reverse transcription and quantitative RT-PCR (qPCR)

Total RNA was prepared with STAT60 (Tel-Test, Inc.) according to manufacturer’s protocol. 0.5
ug of total RNA was prepared using iScript cDNA Synthesis kit (Bio-Rad) according to
manufacturer’s protocol. Diluted cDNAs were analyzed by gPCR using the CFX-96 Real-Time
Detection System (Bio-Rad). The program was set as 95°C for 3 min, 42 cycles of 95°C for 10
sec, 61°C for 30 sec, and a melt curve analysis. Data was analyzed using Bio-Rad CFX
Manager software. Relative expression values were normalized to Hprt and B-actin and/or

Gapdh (to verify Hprt values).

Protein lysates and immunoblotting

Cells were washed once with cold PBS, scrapped, collected, pelleted, and lysed on ice for 20
minutes in protein lysis buffer (50 mM Tris-HCI pH 8, 0.4 M NaCl, 0.5% NP-40, 10% glycerol, 1
mM EDTA) in the presence of freshly added inhibitors (1 mM PMSF, 0.1 mM NaVOQO,, 10 mM N-
ethylmaleimide and 1ug/ml leupeptin). Antibodies used were phospho-STAT1 (Tyr 701) and

phospho-STAT6 (Tyr 641) both from Cell Signaling, tubulin (Sigma), and TET2 antibodies
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clones E6-194, E10-47, 713, and E6-198 (Abiocode) See figure legends for more information

regarding specific TET2 antibodies used.

Pathogen propagation and infections

Listeria monocytogenes (10403s) was kindly provided by Dr. Jeffrey F. Miller (Univ. of
California, Los Angeles). Log phase bacteria grown in Luria Broth (LB) at 37°C was collected,
OD 600 reading recorded, then adjusted to 15% glycerol in LB. Aliquots of 60 ul of bacteria
were frozen at -80°C. The next day one aliquot was thawed and allowed to recover in 1 ml LB
for 90 minutes at 37°C, then washed three times with cold PBS. The bacteria was finally
resuspended in cold PBS and used immediately. To determine titer, Listeria was serially diluted
in PBS and spread onto 6 cm LB agar plates performed in duplicates. Plates were placed in
37°C incubator for at least 20 hours, and colonies were counted. Only plates with at least 10
colonies were recorded. For animal infections, listeria aliquots were thawed and prepared as
above to allow listeria to recover, and then 10° CFU in 100ul PBS was i.p. injected into mice.
Three days later spleens were removed, weighed, and mechanically homogenized in 1ml cold
PBS. This homogenate was used to determine titer by serial dilution and plating onto 6 cm LB

agar plates performed in duplicates.

124



Table 5.1. Primers used for gPCR

S-actin

Hprt

Gapdh

Tet1

Tet2

Ifn-g

-6

Irf1

Isg15

Nos2

Stat1

Cxcl2 (Mip-2)

Cxcl9 (Mig)

Cxcl10 (IP-10)

Forward 5'-TAGGCACCAGGGTGTGATGG
Reverse 5'-CATGGCTGGGGTGTTGAAGG

Forward 5'-CAGTACAGCCCCAAAATGGT
Reverse 5'-CAAGGGCATATCCAACAACA

Forward 5'-AACTTTGGCATTGTGGAAGG
Reverse 5'-GGATGCAGGGATGATGTTCT

Forward 5'-CTGCACCCTGTGACTGTGAT
Reverse 5'-GTCTCCATGAGCTCCCTGAC

Forward 5'-TGATCCAGGAGGAGCAGTGA
Reverse 5'-CGGGCTTCCATTCTGGAGTT

Forward 5'-GCTCCTGGAGCAGCTGAATG
Reverse 5'-CGTCATCTCCATAGGGATCTTGA

Forward 5'-CACTTCACAAGTCGGAGGCT
Reverse 5'-CTGCAAGTGCATCATCGTTGT

Forward 5'-CCGAAGACCTTATGAAGCTCTTTG
Reverse 5'-GCAAGTATCCCTTGCCATCG

Forward 5'-AAGCAGCCAGAAGCAGACTC
Reverse 5'-CAGTTCTGACACCGTCATGG

Forward 5'-ACATCGACCCGTCCACAGTAT
Reverse 5'-CAGAGGGGTAGGCTTGTCTC

Forward 5'-GTGGTTCACCATTGTTGCAG
Reverse 5'-GCTGGAAGAGGAGGAAGGTT

Forward 5'-ATCCAGAGCTTGAGTGTGACGC
Reverse 5'-AAGGCAAACTTTTTGACCGCC

Forward 5'-CTTTTCCTTTTGGGCATCATCT
Reverse 5'-GCAGGAGCATCGTGCATTC

Forward 5'-CCTGCCCACGTGTTGAGAT
Reverse 5'-TGATGGTCTTAGATTCCGGATTC
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Table 5.1 (continued)

Gbp1 Forward 5'-ATCATATCCCTTAAACTTCAGGAACAG
Reverse 5'-GTGGAAACAGGGTAGAGAGCTTTAGT

Gbp2 Forward 5'-GTGAGGCCATTGAGGTCTTC
Reverse 5'-CAGCAAGTCTGAGCAACGAG

Gbp3 Forward 5'-TTCCAGAAGAAGCTGGTGGT
Reverse 5'-GAAAGCTCCACAGGAGATGC

Arg1 Forward 5'-CGCCTTTCTCAAAAGGACAG
Reverse 5'-GACATCAACAAAGGCCAGGT

Ccl22 Forward 5'-ACCCTCTGCCATCACGTTTA
Reverse 5'-AGCTTCTTCACCCAGACCTG

Ccl17 Forward 5'-TACCATGAGGTCACTTCAGATGC
Reverse 5'-GCACTCTCGGCCTACATTGG

Chil3 (Chl3I3, Ym1) Forward 5'-TCCAAGGCTGCTACTCACTT
Reverse 5'-TCCAGTGTAGCCATCCTTAGG

Chil4 (Chi3l4, Ym2) Forward 5'-TGGGTAATGAGTGGGTTGGT
Reverse 5'-CACGGCACCTCCTAAATTGT

Mrc1 (CD206) Forward 5'-TGGTTTCCATCGAGACTGCT
Reverse 5'-GTCGTTCAACCAAAGCCACT
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Chapter 6: Concluding Remarks

In this dissertation | show how DNA methylation modifiers such as PIAS1 can impact
normal development, differentiation, and tumorigenesis. PIAS1 and DNMT3 are part of a
complex that targets specific genes for silencing. Currently it is unknown if the other PIAS family
members have similar roles in DNA methylation. One group performed yeast two-hybrid screens
and found that overexpressed DNMT3A and PIASXa can interact, but whether this is true
endogenously is unknown (Ling et al., 2004). While not as evident as seen in Pias1-/- mice,
unpublished data show that Piasy-/- mice also have a small, but noticeable increase in Foxp3+
T cells compared to wild-type control. This suggests that PIASy might also have a role in
silencing the Foxp3 promoter. Future studies can address if PIASy, or any of the other PIAS
family members, are also epigenetic modifiers.

Due to our recent exciting findings on the role of PIAS1 in epigenetic silencing of genes
through DNA methylation as seen in Chapters 2, 3, and, 4 (Liu et al., 2010; Liu et al., 2013; Liu
et al., 2014), we were naturally drawn to the ten-eleven translocation (TET) methylcytosine
dioxygenase protein family due to their role in active DNA demethylation (Tahiliani et al., 2009).
Results from our mRNA microarrays performed on PIAS1 BMDM over a decade ago show that
upon stimulation with various cytokines, PIAS1 can repress a subset of proinflammatory genes,
although the exact molecular mechanism(s) is unknown (Liu et al., 2004; Liu et al., 2005). With
our newly discovered role of PIAS1 recruitment of DNMT3 for gene silencing, we hypothesized
that several genes we saw repressed by PIAS1 in the microarray may be due to PIAS1-
mediated DNA methylation on the promoter. Conversely, if these genes are repressed due to

DNA methylation, we hypothesized that these genes may remain repressed when TET proteins
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are absent, due to the inability to remove the repressive 5mC on the promoter by TET catalytic
activity. While much work has been published regarding the role of TET proteins in stem cell
development and cell differentiation, little is known about the role of TET proteins in the
regulation of immunity and inflammation. By focusing on genes that are PIAS1 targets, we hope
to uncover both a role for TET proteins in inflammation and also to further characterize the role
of PIAS1 in the silencing of proinflammatory genes. The results presented in Chapter 5 show
that the role of TET2 is more complicated than we initially hypothesized, as we discovered that
TET2 can both repress and also activate a subset of specific genes.

An interesting question of both PIAS1 and TET2 is how do they target specific genes for
DNA modification? Both proteins do not exhibit a consensus DNA binding sequence, such as
that found on transcription factors, yet they both seem to have specificity in the genes they
affect. One clue may be from a previously published work from our lab, in which PIAS1
preferentially affects the transcription of genes that have weak STAT1 binding (Liu et al., 2004).
As evidence accumulates that TET2 can interact with transcription factors (Ichiyama et al.,
2015; Zhang et al., 2015), it is possible that TET2 gene specificity is influenced by transcription
factor binding to the promoter. Even then, further studies are necessary to elucidate the
mechanisms that determine whether recruited TET2 will be an inducer or repressor of gene

activation.
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