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The development of CD1d-restricted invariant NKT (iNKT) cells, a population that is critical for
both innate and adaptive immunity, is regulated by multiple transcription factors, but the molecular
mechanisms underlying how the transcriptional activation of these factors are regulated during
iNKT development remain largely unknown. We found that the histone acetyltransferase GCN5 is
essential for INKT cell development during the maturation stage. GCN5 deficiency blocked iNKT
cell development in a cell-intrinsic manner. At the molecular level, GCNS5 is a specific lysine
acetyltransferase of EGR2, a transcription factor required for iNKT cell development. GCN5-
mediated acetylation positively regulated EGR2 transcriptional activity, and both genetic and
pharmacological GCNS5 suppression specifically inhibited the transcription of EGR2 target genes
in INKT cells, including Runx1, PLZF, IL-2Rb, and T-bet. Therefore, our study revealed GCN5-
mediated EGR2 acetylation as a molecular mechanism that regulates iNKT development.
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Invariant natural killer T (iNKT) cells form a distinct lymphocyte lineage that regulates a
broad range of immune responses. iNKT cells are a specialized subset of ap T cells that
express a CD1d-restricted T cell receptor (TCR) composed of an invariant Va 14-Ja18 TCR-
a chain in combination with limited TCR-p chains. Upon activation, iNKT cells rapidly
differentiate into NKT1, NKT2 and NKT17, and secrete a broad range of cytokines, such as
IFN-vy, IL-4 and 1L-17, thus contributing to the efficient differentiation of other immune cell
types. Therefore, INKT cells are key players in the immune response, acting as a bridge
between innate and adaptive immunity (Engel et al., 2012; Kadowaki et al., 2001; Lee et al.,
2013). The multifunctional properties of iINKT cells are established during the process of
iNKT cell development (Das et al., 2010). iNKT cells arise from CD4*CD8" double-positive
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thymocytes and diverge from mainstream T cell development upon expression of the
invariant TCRa chain followed by the selection of CD1d-expressing thymocytes. iNKT cell
development has been classified into four distinctive stages based on the expression of
CD24, CD44, and NK1.1 (Benlagha et al., 2005; Bezbradica et al., 2005; Egawa et al.,
2005). Many transcription factors, signaling molecules, and cytokines have been shown to be
crucial at multiple stages of iINKT cell development (Kim et al., 2015). For example, the
transcription factor ROR-yt is required for the productive rearrangement of the TCRa gene
segment Va 14 to the distal Ja.18 (Benlagha et al., 2005; Bezbradica et al., 2005; Egawa et
al., 2005), while transcription factors NFAT, EGR2, T-bet, and vitamin D receptor (VDR)
control the later stages of iINKT cell terminal maturation (Cantorna, 2010; Godfrey et al.,
2009; Lazarevic et al., 2009). These transcription factors mediate the expression of a cascade
of genes that initiate INKT cell development and maturation in the thymus; however, the
molecular switches that activate these various transcription factors remain unidentified.

The lysine acetyltransferases GCN5 was identified as the first transcription-related histone
acetyltransferase in 1996 (Brownell et al., 1996), which is a critical component in the
transcription co-activator complexes of SAGA and ADA in yeast, or ATAC in metazoans in
promoting gene transcription (Koutelou et al., 2010). GCN5 has been shown to play critical
roles in a variety of important biological functions including metabolic regulation, cell
growth and survival, DNA damage repair, and embryonic development (Phan et al., 2005).
Recent studies have implied possible important functions of GCN5 in immune regulation.
GCN5 regulates CD4* helper T (Th) cell differentiation toward I1L-9—-producing Th9 cells by
activating the transcription factor PU.1 (Goswami and Kaplan, 2012). Jin et al reported that
GCNS, together with its family member PCAF, negatively regulate interferon production
through HAT-independent suppression of TBK1 activation (Jin et al., 2014). However, the
physiological functions of GCN5 in immune regulation remain largely undefined.

In the current study, we generated a strain of mice with a T cell-specific Gcn5 gene deletion
and discovered that GCN5 is essential for INKT development. Loss of GCN5 function
impaired the transition of INKT cells from stage 0 to 1 and diminished the stage 1 to 2
transition during iNKT development. GCNS5 regulates iNKT cell development through the
direct modification and activation of EGR2, a transcription factor that is required for early
stages of iINKT development. Our studies define a previously unappreciated molecular
mechanism that drives iNKT cell development.

GCNS5 is required for iNKT cell development in a cell-intrinsic manner

To investigate the role of GCN5 in T cell immunity, we generated a strain of T cell-specific
Gcenb knockout (GCN5 KO) mice by breeding Lck-Cre transgenic mice with Genb floxed
mice. In these mice, Cre recombinase expression driven by the Lck promoter mediates Gens
deletion from the CD4/CD8 double-negative stage (Hennet et al., 1995). Immunoblot
analysis demonstrated that GCN5 was efficiently deleted from thymic T cells (Fig. 1A). The
percentages of cells at CD4/CD8 double-positive and single-positive stages were not altered
in the thymus of GCN5 KO mice (Fig. 1B). However, GCN5 gene deletion resulted in an
about 20% reduction in the total thymocyte numbers in mice. As a consequence, a similar
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level reduction in the absolute numbers of CD4/CD8 double-positive and single-positive
cells. While a slight but statistically significant increase in the percentage of double-negative
cells was observed upon Gcn5 gene deletion, their absolute number was not altered due to
the reduction in total thymocytes in GCN5 KO mice (Fig. 1B-D). These results indicate that
GCN5 loss led to a modest impairment in T cell development. Interestingly, the generation
of iNKT cells, identified by TCRp antibody and NK1.1 or CD1d-a.GalCer tetramer (Fig. 1E
& F), was largely diminished in the thymus of GCN5 KO mice (Fig. 1E & F). This block
could not be compensated in the periphery, as indicated by a profound decrease in INKT cell
frequencies and numbers in the spleen and liver of GCN5 KO mice (Fig. 1E & F). Impaired
iNKT cell development was unlikely due to elevated cell death, as annexin V-positive
populations of iNKT cells in the thymus, spleen, and liver were indistinguishable between
WT and GCN5 KO mice (Fig. 1G). Therefore, these results indicated that GCNS5 is required
for the development of iNKT cells in mice.

To determine whether GCNS5 regulates iNKT cell development in a cell-intrinsic manner, we
generated bone marrow chimeras by reconstituting lethally irradiated CD45.1* congenic WT
recipients with a 1:1 mixture of CD45.1* congenic WT and CD45.2* GCN5 KO bone
marrow cells. Analysis of these chimeras revealed that GCN5 KO donor bone marrow cells
poorly reconstituted the iNKT cell compartment in thymus, spleen, and liver (Fig. 1H), both
in frequency and absolute numbers (Fig. 11 & 1J), even in the presence of two-fold WT
cells, which confirmed a cell-intrinsic defect of INKT cell development in the absence of
GCNS5.

GCN5 promotes iNKT development during the maturation stage

iNKT cells originate from CD4*CD8™ double-positive thymocytes and are positively
selected by CD1d expression (Chiu et al., 1999; Exley et al., 1997). However, the cell
surface CD1d expression levels on the CD4*CD8* thymocytes were comparable between
WT and GCN5 KO mice (Fig. 2A). In addition, Gen5 gene deletion appeared to have no
effect on the survival of CD4*CD8" T cells because the percentage of annexin V*
CD4*CD8* cells were not altered by targeted Gens gene deletion even after 24 hours in
culture. This observation largely excluded the possibility that GCN5 promotes iNKT cell
development by maintaining the survival of INKT precursors (Fig. 2B).

iNKT cells undergo several well-defined developmental stages in the thymus. As shown in
Fig. 2C, in contrast to the WT thymus, in which 2.76% of CD1d tetramer-positive iINKT
cells were at stage 0, 40% of CD1d tetramer-positive iNKT cells were at stage 0 in the
thymus of GCN5 KO mice (Fig. 2C), implying a partial developmental blockade in the
transition from stage 0 to the later stages. Staining with the tetramer loading control did not
detect iINKT populations from stage 0 to the later stages (Fig. S1). Despite there is a
dramatic accumulation of iINKT cells at the stage 0 in thymus of Gen5 knockout mice, their
absolute number was not altered due to a more than 90% reduction in total INKT cells (Fig.
1 & 3D). Further analysis of CD24~CD1d tetramer-positive thymic iNKT cells revealed that
there was an approximate 40% reduction in the number of stage | cells and the ability of
cells to enter stage Il to 11 was largely diminished (Fig. 2D & E). These findings indicated

Cell Rep. Author manuscript; available in PMC 2018 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 5

that GCN5 function is essential for the transition from stage 0 to | and 11 during INKT
development.

To further delineate the cellular mechanisms underlying how GCNS5 promotes iNKT cell
development, we analyzed the in vivo iINKT cell proliferation. There are about 20-40%
BRDU (5-bromo-2’-deoxyuridine)-positive iNKT cells in mice sixteen hours after BRDU
injection in WT mice. In contrast, the percentages of BRDU™" proliferating iNKT cells were
dramatically reduced in Gen5 conditional KO mice (Fig. 2F & G). Further analysis indicate
that the percentages of BRDU™ cells were reduced at all developmental stages in Gen5-null
iNKT cells (Fig. 21 & J), indicating that GCN5 functions are required for iINKT cell
proliferation. To support this conclusion, real-time PCR analysis indicated that Gen5is
expressed at all stages during iNKT development and its expression levels are upregulated
during stages | and Il. In contrast, the expression of its family member acetyltransferase Pcaf
was unaltered (Fig. 2J).

GCNS5 regulates the expression of genes required for iNKT cell development and

maturation

To define the molecular mechanisms GCN5 regulation of iNKT cell development, we
analyzed the expression levels of genes that have been shown to be critical for INKT cell
development, maturation, and survival (Godfrey et al., 2010; Gordy et al., 2011). As shown
in Fig. 3A, real-time qPCR analysis detected significantly lower expression levels of
transcription factors including Runx1, PLZF and T-bet, as well as IL-2Rp, in GCN5 KO
thymic iNKT cells compared to WT iNKT cells. We also detected a modest but statistically
significant higher expression level of c-Myb, a transcription factor involved in promoting
early stages of iINKT cell development (Hu et al., 2010). The expression of several other
transcription factors including EGR2, ROR+yt, NF-xB family transcription factor RelA and
p50, GATA3, VDR and c-Myc, as well the Tec kinase ITK and the anti-apoptotic factors
Bcl2 and Bclxl, were not different in WT and GCN5 KO iNKT cells, indicating that GCN5
specifically regulates a limited number of factors critical for INKT development (Fig. 3A).

We then confirmed the differences in protein expression levels of PLZF, IL-2Rf, and T-bet
in WT and GCN6 KO iNKT cells by flow cytometry. Consistent with our real-time gPCR
analysis, the protein expression levels of IL-2Rp, T-bet, and PLZF, were significantly lower
in GCN5 KO iNKT cells at all their developmental stages compared to WT cells. As a
control, the expression levels of EGR2 in thymic iNKT cells were not altered by loss of
GCN5 (Fig. 3B & C). Since the anti-Runx1 antibody did not consistently detect Runx1
expression in iINKT cells by intracellular staining, and because detection of Runx1 protein
by immunoblot in GCN5 KO iNKT is challenging due to the limited number of iNKT cells
in GCN5 KO mice, we could not confirm that Runx1 protein expression was lower in GCN5
KO iNKT cells. Nevertheless, our data indicate that the histone acetyltransferase GCN5 may
promote iNKT cell development through regulation of the transcription factors Runx1,
PLZF, and T-bet, as well as IL-2Rp.

Cell Rep. Author manuscript; available in PMC 2018 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 6

GCNS5 functions are involved in regulating iNKT cell differentiation

Next, we analyzed the impact of GCN5 gene deletion to iINKT cell differentiation.
Significant reductions in the percentages of NTK1 (from 78.6% to 42.3%) and NKT17
(from 2.6% to 0.01%) were detected in GCN5-null mice. In contrast, the percentage of
NKT2 cells were increased from 16.7% to 39.7%, suggesting that GCNS5 is required for
NKT1 and NKT17 differentiation but loss of GCN5 functions facilitates iINKT cell
differentiation toward NKT2 (Fig. 4A, top panels & 5C). To support this notion, intracellular
staining of GATA3, the Th2 lineage-specific transcription factor, detected a significant
increase of PLZFNGATA3* NKT2 cells in GCN5 KO mice (Fig. 4A, bottom panels & 5C).
In addition, intracellular staining confirmed the significant reduction in PLZF'o"Tbet*
NKT1 cells in GCN5 KO mice (Fig. 4B, top panels & 5C). Analysis ROR-yT expression in
the Thet"PLZFN population detected about 81% PLZFNROR-gT~ NKT2 and 15%
PLZFNROR-gT* NKT17 in WT mice. In contrast, more than 99% of PLZFNIT-bet™
populations are NKT2 cells in GCN5 KO mice, but the differentiation toward NKT17 was
largely diminished (Fig. 4B, bottom panels & 5C). Consistent to the reduced percentages,
the absolute numbers of NKT1 and NKT17 were also significantly reduced. Despite with a
significant increase in NKT2 percentages, their absolute numbers were also decreased due to
a more than 95% reduction in total NKT cell populations in GCN5 KO mice (Fig. 4D). The
ratios of NKT1:NKT2:NKT17 are about 1:0.2:0.02 in WT mice (Fig. 4E) and 1:1:0 in
GCNS5 KO mice (Fig. 4F). These results suggest an important role of GCN5 in
reprogramming iNKT cell differentiation.

GCN5 is a lysine acetyltransferase of EGR2

Since GCNS5 is an acetyltransferase, we therefore determined whether GCN5 modulates
acetylation of the transcription factors involved iNKT cell development. The numbers of
iNKT cells from GCN5 KO mice are extremely limited, it was technically difficult to obtain
sufficient numbers of GCN5 KO iNKT cells for the study. To overcome this, we utilized an
shRNA-mediated knockdown approach to suppress GCN5 expression in DN32.D3 cells, a
mouse iINKT hybridoma cell line. Immunoblot analysis confirmed that the ShRNA
efficiently inhibited more than 90% of GCNS5 protein expression in DN32.D3 cells (Fig. 5A
& B), which was further validated at the mRNA level by real-time RT-gPCR (Fig. 5C).
Notably, the acetylation of EGR2, a transcription factor required for the early stages of
iNKT development (Lazarevic et al., 2009), but not its total protein expression levels, were
dramatically reduced in GCN5 knockdown DN3.D2 cells (Fig. 5A & B), implying that
GCNS5 catalyzes EGR2 acetylation. In contrast, neither the acetylation nor the total protein
expression levels of c-Myc, RelA, p50, or c-Myb, other transcription factors involved in
iNKT development, were altered in DN32.D3 cells by GCN5 knockdown (Fig. 5A & B).
While Gen5shRNA dramatically inhibited the mRNA expression of GCNS5, it did not affect
the mRNA expression of any transcription factors analyzed (Fig. 5C). These results suggest
that the histone acetyltransferase GCN5 may promote iNKT cell development through
catalyzing the acetylation of EGR2 to activate its transcriptional activity.

To further investigate the notion that GCN5 is a lysine acetyltransferase of EGR2, we
detected the interaction of Flag-tagged GCN5 with HA-tagged EGR?2 in transiently
transfected DN32.D3 cells by coimmunoprecipitation and immunoblotting (Fig. 5D). The
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interaction between endogenous GCN5 and EGR2 in iNKT cells was confirmed with the
detection of EGR2 in immunoprecipitates using an anti-GCN5 antibody but not normal
rabbit 1gG (Fig. 5E). Ectopic GCN5 expression significantly enhanced EGR2 acetylation
without affecting total protein expression levels (Fig. 5F). Together with the finding that
GCNS5 knockdown inhibited EGR2 acetylation, these results indicate that GCN5 is an
acetyltransferase for EGR2 in iNKT cells.

GCNS5 regulates the expression of genes driving iNKT development through EGR2

Further analysis of the gene expression profiles in the GCN5 knockdown DN32.D3 iNKT
cells detected a similar gene expression pattern as that observed in the primary GCN5 KO
iNKT cells (Fig. 3A), with a significant reduction in Runx1, T-bet, PLZF, and IL-2Rp
expression (Fig.6A), confirming that GCNS5 is a positive regulator of these critical genes in
iNKT development in a cell-intrinsic manner. To elucidate whether GCNS5 is recruited to the
promoters of Runxl1, T-bet, PLZF, and /L-2RP to regulate their expression, we performed a
ChIP analysis with an anti-GCN5 antibody. Indeed, we detected GCN5 binding to the
promoters of Runx1, T-bet, PLZF, and /L-2RP in DN32.D3 iNKT cells (Fig.6B). As
expected, GCN5 knockdown largely diminished its binding to these promoter regions. As a
control, GCN5 binding to the Bclxl promoter was not detectable in iINKT cells (Fig.6B),
which is consistent to our observation that GCN5 was not involved in regulating Bclxl
expression (Figs. 4A & 6A). These results indicate that GCN5 is a transcriptional co-
activator for Runx1, T-bet, PLZF, and IL-2Rp in iNKT cells.

Because GCNS5 catalyzed EGR2 acetylation in iNKT cells (Fig. 5), we speculated whether
GCNS5 promotes the expression of Runx1, T-bet, PLZF, and IL-2R through EGR2
acetylation. Analysis of the promoter sequences of mouse and human Runxi, T-bet, PLZF,
and /L-2Rp revealed conserved EGR2 binding sites (Fig.6D), suggesting that the
transcription factor EGR2 may be involved in regulating expression of these genes in iINKT
cells. Indeed, ChlIP analysis detected the binding of EGR2 to the promoter regions of Runx1,
T-bet, PLZF, and /L-ZRp, but not Bclx/ (Fig.6C). GCN5 knockdown suppressed EGR2
binding to the promoters of Runxi, T-bet, PLZF, and /L-2Rp, implying that GCN5 promotes
the transcriptional activity of EGR2 in regulating the expression of Runx1, T-bet, PLZF, and
IL-2RB.

To further validate EGR2 as a transcription factor in regulating Runx1, T-bet, PLZF and
IL-2Rp expression in INKT cells, we asked whether EGR2 knockdown resulted in a similar
suppression in the expression of these genes as seen in iINKT cells with GCN5 knockdown.
An Egr2-specific sShRNA inhibited approximately 90% of EGR2 protein expression in iNKT
cells (Fig.6E). Importantly, EGR2 knockdown resulted in a significant reduction in the
expression of Runx1, T-bet, PLZF and IL-2Rp without affecting Bclxl mRNA transcription,
clearly demonstrating that EGR?2 is a transcription factor involved in the expression of
Runx1, T-bet, PLZF, and IL-2Rp genes (Fig.6F). Of note, EGR2 knockdown largely
diminished the recruitment of GCN5 onto the promoter regions of Runx1, T-bet, PLZF, and
IL-2Rp (Fig.6G), indicating that GCNS is recruited onto the promoters of these genes
through EGR2.
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Pharmacological suppression inhibits EGR2 acetylation and transcriptional activity in
mouse primary iNKT cells

To further investigate the physiological roles of GCN5 in iINKT cells, we first determined the
interaction of GCN5 with EGR2 in mouse primary iNKT cells. Similar to our observation in
DN32.D3 iNKT cells, GCNS5 interaction with EGR2 was detected in mouse primary iNKT
cells (Fig. 7A). However, with a more than 95% reduction in the INKT cell numbers in
GCN5 conditional KO mice, it is technically challenging to obtain sufficient iNKT cells for
the co-1P and western blotting analysis. To overcome this difficulty, we utilized a GCN5-
specific inhibitor CPTH2 (Carradori et al., 2014) and demonstrated that pharmacological
GCNS5 suppression significantly inhibited EGR2 acetylation in mouse primary iNKT cells
(Fig.7B & C). It has been shown that GCNS5 regulates gene expression through catalyzing
acetylation of histones (Jin et al., 2011; Kong et al., 2011). However, treatment of iNKT
cells with GCN5 inhibitor CPTH2 did not alter the histone H3 acetylation levels (Fig.7B).
Consistent with this observation, flow cytometry analysis did not detect any changes in total
histone H3 acetylation in INKT cells from GCN5 KO mice (Fig.7D & E). These results
suggest that GCNS5 is a specific acetyltransferase for EGR2 in iNKT cells. To support this
notion, pharmacological suppression of GCN5 significantly inhibited EGR2 promoter
binding activity and the transcription of its EGR2 target genes (Fig.7F).

In addition to GCNB5, there are several acetyltransferases expressed in T lymphocytes
including p300, Tip60 and PCAF. However, GCN5 deletion does not appear to impair iINKT
development through altering their expression because the expression levels of p300, Tip60
and PCAF were unaltered in iNKT cells by GCN5 gene deletion (Fig.7G). Collectively, our
data indicate that GCN5-mediated EGR2 acetylation regulates iNKT development and
maturation through the regulation of Runx1, T-bet, PLZF, and IL-2Rp transcription (Fig.
7H).

Discussion

Our current study defined a previously unappreciated molecular mechanism in regulating
iNKT development and maturation. We found that the histone acetyltransferase GCN5
catalyzes EGR2 lysine acetylation to regulate the transcription of genes critical for INKT
cell development including Runx1, Tbet, PLZF, and IL-2Rp in regulating iNKT cell
immunity (Fig.7G). The severe developmental block of the iNKT cell lineage before
terminal maturation seen in mice with conditional deletion of the Gcn5 gene resembles the
phenotypes of several strains of mice that lack the transcription factors involved in iNKT
development, including EGR2 (Lazarevic et al., 2009), T-bet (Townsend et al., 2004;
Yokoyama, 2004), Runx1 (Egawa et al., 2005), PLZF (Savage et al., 2008), c-Myb (Hu et
al., 2010), and some of the NF-xB proteins (Beraza et al., 2009; Elewaut et al., 2003;
Schmidt-Supprian et al., 2004; Sivakumar et al., 2003; Vallabhapurapu et al., 2008; Yue et
al., 2005). Our real-time RT-qPCR analysis detected significantly lower mRNA levels of
several these transcription factors, as well as the cell surface receptor IL-2Rp (Torigoe et al.,
1992; Voss et al., 1992), in GCN5 KO mice and GCN5 knockdown iNKT cells, indicating
that GCNS5 regulates iINKT cell development and maturation through promoting expression
of the of key transcription factors involved. This critical function of GCNS5 appears to be
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achieved through catalyzing EGR2 acetylation, as EGR2 expression and acetylation were
required for Runx1, T-bet, PLZF, and IL-2Rp gene expression in iNKT cells. Our real-time
PCR analysis detected a modest but statistically significant higher level of c-Myb mRNA in
GCNS5 KO iNKT cells compared to WT cells, but immunoblotting showed no change in c-
Myhb protein levels. Further studies are needed to study the functional consequences as well
as the underlying molecular mechanisms of GCN5-mediated suppression of c-Myb mRNA,
but not protein expression.

As a lysine acetyltransferase, GCN5 achieves its physiological functions through directly
catalyzing the acetylation of either histones or transcription factors (Wang and Dent, 2014).
GCNS5 knockdown in iNKT hybridomas revealed that EGR2 acetylation was largely
diminished by GCN5 suppression. Notably, a previous study found a similar INKT
developmental defect in mice with EGR2 deficiency, but not with EGR1 or EGR3 deficiency
(Lazarevic et al., 2009), further supporting the notion that GCNS5 controls iNKT cell
development specifically through EGR2 acetylation. Acetylation regulates transcription
factors through multiple molecular mechanisms including modifying subcellular
localization, protein stability, interaction with transcriptional co-activators or co-inhibitors or
DNA-binding affinity (Bannister and Miska, 2000). GCN5 has been shown to function as an
E3 ubiquitin ligase that regulates the protein stability and transcriptional activity of NF-xB
(Mao et al., 2009). However, we found that suppression of GCN5 did not alter the protein
expression levels of EGR2 or NF-xB in iNKT cells, excluding the possibility that GCN5
regulates EGR2 function through its E3 ubiquitin ligase activity. Instead, suppression of
GCN5 largely inhibited EGR2 acetylation in iNKT cells. We further demonstrated that
GCN5-mediated EGR2 acetylation is likely required for EGR2 binding to the promoter of
EGR2 target genes, because GCN5 knockdown inhibited EGR2 binding to the promoters of
Runx1, T-bet, PLZF, and /L-2RB in iINKT cells.

In summary, our study identified a surprisingly lineage-specific function of the lysine
acetyltransferase GCN5, promoting EGR2 transcriptional activity during iNKT
development. Specific GCN5 inhibitors have been reported recently (Chimenti et al., 2009;
Secci et al., 2014) that may have therapeutic potential in the treatment of iINKT-mediated
immune disorders, including autoimmune diseases.

Experimental Procedures

Mice

Gcenb floxed mice were used as described previously (Chen et al., 2012; Lin et al., 2008).
Mice were backcrossed onto the C57/BL6 genetic background for 7 generations. T cell-
specific Gen5null mice (GCN5 KO) were then generated by breeding Gen5 floxed mice
with Lck-Cretransgenic mice. LCK-Cre transgenic (stick # 003802) mice and CD45.1
congenic B6/SJL mice (stock # 002014) were purchased from Jackson laboratory. Mice at
the age of 8 to 12 weeks, both male and females were used for the study. All mice used in
this study were housed at the Northwestern University mouse facility under pathogen-free
conditions according to institutional guidelines and animal study proposals approved by the
Institutional Animal Care and Use Committee. The IACUC protocol number associated to
this study is 1S00002388.
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Cells, antibodies, and plasmids

Mouse iNKT hybridoma DN32.D3 cells were cultivated in RPM11640 with 10% FBS.
Specific antibodies against GCN5, EGR2, Flag, and HA were from Santa Cruz (Santa Cruz,
CA), and against acetylated lysine were from Cell Signaling (Cambridge, MA).
Fluorescenceconjugated antibodies used for cell surface marker analysis and intracellular
staining including CD3, CD4, CD8, NK1.1, CD24, CD45.1, CD45.2, CD44, IL-2Rp/
CD122, T-bet, PLZF, EGR2, and antibodies against each specific isotype of mouse
immunoglobulin are listed in Table S1. GCN5 expression plasmid was purchased from
Addgene (Cambridge, MA) and EGR2 expression plasmids were used as reported
previously (Chen et al., 2009).

Flow cytometry analysis

Single cell suspensions of thymus or spleen were used for the analysis of the cell surface
markers including CD3, TCRp, NK1.1, CD24, and CD44 by labeling with fluorescence-
labeled antibodies specific to each cell surface marker, followed by flow cytometry analysis.
CD1d/PBS57 tetramers were obtained from the NIH tetramer facility and used for
identification of INKT cells as reported previously (Zhao et al., 2014). For the analysis of
transcription factors including T-bet, PLZF, and EGR2 in primary iNKT cells, intracellular
staining was performed using a Biolegend intracellular staining kit (San Diego, CA). For the
analysis of iNKT cells from liver, mouse iver tissues were homogenized and filtered, and the
resident lymphocytes were isolated by Percoll purification as reported (Zhang et al., 2009).
All the antibodies used for flow cytometry analysis are listed in the Table S1.

Bone marrow chimera and adoptive transfer

Bone marrow cells from wild type (WT; CD45.1 from SJL mice) and Gcn5 conditional
knockout (CD45.2) mice were mixed at a 1:1 ratio. A total of 5 x 10% mixed cells were
adoptively transferred into lethally irradiated SJL mice by intravenous injection. Ten weeks
after adoptive transfer, recipient mice were euthanized, and the iINKT cells in thymus,
spleen, and liver were analyzed as described above.

Real-time quantitative PCR analysis

Total RNA from the sorted mouse primary iNKT cells and DN32.D3 cells were extracted
using Trizol (Invitrogen, Carlshad, CA). mRNAs were reverse-transcribed using a cDNA
synthesis kit purchased from Invitrogen (Carlsbad, CA). The expression levels of genes were
analyzed by real-time gPCR. All primers used in the study are listed in the Table S2.

iNKT cell isolation, treatment and in vivo proliferation assay

iNKT cells from the spleen of WT mice were purified using the iINKT cell isolation kit
purchased from Miltenyi Biotec (130-096-503) following the manufacture's instruction.
Purified iINKT cells were treated with GCN5 inhibitor CPTH2 (Sigma, Catalogue #, C9873)
for 12 hours at 0-50 uM concentrations. EGR2 and H3 acetylation, EGR2 promoter binding
activity and mRNA expression in the CPTH2 treated cells were analyzed.
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For the in vivo iNKT proliferation, WT and GCN5 KO mice were injected with 1 mg 5-
bromo-2’-deoxyuridine (BRDU, in 200 ul PBS) per mouse into the peritoneal cavity. 12
hour later mice were euthanized, iINKT cell proliferation were analyzed by intracellular
staining of BRDU incorporation with FITC-conjugated anti-BRDU Abs.

Co-immunoprecipitation and immunoblot analysis

Experiments were performed as reported previously (Lin et al., 2012). Briefly, transient
transfection of DN32.D3 cells was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). Two days after transfection, cells were collected and lysed in Nonidet P-40
lysis buffer (1% Nonidet P-40, 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, and
freshly added protease inhibitor cocktail). The cell lysates were incubated with antibodies (1
ug) for 2 h on ice, followed by the addition of 30 pL of fast-flow protein G-Sepharose beads
(GE Healthcare Bioscience, Uppsala, Sweden) overnight at 4°C. Immunoprecipitates were
washed and separated by 8% or 10% SDS-PAGE and electro-transferred onto nitrocellulose
membranes (0.45 pm; Bio-Rad). Membranes were probed with the indicated primary
antibodies, followed by horseradish peroxidase-conjugated secondary antibodies.
Membranes were then washed and visualized with an enhanced chemiluminescence
detection system (Bio-Rad, Hercules, CA, USA). Antibodies used in the study are listed in
the supplemental Table 3.

Chromatin immunoprecipitation (ChIP)

DN32.D3 cells were cross-linked with 10% formalin and subjected to ChIP using the
Chromatin Immunoprecipitation Assay Kit (Millipore) as reported previously (Kong et al.,
2015). In brief, 2 x 106 cells were lysed in SDS lysis buffer. Cell lysates were sonicated and
3% of each sample was used to determine the total amount of target DNA. The remaining
cell lysate was diluted in ChIP dilution buffer. Immunoprecipitation was performed with
each of the indicated antibodies (3 ug) at 4°C overnight. Immune complexes were then
mixed with a salmon sperm DNA/protein agarose 50% slurry at 4°C for 1 h. After
immunoprecipitates were washed sequentially with low salt buffer, high salt buffer, LiCl
wash buffer, and Tris EDTA, DNA-protein complexes were eluted with elution buffer and
cross-linking was reversed. Genomic DNA was extracted using phenol/chloroform and
ethanol-precipitated DNA was resuspended in Tris EDTA. qPCR was then performed with
specific primers. All primers and the antibodies used for ChIP are listed in the supplemental
Table 2 and 3, respectively.

Statistic analysis

For most ex vivo analysis, both males and females, gender-matched littermate controls were
used. In the case of non-littermate controls, age and gender-matched mice were used. At
least five mice per group for the FACS analysis were used. Data are shown as means and
standard deviations and a p<0.05 is considered as statistical significant. Unpaired student t
test was used for the statistical analysis. All analyses was performed with the SPSS 12.0
software package (SPSS Inc., Chicago, IL).
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Highlights
GCNS5 controls INKT cell development in a cell-intrinsic manner.
GCN5 is a specific lysine acetyltransferase of EGR2 in iNKT cells.

GCN5-mediated acetylation is required for EGR2 transcriptional activity.

GCNS5 inhibition downregulates EGR2 target genes required for iNKT development.
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Fig. 1. Impaired NKT cell development in GCN5 KO mice
(A) Immunoblot analysis of GCN5 protein expression (top panel) in thymocytes isolated

from WT and GCN5 KO mice using Tubulin as a loading control (bottom panel). (B-D)
Single-cell suspensions of thymus were analyzed for the expression of CD4 and CDS8.
Representative images from one pair of mice are shown (B). The percentages (C) and
absolute numbers (D) of 7 pairs of mice are indicated. (E-G) Single-cell suspensions of
thymus and spleen, as well as purified lymphocytes from liver tissue, were collected from
WT and GCN5 KO mice. Cells were labeled with anti-TCRp and NK1.1 (E, top panels) or
with CD1d-a.GalCer tetramer (E, bottom panels). The percentages (top panel) and absolute
numbers (bottom panel) of INKT cells from 15 pairs of mice as analyzed by CD1d-aGalCer
tetramer and TCRp are shown (F). Gated iNKT cells were labeled with annexin V and PI,
and representative images from 10 pairs of mice are shown (G). (H-J) Bone marrow cells
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from GCN5 KO mice and CD45.1-congenic B6/SJL mice were mixed in a 2:1 ratio and
adoptively transferred into the lethally irradiated B6/SJL mice. Eight weeks after transfer,
recipients were euthanized. iNKT cells in the gated CD45.1 (WT) and CD45.2 (GCN5 KO)
populations from thymus (Thy), spleen (Spl), and liver were analyzed by NK1.1, CD1d-
aGalCer tetramer and TCRP (H). The percentages (I) and absolute numbers (J) of iINKT
cells from five recipient mice are shown. Thy, thymus; Spl, spleen. Student's #test was used
for statistical analysis. * p<0.05, ** p<0.01, and *** p<0.001.
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Fig. 2. INKT cell development and maturation
(A) CD4/CD8 double-positive cells in the thymus of WT and GCN5 KO mice were gated

and expression of CD1d was analyzed by flow cytometry. The average mean fluorescence
intensity (MFI) is indicated. Red, WT; Green: GCN5 KO. (B) Single-cell suspensions from
the thymus of WT and GCN5 KO mice were cultured in complete media for 24 hours. Cell
apoptosis of CD4/CD8 double-positive cells was analyzed by annexin V staining. The
average percentages of annexin V-positive cells from five independent experiments are
shown. (C-E) iNKT development in the thymus of WT and GCN5 KO mice was analyzed
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by their expression of CD24 (C, top panels). CD24-CD1d tetramer* populations were
further analyzed for their expression of NK1.1 and CD44 (C, bottom panels). The absolute
numbers of each stage as indicated in (C) were calculated (D), and the percentages in GCN5
KO iNKT relative to WT iNKT cells from seven pairs of mice are indicated (E). (F-1) GCN5
WT and KO mice were injected with 1 mg BRDU (in 200 ul PBS) per mouse into the
peritoneal cavity. 12 hour later mice were euthanized, the gated TCRP and CD1d tetramer
double positive iINKT cells were analyzed for the BRDU incorporation. Representative
images (F) and data from five pairs of mice are shown (G). BRDU incorporation of iNKT
cells at stages 0 to 111 were analyzed. The representative images (H) and data from five pairs
of mice are shown (I). (J) Cells at CD4 CD8 double positive (DP) and iNKT cells at stages
of 0-111 were sorted, the expression levels of GCN5 and PCAF were analyzed by real-time
PCR. Student's ftest was used for statistical analysis. *p<0.05, ** p<0.01, and *** p<0.001.
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Fig. 3. The expression levels of genes in GCN5 KO iNKT cells
(A) TCRp and CD1d tetramer-positive iINKT cells were sorted from the thymus of WT and

GCN5 KO mice. mRNA expression levels of each indicated gene were analyzed by real-
time gRT-PCR. Error bars represent the standard error of the mean of three independent
experiments. (B & C) The expression of IL-2Rp, T-bet, PLZF, and EGR2 in iNKT cells at
each developmental stages (0-111) and total TCRp and CD1d tetramer-positive iNKT cells
(bottom panels) from thymus were analyzed. Representative images (B) and the average
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MFI (C) from five pairs of mice are shown. Error bars represent mean = SD. Student's #test
was used for statistical analysis. * p<0.05, ** p<0.01, and *** p<0.001.
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Fig. 4. Analysis of INKT differentiation in GCN5 conditional KO mice
(A) TCRp and CD1d tetramer positive INKT cells in WT and GCN5 KO thymocytes were

gated and their expression of PLZF, ROR-yT and GATA3 were determined by intracellular
staining and flow cytometry. (B) The expression of PLZF, ROR-yT and T-bet in the gated
TCRp and CD1d tetramer positive iNKT cells were analyzed. (C & D) The average
percentages from 6 pairs of WT and GCN5 KO mice are shown. Student's #test was used for
statistical analysis. * p<0.05, ** p<0.01, and *** p<0.001. (E & F) The relative ratios of
NKT2 or NKT17 to NKT1 in WT (E) and GCN5 KO (F) are indicated.
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Fig. 5. GCN5 is a lysine acetyltransferase of EGR2
(A & B) The expression levels of GCN5 in the knockdown (KD) and WT control (Ctl)

DN32.D3 cells were determined by immunoblotting (top panel). EGR2, c-Myc, RelA, p50,
and c-Myb proteins in the lysates of WT and GCN5 KD iNKT cells were
immunoprecipitated with the indicated antibodies, followed by immunoblotting with an anti-
acetyllysine specific antibody to detect acetylated proteins. Images from three independent
experiments are shown (A). The band intensities of the acetylated forms of each protein in
(A) were quantified and the acetylated protein levels were normalized to total protein levels
(B). (C) mRNA expression levels of each indicated gene in the WT and GCN5 KD iNKT
cells were analyzed by real-time qPCR. Error bars represent the standard error of the mean
of three independent experiments. Student's #test was used for statistical analysis. **
p<0.01. (D) DN32.D3 cells were transiently transfected with Flag-GCN5 and HA-EGR2
expression plasmids. The interaction of GCN5 with EGR2 was determined by
immunoprecipitation and western blotting. (E) Endogenous GCNS5 protein in the lysate of
DN32.D3 cells was immunoprecipitated with anti-GCN5 antibody but not control normal
rabbit 1gG (rlgG) and the interaction of EGR2 with GCN5 was determined by
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immunoblotting with anti-EGR2 (top panel). The same membrane was reprobed with anti-
GCNS5 (bottom panel). (F) HA-EGR2 was co-transfected with or without Flag-GCN5 into
HEK?293 cells. EGR2 protein in the transfected cells was immunoprecipitated by anti-HA
antibody and the acetylated levels of EGR2 were determined by immunoblotting with anti-
acetyl-lysine antibody (top panel). The expression levels of EGR2 and GCN5 were
determined as controls.
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Fig. 6. GCN5 regulates gene expression in iNKT cells through EGR2
(A) mRNA expression levels in WT (Ctl) and GCN5 KD iNKT cells were determined by

real-time qPCR. (B & C) The binding of either GCN5 (B) or EGR2 (C) on the promoter
regions of the indicated genes in WT and GCN5 KD cells was analyzed by ChiP. (D) The
conserved EGR2 binding sites in the promoter regions of mouse and human Runxl, T-bet,
PLZF, and /L-2Rp. (E) EGR2 KD iNKT cells were generated as described in Fig. 4A. The
expression levels of EGR2 were confirmed by immunoblotting. (F) MRNA expression levels
of each indicated gene in WT and EGR2 KD DN32.D3 iNKT cells were analyzed by real-
time gPCR. (G) GCNS5 binding to the promoter of each indicated gene was determined by
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ChIP with anti-GCNS5 antibody. Error bars represent standard error of the mean from five
independent experiments. Student's ftest was used for statistical analysis. * p<0.05, **
p<0.01, and *** p<0.001.
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Fig. 7. The effects of pharmacological GCN5 suppression on EGR2 transcriptional activity in
mouse primary iNKT cells

(A) INKT cells from the thymus and spleens of WT mice were isolated using iNKT
purification kit. (A) The interaction of GCN5 with EGR2 was analyzed. (B & C) Purified
iNKT cells were treated with CPTH2 at each indicated concentrations (uM) for 12 hours and
lysed. The acetylation levels of EGR2 (B, top two panels) and histone H3 (B, bottom two
panels) were determined as in indicated in figure 4A. The acetylation levels of EGR2 were
normalized to total EGR2 protein levels and data from three independent experiments are
shown (C). (D & E) Single cell suspensions from the thymus, spleen and liver of WT and
GCN5 KO mice were stained with TCRB, CD1d tetramer and intra-cellular staining with
anti-acetyl-H3 followed by FITC-conjugated anti-rabbit 1gG Abs. The levels of acetylated
H3 in gated iINKT cells were analyzed by flow cytometry (D) and data from three pairs of
mice are shown (E). (F) Purified iINKT cells from wildtype mice were treated with CPTH2
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and the EGR2 promoter binding (top panel) and mRNA expression levels of each indicated
genes were analyzed. (G) The expression levels of p300, Tip60 and PCAF in purified WT
and iINKT cells were determined by real-time RT-PCR. (H) A proposed model for GCN5-
mediated EGR2 acetylation to regulate genes critical to iNKT development. Student's #test
was used for statistical analysis. * p<0.05, ** p<0.01, and *** p<0.001.
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