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A. Research Proposal 
INTRODUCTION 
One of the hallmarks of the immune system is the ability of lymphoid cells to modulate their 
functional capacity in response to external stimuli. Naive CD4+ T helper (TH) cells can differentiate 
into one of several lineages including TH1, TH2, TH17 and regulatory T (Treg) cells that differ in 
their function1. Similarly, it has recently been shown that innate lymphoid cells (ILCs) share the 
transcriptional machinery and functional capacity of TH cells and can be divided into ILC1, ILC2 
and ILC3 lineages that differ in their cytokine production and function2. Importantly, dysregulated 
TH cell and ILC responses have been associated with a wide variety of inflammatory diseases 
including arthritis, inflammatory bowel disease (IBD), diabetes, asthma and allergies3,4. While the 
molecular mechanisms controlling the lineage choice of lymphoid cells such as the expression of 
lineage-specific transcription factors are better understood, recent studies have highlighted the 
critical role of epigenetic mechanisms in cellular differentiation and function. For example, we have 
recently shown a role for the histone lysine methyltransferase G9a in regulation of TH cell 
differentiation and function during intestinal infection and inflammation5,6. In this proposal, we 
provide new preliminary data that identifies a novel role for G9a in ILC biology and allergic lung 
inflammation. Thus, our studies point to G9a as a central regulator of lymphoid cell function and 
have broad implications for our understanding of the epigenetic mechanisms associated with 
regulation of TH cell and ILC differentiation in health and disease. Based on our extensive 
preliminary data, we hypothesize that the epigenetic modifier G9a is a critical regulator of TH cell 
and ILC biology and will provide a novel target to treat diseases associated with dysregulated 
lymphoid cell responses. The overall aim is to define the role of G9a in lymphoid cells during 
immunity and inflammation and identify strategies to treat. The specific aims are: 
1. To delineate the role of G9a in TH cell differentiation. 
2. To define how G9a controls ILC2 development. 
3. To determine the role of G9a in mucosal inflammation. 
Significance and Innovation. A wide variety of chronic inflammatory diseases are associated with 
dysfunctional TH cell and ILC responses. These diseases affect millions of individuals in Australia 
alone and a better understanding of the factors that underlie the development and function of TH 
cells would aid the development of novel treatments. We have been at the forefront of defining the 
role of the epigenetic modifier G9a in TH cell responses by combining powerful molecular genetic 
tools with unique in vivo models of infection and inflammation. Based on our exciting preliminary 
data, we have proposed experiments that will define how G9a regulated TH cell and ILC 
development, differentiation and function. These studies have the potential to identify novel targets 
for the development of therapeutic interventions to treat these inflammatory diseases.  
BACKGROUND 
Lymphoid cell differentiation. TH cells and ILCs can be 
classified into distinct lineages based on transcription factor 
expression, tissue localization and production of effector 
cytokines (Fig. 1)7,8. For TH1 cell development, IL-12 
stimulation results in the expression of Tbx21 (T-bet) as 
well as Stat4 activation, which induces IFN-γ expression 
and TH1 lineage commitment. For TH2 cells, IL-4 signaling 
activates Stat6, which leads to Gata3 expression and 
transcriptional activation of the Il4–Il13 locus. TH17 cell 
development is controlled by IL-6 and TGFβ that lead to 
expression of the nuclear hormone receptors RORα and 
RORγt, while TGFβ signaling in the absence of IL-6 
induces expression of the transcription factor Foxp3 that 
controls Treg cell development. Recently, it has been shown 
that ILCs can also be grouped into similar subsets based on 
these conserved transcription factor and cytokine patterns8. In addition to natural killer (NK) cells, 
T-bet-dependent ILC1s that produce IFN-γ have been described recently, along with distinct 
GATA-3- and RORα-dependent ILC2s that produce IL-5 and IL-13 (but not IL-4), and RORγt-
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dependent IL-17A- and IL-22-producing ILC3s. Thus, TH cell and ILC lineage commitment are 
related and tightly controlled processes that are controlled by lineage-specific sets of inducible 
transcription factors. However, the ability of transcription factors to bind DNA and activate gene 
expression is dependent upon the “activation state” of the chromatin and the accessibility DNA. 
Chromatin structure and modifications. The dynamics involved in DNA-associated processes 
such as transcription are regulated by both modifications of the DNA itself through cytosine 
methylation as well as a wide variety of post-translational modifications deposited on histones. 
Among all chromatin modifications, the site-specific methylation of histone lysines has emerged as 
a fundamental regulatory mechanism9. Lysine 
residues can be mono-, di- or tri-methylated 
resulting in a number of possible combinations 
that equips the cell for the establishment of 
numerous specialized chromatin states (Fig. 2). In 
general, actively transcribed genes are demarcated 
with promoter-associated peaks of tri-methylated 
histone H3-Lysine 4 (H3K4me3) whereas silent 
genes are embedded in large domains of 
H3K9me2 or H3K27me3 marks10. Our 
preliminary studies have identified unique 
epigenetic mechanisms that regulate TH cell and 
ILC differentiation and function. 
G9a dimethylates histone H3 at lysine 9 (H3K9) to repress gene transcription. The catalytic 
domain of almost all histone lysine methyltransferases is the SET domain, a highly conserved motif 
originally found in the modifier of position effect variegation (SU(VAR)3-9), the polycomb-group 
protein enhancer of zeste (E(z)) and the trithorax-group protein trithorax (TRX)11. There are 
approximately 50 members of the SET-domain family, all with distinct abilities to mono-, di- or tri-
methylate specific lysines of histones and in some cases, non-histone proteins. G9a (Ehmt2, Kmt1c) 
is a histone methyltransferase with mono- and di-methylation activities towards H3K912. A number 
of studies have demonstrated that G9a is crucially involved in cellular differentiation and 
development. For example, G9a-deficient mice do not develop beyond day 8.5 of gestation12 and 
G9a–/– embryonic stem (ES) cells are characterized by widespread alterations in DNA methylation 
patterns and promiscuous expression of numerous genes13,14. In addition, the sustained silencing of 
pluripotency-associated genes in G9a–/– ES cells is impaired and results in the reversal from a 
differentiated state into a pluripotent state in a significant fraction of cells15,16. However, it remains 
unknown how G9a is recruited to chromatin to carry out these roles. Although G9a does not have a 
DNA-binding domain, it does have the ability to bind to dimethylated lysine residues, including 
H3K9me2, through its ankyrin repeat domain17. In addition, several G9a-interacting proteins have 
also been characterized biochemically. G9a can bind to multiple zinc finger-containing proteins 
including Wiz18, Gfi119 and Blimp1/Prdm120. All of these factors display DNA binding ability and 
thus may contribute to the recruitment of G9a to specific chromatin loci. Strikingly, several of these 
G9a binding partners are directly involved in TH cell differentiation and activation. For example, 
G9a interacts with Gfi1, a nuclear zinc finger protein that functions as a transcriptional repressor 
and is critical for differentiation of both TH cells and ILCs21-24. A general theme that has emerged is 
that G9a plays a role in the epigenetic silencing of cell-type inappropriate genes through the 
interaction with a wide variety of DNA binding proteins. Over the past 5 years, we have made 
significant progress in our understanding of the role of G9a in TH cell differentiation. This proposal 
will define the role of G9a in lymphoid cell development, differentiation and function. 
AIMS 
Aim 1. To delineate the role of G9a in TH cell differentiation. 
1.1 How does G9a regulate TH2 cell differentiation? Based on the known repressive role of G9a in 
ES cells, we hypothesized that G9a would be required for silencing of lineage-promiscuous gene 
expression in TH cells (i.e. repression of Il4 in TH1 cells and Ifng in TH2 cells). However, in contrast 
to our expectations, we found that G9a is completely dispensable for repression of non-specific 
genes in TH1 and TH2 cells5 as well as TH17 and Treg cells6. Surprisingly, we found that following 
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polyclonal stimulation under TH2-promoting conditions, TH cells isolated from mice with a T cell-
specific deletion of G9a (generated by crossing Cd4-Cre and G9afl/fl mice) failed to maximally 

produce type 2 cytokines (Fig. 3A), suggesting that G9a may 
act as a specific and positive regulator of gene expression in 
TH2 cells. A small number of studies have shown that G9a can 
promote transcriptional activation at certain loci25,26 including 
the β-globin locus, a model genetic locus that has many 
similarities to the Il4–Il13 type 2 cytokine locus27. Intriguingly, 
the activating functions of G9a can be independent of its 
enzymatic activity25,26. Consistent with an activating role for 
G9a in type 2 cytokine expression, treatment of wild-type TH 
cells with a chemical inhibitor of G9a enzymatic activity had no 
effect on TH2 cell differentiation or type 2 cytokine expression 

(Fig. 3B). These results suggest that G9a but not its 
methyltransferase activity is required for optimal TH2 cell 
differentiation. Recently, AI Stallcup has demonstrated that the 
previously uncharacterized N-terminal domain (amino acids 1-
333) of G9a is necessary and sufficient for the transactivating 
functions of G9a28. Thus, we hypothesize that G9a–and 
specifically its N-terminal domain–is required to assemble a 
transcriptional complex that is required for activation of the 
Il4–Il13 locus and expression of type 2 cytokines in TH cells. 
To directly test this, we will first examine whether G9a is found 
at the Il4–Il13 locus in TH2 cells by ChIP assay. Detecting 
endogenous G9a at specific loci has been technically 
challenging, but a new antibody (Abcam) has been shown to 
work in murine TH cells29. We have previously shown that 
H3K9me2 levels are high in naïve TH cells and low at cytokine 
gene loci following activation6. If we do detect G9a at the Il4–
Il13 locus of TH2 cells in the absence of H3K9me2, this would 

suggest an additional role for G9a in transactivating the Il4–Il13 locus. Next, we will test whether 
retroviral expression of various G9a constructs (FLAG-G9a, FLAG-G9aH/K (a methyltransferase 
mutant), FLAG-G9aE/R (an ankyrin repeat mutant) and FLAG-G9a1-333) in G9a-deficient TH2 
cells can recover expression of IL-4, IL-5 and IL-13. Briefly, CD4+ T cells will be purified from the 
spleen and peripheral LNs of G9aΔT mice by negative selection (EasySep, StemCell Technologies), 
stimulated with plate-bound antibodies against CD3 (145-2C11, 1 µg/ml) and CD28 (37.51, 1 
µg/ml) in the presence of rIL-2 (10 ng/ml) and TH2 cell-polarizing cytokines (40 ng/ml IL-4, 10 
µg/ml α-IFN-γ) for 48 hours. Cells will then be washed and transduced with the various FLAG-
tagged G9a constructs by infection of cells with recombinant retrovirus. Transduction efficiency 
will be measured by expression of eGFP that is expressed via an IRES in the vector. We expect that 
all of these constructs will recover type 2 cytokine production in G9a-deficient TH2 cells, further 
demonstrating that the methyltransferase-independent N-terminal domain is sufficient for 
expression of IL-4, IL-5 and IL-13. Follow-up studies will define exactly which G9a1-333 sub-
domains affect type 2 cytokine expression. AI Stallcup is currently generating a wide variety of 
mutants within this domain that we will use to recover expression of type 2 cytokines using these 
retroviral transduction techniques. 

Next, we will examine whether G9a is required for binding of TH2 cell-inducing transcription 
factors. Using commercially available antibodies against Gata3 and Stat6, we will use ChIP analysis 
to examine if the absence of G9a leads to reduced chromatin binding by these lineage-promoting 
factors. As genome-wide analyses for Gata3 and Stat6 binding in TH2 cells is available30, we will 
focus on genetic loci that are enriched for binding by these factors, including the Il4–Il13 locus. 
Based on our preliminary results, we expect to see decreased binding of Gata3 and Stat6 to TH2 
cell-specific loci. We will then repeat the Gata3 and Stat6 ChIPs in G9a-deficient TH2 cells that 
have been transduced with G9a or G9a1-333 to test whether DNA binding is recovered. Together, 

Figure 3. T cell-intrinsic 
expression of G9a controls 
TH2 cell differentiation 
independently of its 
methyltransferase activity. (A) 
Flow cytometric analysis of 
IFN-γ and IL-13. (B) CD4 T 
cells from WT mice were 
differentiated into TH1 or TH2 
cells in the absence or 
presence of a G9a inhibitor. 
IFN-γ and IL-13 were 

A 

B 
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these studies will determine if G9a through its G9a1-333 domain is a novel component of the TH2 
cell-promoting transcriptional protein complex. 
1.2. How does G9a regulate TH17 and Treg cell differentiation? In addition to its effects on TH2 cell 
differentiation, we have also recently identified a critical role for G9a in controlling TH17 and Treg 
cell differentiation6, albeit via a completely distinct mechanism. Following polyclonal stimulation 
of purified CD4+ T cells isolated from control G9afl/fl or G9aΔT mice under TH17 cell- or Treg cell-

promoting conditions, we observed significantly increased 
frequencies of IL-17A+ (under TH17 cell conditions) and 
Foxp3+ (under Treg cell conditions) CD4+ cells in the absence 
of G9a (Fig. 4). In contrast to TH2 cell differentiation, the 
effects of G9a on TH17 and Treg cell differentiation are 
dependent upon the methyltransferase activity of G9a. 
Activation of wild-type TH cells in the presence of a G9a 
inhibitor resulted in heightened frequencies of both TH17 and 
Treg cells and chromatin immunoprecipitation (ChIP) analysis 
using antibodies against H3K9me2 demonstrated that 
H3K9me2 levels were dynamically regulated during under 
TH17 and Treg cell differentiation (not shown). 

TGFβ is required for differentiation of both TH17 and Treg 
cells and under Treg cell-promoting conditions, we observed a 
20-fold increase in sensitivity to TGFβ in G9a-deficient TH 
cells, which was due increased chromatin accessibility at the 
Foxp3 locus6. G9a-dependent H3K9me2 has been shown to be 
associated with inaccessible chromatin located in close 
proximity to the nuclear lamina31,32. These so-called lamina-
associated domains (LADs) are a physical form of gene 

silencing, as genes physically located at the periphery of the nucleus tend to be expressed at 
significantly lower levels due to decreased accessibility of transcriptional coactivators, chromatin 
modifiers and transcription factors. Using an unbiased genome-wide analysis of chromatin structure 
called formaldehyde-assisted isolation of regulatory elements sequencing (FAIRE-Seq)33 we 
analysed chromatin accessibility in the presence or absence of G9a. We found that the chromatin 
surrounding the Foxp3 promoter and conserved non-coding sequence (CNS)-1 (TGFβ-responsive 
element) in naïve G9a-deficient TH cells showed increased accessibility, as measured by increased 
sequence reads at these sites6. Thus, G9a is critical for controlling TGFβ sensitivity, potentially 
through regulating chromatin accessibility. Based on these results, we hypothesize that G9a-
dependent H3K9me2 limits TH17 and Treg cell differentiation by regulating chromatin 
accessibility during TH cell differentiation. To test this, we will first visualize the physical location 
of the Foxp3 locus in the nucleus of naïve TH cells. Using fluorescent in situ hybridization (FISH), 
we will examine the subcellular localization of the Foxp3 locus in G9a-sufficient and -deficient 
naïve TH cells by confocal microscopy. Although not a quantitative assay, it will provide a first look 
at whether there is a tendency for this locus to be found at the nuclear periphery. We will co-stain 
these cells with fluorochrome-conjugated antibodies against H3K9me2 and G9a to define the spatial 
characteristics of the Foxp3 locus in naïve TH cells. If there appears to be an interaction between the 
Foxp3 locus and the nuclear lamina these experiments will address whether G9a is required for the 
subcellular localization of the chromatin. 

Although our data suggests that the Foxp3 locus is associated with LADs, it is possible that 
G9a-dependent H3K9me2 is not regulating DNA-LAD interactions in TH cells. We will use a 
genetic labelling technique called DamID34 to definitively identify regions of DNA that are in close 
contact with LADs and determine whether G9a-dependent H3K9me2 regulates this association. In 
this technique, expression of E. coli DNA adenine methyltransferase fused to the nuclear membrane 
component lamin B135 results in the local methylation of adenine residues in DNA. These 
sequences can be identified by the use of the methylation-sensitive restriction enzymes DpnI and 
DpnII coupled with qPCR or by high-throughput sequencing36. We will use lentiviral transduction 
of TH cells to identify regions of DNA within LADs and this will allow us to definitively test 
whether the increased accessibility at the Foxp3 locus in G9a-deficient TH cells was due to reduced 

Figure 4. T cell-intrinsic 
expression of G9a limits TH17 
and Treg cell differentiation 
Flow cytometry of IL-17a and 
Foxp3 from in vitro generated 
TH17 and Treg cells from control 
and G9a-deficient mice. 
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interactions with the nuclear lamina. Together, these studies may provide the first evidence that 
genome-nuclear lamina interactions are a critical regulatory process in TH cell differentiation. 
1.3. Which lysine demethylase is responsible for removing H3K9me2 during TH cell activation? Our 
preliminary data demonstrated that G9a-dependent H3K9me2 is found at high levels in naïve cells, 
but is lost as cells differentiate6, suggesting that an H3K9me2 demethylase is required for optimal 
TH17 and Treg cell differentiation. There are 9 demethylases that have shown activity against 
H3K9me2 (KDM1A, KDM3A, KDM3B, KDM4A, KDM4B, KDM4C, KDM4D, PHF8 and 
JHDM1D)37. We will first characterize expression of these enzymes in naïve TH cells and TH17 and 
Treg cells by qPCR. Based on expression data, we will choose candidates and examine protein 
expression by immunoblotting and interaction with these loci by ChIP assays. We will also 
determine how rapidly H3K9me2 is lost after activation and whether differentiating cytokines such 
as TGFβ are required for the demethylation of the Il17a-Il17f and Foxp3 loci. We will examine the 
levels of H3K9me2 by ChIP assay at day 1, 2, 4 and 6 post-activation and will examine whether T 
cell receptor activation, co-stimulation or cytokine signaling are required for loss of H3K9me2. In 
parallel, treatment of these cells with commercially-available chemical inhibitors of KDM such as 
RN-1 (KDM1A-specific) or IOX-1 (a broad-spectrum inhibitor of KDM3 and 4 families) will allow 
us to begin to define the molecular requirements for TH cell activation. These studies will extend 
our knowledge on the dynamic epigenetic regulation of TH cell activation and differentiation. 
1.4. Does G9a regulate plasticity of TH cell subsets? Transcriptional repression of gene expression 
provides a robust mechanism to control not only lineage choice but also lineage integrity. To 
address whether G9a is required for TH cell lineage maintenance, experiments will be carried out to 
test the role of G9a in plasticity of TH cells in vitro. Purified CD4+ T cells from G9afl/fl mice and 
G9aΔT mice will be stimulated as above under TH1, TH2, TH17 and Treg cell-polarizing conditions 
for 6 days. Cells will then be washed, rested in IL-2 for 3 days and then restimulated under TH1, 
TH2, TH17 and Treg conditions for 48 hours. Cytokine production will be analyzed by ELISA and 
intracellular cytokine staining (ICCS) and qPCR will be used to measure mRNA levels. Pilot 
experiments will focus on TH1/TH17 lineage plasticity, as IFN-γ-producing TH17 cells have been 
hypothesized to promote intestinal inflammation. These analyses will demonstrate whether G9a is 
required for maintenance of lineage identity. If G9a-deficient TH cells fail to maintain a polarized 
state, then G9a may be critical for the repression (or expression) of genes that are required for 
maintenance of lineage identity. If G9a-deficient TH cells do not display increased plasticity, then 
G9a-dependent H3K9me2 may not be a critical repressive factor in TH cells. 
1.5. Does G9a regulate Foxp3 DNA methylation and Treg cell stability? It has been shown in ES 
cells that G9a is required for silencing of endogenous retroviruses and developmentally regulated 
genes through the induction of Dnmt1-dependent DNA methylation16,38. Indeed, the stability of 
Foxp3 expression in Treg cells is controlled by DNA methylation of a conserved non-coding 
sequence (CNS2 or Treg cell-specific demethylated region, TSDR) in the Foxp3 gene39. Thus, G9a 
may also regulate Treg cell stability through Dnmt1-dependent DNA methylation. To test this, 
control and G9a-deficient TH cells will be stimulated under Treg cell-polarizing conditions and 
whole cell extracts and mRNA will be prepared at 0, 24, 48, 72, 96, 120 and 144 hours post-
stimulation. Immunoblotting for Dnmt1 protein levels will be performed using commercially 
available antibodies. qRT-PCR will be used to determine the level of mRNA expression of Dnmt1 
in the presence and absence of G9a. Next, in collaboration with AI de Carvalho, a Methylated DNA 
Immunoprecipitation (MeDIP) assay will be carried out40. This technique is identical to ChIP assays 
except for using an α-5-methylcytidine antibody (Diagenode) to immunoprecipitate methylated 
DNA isolated from cells stimulated for 0, 24, 48, 72, 96, 120 and 144 hours. qPCR (using the same 
primers used for ChIP analysis) will be used to quantify the level of DNA methylation at the Foxp3 
TSDR in the presence and absence of G9a. These studies will identify whether G9a is required for 
DNA methylation-dependent Foxp3 stability during Treg cell differentiation. 

We will also examine the role of G9a in the stability of Foxp3 protein expression in Treg cells. 
Previous studies have shown that when TGFβ is removed from TH cell cultures, Foxp3 expression 
rapidly is lost39. We have now generated T cell-specific G9a-deficient mice that express eGFP from 
an IRES linked to the Foxp3 gene (G9aΔT/Foxp3eGFP mice), which will allow us to track the 
generation of Foxp3+ Treg cells without having to permeabilize and stain cells for Foxp3. We will 
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generate Treg cells in vitro by activating naïve TH cells isolated from G9af/f/Foxp3eGFP and 
G9aΔT/Foxp3eGFP mice in the presence of IL-2 and TGFβ for 6 days. At day 6, Foxp3/eGFP+ cells 
will be FACS-sorted, washed and replated in IL-2 and analyzed daily for 4 days for loss of Foxp3 
expression. In parallel, we will FACS-purify wild type and G9a-deficient TGFβ/IL-2-induced 
Foxp3+ Treg cells generated in vitro and transfer equal numbers into Rag1–/– mice to examine the 
role of G9a in the stability of Treg cells in vivo. Together, these studies will determine if G9a 
regulates DNA methylation and Treg cell stability. 
Aim 2. To define how G9a controls ILC2 development. 
2.1. How does G9a regulate cytokine production by ILC2s? ILCs express many of the same 

cytokines, transcription factors and cell surface 
molecules as TH cells8. ILC2s produce high levels of 
IL-5 and IL-13 (but not IL-4) in response to cytokine 
stimulation by IL-25, IL-33 as well as thymic stromal 
lymphopoietin (TSLP). Similar to early T cell 
development, ILC2 development requires T cell 
factor-1 (Tcf1), Notch, RORα and Gata3. 
Interestingly, the G9a-interacting protein Gfi1 has 
also recently been shown to be critically required for 
ILC2 development24 by promoting expression of 
Gata3 in ILCs, similar to its role in TH2 cells22. In the 
absence of Gfi1, ILC2s fail to maximally produce IL-
5 and IL-13 but promiscuously produce IL-17. We 
hypothesized that G9a would also be required for 
the production of type 2 cytokines by ILC2s. Equal 
numbers of FACS-purified ILC2s 
(LinnegCD90+CD25+CD127+) from the lungs of mice 
with a hematopoietic cell-specific deletion of G9a 
(G9aΔHem mice generated by crossing Vav-Cre and 
G9afl/fl mice) were stimulated with the cytokines IL-
33 and TSLP for 72 hours and production of IL-5 
and IL-13 was measured by ELISA (Fig. 5A). 
Similar to results in TH cells, G9a-deficient ILC2s 
produced significantly lower levels of IL-5 and IL-13 
when compared to G9a-sufficient ILC2s. Global 
analysis of gene expression by RNA-Seq confirmed 
that G9a is required for optimal ILC2 differentiation 

as we observed reduced expression of canonical ILC2 genes Il5, Il13, Areg (amphiregulin), Il1rl1 
(IL-33R), Icos and Gata3, and increased expression of Il17a, Il17f and Rorc (Fig. 5B and data not 
shown). Thus, G9a is a cell-intrinsic regulator of ILC2 development and differentiation. 

Based on our results in TH2 cells, we expected that the 
defective production of type 2 cytokines would be independent of 
the methyltransferase activity of G9a. To test this, we stimulated 
ILC2s isolated from lungs of WT mice as above in the absence or 
presence of a G9a inhibitor UNC0638 and measured expression of 
Il5 and Il13 by qPCR. Strikingly, in contrast to TH2 cells, the 
production of type 2 cytokines in ILC2s was dependent upon the 
methyltransferase activity of G9a (Fig. 6). Thus, G9a has a 
conserved requirement in promoting expression of type 2 cytokines 
in TH2 cells and ILC2s, albeit via distinct mechanisms. 
2.2. How does G9a control expression of type 2 cytokine genes in 
ILC2s? Based on our results, we hypothesize that G9a-dependent 
methylation is required for type 2 cytokine gene expression in 
ILC2s. We will first characterize the expression of the G9a-
depenent histone modification H3K9me2 at the Il4–Il13 locus in 
immature, mature and activated ILC2s by ChIP assay. Ideally, we would also carry out genome-

Figure 5. G9a is required for ILC2 
function. (A) ILC2s were purified from 
WT and G9aΔHem mice by FACS, 
activated with IL-33 and TSLP overnight 
and cytokines measured by ELISA. (B) 
mRNA was sequenced and candidate 
genes were further analysed by qPCR. 

Figure 6. G9a-dependent 
methylation controls ILC2 
responsiveness and 
cytokine production. 
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wide ChIP-Seq studies on both G9a and H3K9me2 in ILC2s, but the reagents to detect G9a and 
H3K9me2 using high-throughput sequencing are currently limited. We are working to optimize 
protocols to carry out these experiments. 

Gfi1 has previously been shown to directly interact with G9a17,19 and it has been proposed that 
as G9a lacks a DNA binding domain, Gfi1 recruits G9a to specific genetic loci for epigenetic 
repression19. Gfi1 has recently been shown to play a critical role in ILC2 development and 
function24. Our results with G9a-deficient ILC2s share many similarities with Gfi1-deficient ILC2s, 
including reduced ILC2 development, defective IL-5 and IL-13 production and promiscuous 
production of IL-17A and IL-17F. Indeed, over 60% of the dysregulated genes in G9a-deficient and 
Gfi1-deficient ILC2s are identical, suggesting that the molecular mechanisms that control ILC2 
function are shared or similar. Thus, we hypothesize that G9a-Gfi1 interactions will be critical for 
the regulation of ILC2 function. We will examine expression of Gfi1 in ILC2 precursors and 
ILC2s from control and G9a-deficient mice by immunoblotting to test whether expression of G9a 
affects Gfi1 expression. Next, we will use co-immunoprecipitation studies to determine if G9a and 
Gfi1 directly interact in ILC2s and whether activation with exogenous cytokines such as IL-25, IL-
33 and TSLP affects G9a-Gfi1 interactions. Finally, we will examine whether Gfi1 binding to 
chromatin is impaired in the absence of G9a by ChIP assay using an anti-Gfi1 antibody (a generous 
gift from Harinder Singh, Cincinatti Children’s, USA)24. We will generate ILC2s in vivo by 
intraperitoneal injection of mice with IL-33, followed by isolation of ILC2s from the mesenteric 
lymph node and expansion in IL-2, IL-7, IL-25 and IL-33 for 7-10 days as previously described24,41. 
If Gfi1 appears to be a critical component of the G9a-dependent effects on ILC2s, we will extend 
our studies by examining the function of G9a in Gfi1-deficient cells by measuring H3K9me2 levels 
by ChIP in ILC2s isolated from Gfi1-deficient mice (available from Jackson Labs). Together, these 
studies will determine if G9a and Gfi1 are co-regulators of ILC2 function. 
2.3. How does G9a regulate ILC2 development? ILC2s develop in the bone marrow from a 
common lymphoid progenitor (CLP) that is characterized as Linnegc-kitlowSca-1high. Of these cells, 

CD25+CD127+ cells are defined as 
immature ILC2s that exit the bone 
marrow and migrate to tissue sites, 
where upon stimulation with IL-25, 
IL-33 or TSLP develop into fully 
mature ILC2s and produce high 
levels of type 2 cytokines. In the 
absence of G9a, there was a 
significant reduction in the 
frequency and number of Linnegc-

kitlowSca-1highCD25+CD127+ cells in 
the bone marrow (Fig. 7), suggesting 
that G9a was playing an important 
role in regulating ILC2 development. 
To test how and when G9a is 

involved in ILC development, we will first examine whether other ILC subsets including T-bet-
dependent, IFN-γ-producing ILC1s and RORγt-dependent, IL-17A- and IL-22-producing ILC3s are 
affected by G9a deficiency. We will use flow cytometry to stain for ILC1s from the intraepithelial 
compartment (CD3–CD45+NK1.1+NKp46+CD160+ cells) and ILC3s from the LP (CD3–

CD45+CD90+CD127+RORγt+ cells) of G9afl/fl and G9aΔHem mice. If we see a global reduction in 
ILCs, this would suggest that G9a is a critical component in the general regulatory mechanisms that 
control ILC development. If ILC1s and ILC3s are not affected, then this would further highlight the 
specific role of G9a in type 2 immune cell development and function. 

Next, we will compare the global gene expression profile of Linnegc-kitlowSca-1highCD25–

CD127– cells isolated from wild type or G9a-deficient mice using RNA-Seq. We have successfully 
carried out RNA-Seq experiments on ILCs generated in vitro from bone marrow progenitors (Fig. 
5). These studies will be carried out in collaboration with AI de Carvalho. We will compare 
expression levels of known transcriptional activators of ILC2 development (Gata3, Gfi1, Tcf1, 
Notch, RORα) and look for novel pathways that may be dysregulated in the absence of G9a. In 

Figure 7. G9a controls ILC2 development in the bone 
marrow. (A) Flow cytometric analysis of bone marrow 
ILC2 precursors in WT and G9aΔHem mice. (B) Average 
frequencies. 
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addition, we will focus on these known ILC2 developmental effectors by examining their 
expression, DNA binding by ChIP and expression of known target genes. 

Intriguingly, our global gene expression analysis of activated ILC2s showed that components of 
the T cell receptor complex (Cd3d, Cd3e, Cd3g, Lck, Zap70) were significantly upregulated in the 
absence of G9a. These genes are not upregulated in the absence of Gfi1, demonstrating distinct 
regulatory pathways are likely to exist in ILC2 development and activation. As ILCs are derived 
from CLPs that also give rise to T cells, the high expression of T cell receptor-associated genes 
suggests that G9a-dependent repression is required for the epigenetic silencing of genes to allow 
for ILC development. Based on this hypothesis, we expect to find high levels of H3K9me2 in non-
T cells and low levels of H3K9me2 in T cell precursors and peripheral T cells, and that G9a 
deficiency would have little effect on T cell development and affect other cell lineages more 
profoundly. Consistent with this, we have previously found no defect in T cell development or 
homeostasis5,6. As G9a-deficient B cells have been shown to have some defects in proliferation and 
light chain usage42, we will first examine whether B cells from G9a-deficeint mice also express T 
cell-related genes by qPCR and flow cytometry. Next, we will examine whether G9a-deficient 
ILC2s express lineage-non-specific proteins such as CD3δ, CD3ε or CD3γ by flow cytometry and 
immunoblotting (Lck, Zap70). If expressed as proteins, we will also use antibodies against the CD3 
complex to see if cross-linking can induce activation. We will measure proliferation, cytokine 
production and global levels of phosho-Tyrosine by immunoblotting as measures of CD3-mediated 
activation. We will also examine the levels of H3K9me2 at these T cell receptor-associated loci in 
bone marrow lymphoid progenitor cells such as CLPs, pro- and pre-B cells, pre-T cells, and NK and 
ILC precursors, as well as peripheral T, B, NK cells and ILC precursors. If G9a is required to 
silence T cell receptor-assocaited genes in developing ILCs, this would be the first epigenetic 
mechanism controlling the T cell/ILC lineage choice. The results from these studies will provide 
important new fundamental information on the role of epigenetic repression in cellular lineage 
commitment. 
Aim 3. To determine the role of G9a in mucosal inflammation. 
3.1. What is the role of G9a in intestinal inflammation? We have recently shown that G9a plays a 
critical role in the development of pathological T cells in a model of T cell transfer colitis6. 
However, the exact role G9a is playing is unclear. Our in vitro results suggest that G9a is important 
at the initiation of TH cell differentiation by controlling responsiveness to extrinsic signals such 
as TGFβ . To address the temporal regulation of intestinal inflammation by G9a, we have generated 
mice with an inducible T cell-specific deletion of G9a (G9aΔTi mice; generated by crossing G9afl/fl 
mice with Cd4-CreERT2 mice from T. Buch, Switzerland). Naïve (CD4+CD25–CD45RBhigh) TH cells 
will isolated from spleen and lymph nodes of G9afl/fl and G9aΔTi mice, and 4 x 105 cells will be 
transferred intraperitoneally into recipient Rag1–/– mice as previously described6. At various 
timepoints post-transfer (0, 2, 4 and 8 weeks), recipient mice will be treated with tamoxifen to 
induce Cre activity and deletion of G9a in TH cells. We envision that deletion of G9a will not affect 
the course of disease once it has begun to progress and that only early deletion will affect disease 
progression. However, it is possible that deletion of G9a after disease establishment leads to 
resolution of intestinal inflammation, identifying G9a as a potential therapeutic target to treat 
established intestinal inflammatory diseases. 

Our published results demonstrated that G9a is dispensable for the development of thymus-
derived TGFβ-independent Treg cells but is critical for the differentiation of TGFβ-responsive TH 
cell subsets. However, we never have shown that the increased frequencies of TH17 and Treg cells 
observed following adoptive transfer into Rag1–/– mice was due to enhanced TGFβ responsiveness. 
To directly test this, we will take two approaches. First, recipient Rag1–/– mice that receive G9a-
deficient TH cells will be treated with anti-TGFβ for the first 4 weeks following transfer to reduce 
the circulating TGFβ levels. We will compare frequencies of G9a-deficient TH17 and Treg cells with 
G9a-sufficient cells to determine if reduced TGFβ levels will result in reduced TH cell subset 
frequencies. We will also monitor disease progress to test whether TGFβ is required to prevent the 
onset of disease following transfer of G9a-deficient TH cells. Second, we will cross our G9aΔT mice 
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with mice that express a T cell-restriced dominant-negative TGFβ receptor II43. These mice will not 
respond to TGFβ and we will examine whether TH17 and Treg cells will still develop in the absence 
of G9a. These studies will demonstrate whether TGFβ is the important factor  
3.2. What is the role of G9a in ILC2s during allergic lung inflammation? Based on our results 
showing defective TH2 cell differentiation during helminth infection, we hypothesized that T cell-
intrinsic expression of G9a would also regulate pathogenic type 2 immune responses that develop in 
the lung. However, following priming and challenge of G9aΔT mice with house dust mite (HDM) 
antigen (the gold standard for allergic lung inflammation), we observed no difference in numbers of 
inflammatory cells in the bronchoalveolar lavage (BAL) despite 
significant reductions in T cell production of type 2 cytokines (not 
shown). As ILC2s have been shown to be required for HDM-induced lung 
inflammation, we examined the resistance of G9aΔHem mice (that lack G9a 
in all hematopoietic cells including ILC2s) to HDM-induced 
inflammation. We found that G9aΔHem mice were resistant to the 
development of lung inflammation with reduced BAL cellularity, lower 
BAL eosinophil numbers and decreased expression of type 2 cytokines 
(not shown). Thus, G9a protects against allergic lung inflammation 
primarily through its effects in ILC2s. Treatment of mice with the protease 
papain results in acute lung inflammation that is solely dependent upon 
ILC2s for disease pathogenesis (Fig. 8A). Consistent with our results 
showing that G9a is critical for ILC2 development and activation, 
G9aΔHem mice are resistant to papain-induced lung inflammation. 
Following 3 daily intranasal instillations of papain, we found that G9aΔHem 
mice displayed a significant reduction in the influx of immune cells–
specifically eosinophils–into the bronchoalveolar lavage (Fig. 8B), as well 
as reduced expression of Il5 and Il13 in the lung tissue (not shown). Thus, 
we hypothesize that G9a plays a cell-intrinsic role in ILC2 
development, activation and function. We will first cross our G9aΔHem 
mice with Rag1–/– mice (G9aΔHem Rag1–/– mice) to remove any 
confounding variables caused by T and B cells. We fully expect G9aΔHem 
Rag1–/– mice to remain resistant to papain-induced inflammation. We will 
next fully characterize the frequencies of ILC2s in the lungs of papain-
treated mice to determine whether the resistance is associated with 
reduced numbers of ILC2s or reduced functionality of ILC2s in the 
absence of G9a. Our results suggest that G9a is a potential target to treat allergic lung inflammation. 
To test whether inhibition of G9a is a viable therapeutic option, we will locally administer 
intranasally the G9a inhibitor UNC0638 to mice with established HDM-induced inflammation to 
determine if G9a inhibition can promote resolution of lung inflammation. Currently, we are unable 
to carry out any practical genetic experiments to conditionally delete G9a in ILC2s. Nevertheless, 
these studies have the potential to define G9a as a therapeutic target to treat pathogenic type 2 
responses. 
OUTCOMES AND SIGNIFICANCE 
This research proposal is based on novel and unique observations that will provide critical 
fundamental knowledge on the epigenetic regulation of immune cell development, differentiation 
and function in health and disease. As dysregulated TH cell and ILC responses have been associated 
with a wide range of inflammatory diseases, a thorough understanding of the molecular mechanisms 
that control immune cell function will lead to novel targets for the development of therapeutics to 
treat these diseases that affect millions of people in Australia and many more worldwide.  

Figure 8. G9a 
regulates ILC2-
dependent lung 
inflammation. (A) 
Papain-induced 
lung inflammation 
model. (B) 
Differential cell 
counts from 
bronchoalveolar 
lavage at day 3. 
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