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Abstract

Enhancer of+Zeste 2 (Ezh2) mainly methylates lysine 27 of hisi@n@H3K27me3) as part

of the Polyeomb repressive complex 2 (PRC2) together with Suz12 and Eed. However, Ezh2
can alsomodify, horrhistone substrates, although it is uncleathi§ mechanismhas a role

during development. Here, we present evidence for a chreidgpendent role of Ezh2

during T cell development and immune homeostasis. Tspeltific depletion of Ezh2
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induces a pronounced expansion of natural killer T (NKT) cells, although-deflftdent T

cells maintain normal levels of H3K27me3, suggesting a chrofmatépendent mechanism.

In contrast, removal of Suz12 or Eed destabilizes canonical PRC2 function aed &l}at

cell development completely. We further show tBat? directy methylaesthe NKT cell
lineage defimg-transcription factorPLZF, leading to its ubiquitination and subsequent
degradation.Sustained PLZF expression in Eztificient mice is associated with the
expansion‘of‘a subset of NKT cells that camsmiune perturbation. Taken togethee have
identified a chromatkindependent function of Ezh2 that impacts on the development of the

immune system.

Introduction

Posttranslational modifications to chromatim the form of histone marks are known to be
importantfor._gene regulationHowever, the enzymes that are responsible for laying down
these marksyean also modify nbistone proteingl,2], making it important to understand
whether sueh alternative mechanisms play a role in the regulation of cell figt@f @e key
epigenetic, silencing pathways involves the polycomb repressor complex 2 (PRC2) which
consists ofmentedundant componentSuppressor of zeste 12 homolog (Suzl2) and
Embyronic ectoderm development (Eed) and the histone methyltransfer&sbancer of zeste
homolog 2 (Ezh2), whichis responsible fothe trimethylation of lysine 27 of Histord3
(H3K27me3)[3]. Recently, it has been found that a homologue of EZhR]1can also impart

H3K27me3 and compensate for thesof Ezh2in some circumstancg4-6].

Ezh2 has alsdbeen shown to methylate nbistone proteins such as transcription factors
resultingsin-a-range of outcomes, such as functional reprds§3iand degradatiofB8]. Ezh2
methylation of Vavl or talin has a role in actin polymerizaf@nand cell migratior{10],
however the“extent to which these events contribute to the differentiation of immisnis cel

unknowns
Here weexamined whether there was a role for chromatilependent functions of Ezh2 in T

cell developmentThe process of T development occurs in the thymus wheratopoietic

progenitors (knowras thymocytes) develdpto mature T cell lineage®eletion of Ezh2 at
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this early point arrests T cell developm&htll]. The major T cell populations that arise are
defined by the expression of either CD4QID8 molecules (known as geceptors). These
cells possess an aff T cell receptor (TCR) that recognises peptideand to class | or class Il
Major Histocompatibility Complex (MHC) molecules, respectively. The commitmetiteto
CD4 or €D8«T-cell lineage occurs quite late in thymic development. Initially, parsurs
commited to the ap lineage, which have rearranged genes encoding their TCR chains (TCR

and TCRa), transition through a stage known as doubkpositive (DP)where they express
both the CD4 and CD8 emceptors. They then undergo a selecpbase where only csll
with appropriate avidity for seligands survive and differentiate into mature T cells. It is at
this stage .that/the choice of the CD4 or CD8 lineage is made. Hneralso “non
conventional” A eells that develop in the thymus such as y6 T cells and Natural Killer T
(NKT) cells*that are very important for innate responses. NKT cells develop dhergR
stageandare a heterogeneous population of Cbhéstricted innatdike T cells that recognize
glycolipid antigens and are potent and rapid produoérsytokines[12,13] Due to their
potency in‘producing a range of different cytokines NKT cell numbers must be keptin che
as their abeant.expansion results in the activation of the adaptive immune systebb]
Thus, NKT cells'have been implicated in a number of autoimmune diseases, such as asthma
[16] and inflammatory bowel diseafE7], as well as being targets for canoemunotherapy
[18]. NKT cellsshave their own distinct transcriptional profil®] that depends on thmaster
transcription factopromyelocytic leukaemia zinc fingéPLZF, encoded bybtb16) [ ,24].

Here weidentify achromatinindependent role for Ezh2 in regulating T cell development and
immune homeostasi§Ve observedEzh2deficiency results irthe expansiorof NKT cells
that maintaine=normal levels of H3K27me3. In contrastmoval of the PRCZ2core
componentssSuzl12 and Ebkl to H3K27me3 depletion and a dramatic loss of NKT cells
We identifleda“specific lysine residue of PLZF (K430) that is a target of Hatidced
metylation leading to the ubiquination and degradation of the pro@werall we have
demonstrated that Ezh2 can act in a chroriatiependent manndo control NKT cell
development angreservammune homeostaspotentially by finetuninglevelsof PLZF,via
methylationdependent ubiquitingtion

Results
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A chromatin-independent role for Ezh2 in the development of NKT but not
conventional aff T cells. To study the contribution of the PRC2 Tocell developmentve
bred mice in whichthe exons ofEzh2 [22], Suz12 [23] or Eed [6] are flanked byloxP
sequencego transgenic mice expressing cre recombinase undecahtol of the Cd4
promoterR4};=herebyreferred to asonditionalknock out “°) mice. We first confirmed
deletion of the floxed alleles by PCRigure EMla-c). We then examined thieequency of
conventionabp CD4" and CD8 T cells(Figurela) andyd T cells Figure1b)in the thymus
andspleeni(not shown) afdult micefrom all strainsand found that thewere similar to the
wild type counterparts suggesting that removal of these components at the DP stage did not
affect the subsequentevelopment of these populations. However, usdigld tetramers
loaded with PBS57, a derivative of the glycolipid antigergalactosyl ceramide (denoted
NKT tetramer) we observed a large population of BCRKT cells in the thymus and spleen
of the Ezh2*“° mice Figure 1¢ Figure EV2a and data not shown). This was in contrast to
what was observed in tHiz12° and Eed™° mice, which had a substantial loss of thymic
NKT cells (Figure 1c; FigureEV2a) Thus we have revealed an unexpected difference in
NKT cell development between micefitient in Ezh2 versus those deficient in the non

redundant components Suz12 and Eed.

Ezh2 is a_histone methyltransferase, that, when in complex with its PRC2 cofagidi3
and Eed, imparts the H3K27me3 mark that is associated with gene sil€&hg
Surprisingly, we did not observe a reduction of H3K27me3 leveligha™° NKT cells when
compare to wild type NKT celldoy both flow cytometry and western bigligure 1dand 8.

The maintenance of H3K27me3 was most likely due to compensation by the closely relat
Ezhl, as has=bheen shown in some other circumstgde826]. Consistent with this notion,
we found.that.Ezh1 was expressed in wild type Ni€lls and that its expression increased in
the Ezh2*? eelis'Figure 1d). This indicated that the canonical PRC2 function of laying down
H3K27me3 occurred relatively normally and suggested that Ezh2 may control NKT ce
developmentin a manner that is independent of its role as a chren@tifying enzymeln
supportefithis hypothesithe removal oSuz12 andedwhich is known to compromisthe
ability of both"Ezh2 and Ezhl to methylate H3KP5/6] and leadto a loss of NKT cells
resulted in a strong reduction in the level$18K27me3 Figure 1f) suggesting that the PRC2
in these cells has been destabiliZégrtherevidence of PRC2 disruption comes from the fact
that Ezh2 levels were sussttially reduced in both th8uz12 andEed™® thymocytes (Figure
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EV2b), whereas Suz12 levels were unaltered inExe®°

(Figure EV2c). In combination,
this data indicates thathé complete loss of the PRC2 function impairs NKT cell
development, while the expansion of NKT cells in the absence of Ezh2 deriveth&doss

of a chromatinndependent function of this factor during NKT cell development.

Ezh2-deficiency Jleads to the expansion of PLZF"®" NKT cells. NKT cells arise from
CD4'CD8""thymoeytes and are thought to progress in a linear fashion from a"CI

NK1.1 population (known as stage 0), to stage 1 (C@I#44 NK1.1), stage 2 (CD24
CD44" NK1.1) and stage 8CD24 CD44" NK1.1") [13. Recently, an alternative model has
been propesed, in which some stage 2 and 3 NKT cells diverge from a common stage 0 or 1
progenitor 4o take on different transcriptional and functional propdtt#&27] This has led

to the demarcation of some cells in stages 1 and 2 as “NKT2” as these cells mavé mo
helper 2 like properties (such as high IL4 production) and express high levels of the
transcription factor PLZF and stage 3 as PP%Fbef""NKT1 for their functional similarity

to T helper 1 cell§14,27]. To understand how Ezh2 regulates NKT cell development in a
non-canonical fashion we sougtat determine which stage of differentiation is affected by the
loss of Ezh2. Fractionation of the wild type and Edeficient thymi showed large
proportionrof*the NKT cells from theEzh2™° accumulated at stage Figure 2a and
expressed high-develsfd’LZF (Figure 2b)andIL4 (FigureEV3a). Moreover NKT cells from

the Ezh2®® “expressed low levels of Thet and R@RFigure EV3b) and thus could be

considered akin to NKT2 cells.

To investigate the transcriptional changes that occurred in NKT cells lacking Ezh2 we
employed RNAseq. We isolated stage 1, 2 and 3 NKT cell populations from wild type and
Ezh2*° thymocytes (sort profile shown FigureEV2c). A comparison of wild typstage 1

vs stage.3.NKT' cells yielded over 1500 differentially expressed gé&mgsré 2c, Figure
EV2d andDatasetl) illustrating the dramatic transcriptional changes that parallel PLZF down
regulation during NKT cell maturation. Surprisingly, we found only 297 up regulated and 62

2%C stgge 2 NKT cellsin comparison to their wild type

down regulated genes iBzh
counterparts®(kigure 2d¢-igure EV2d) and even fewechanges between the genotypes at
stages 1 and 3F{gure EV2e & f, Dataset2). The relativelyminor changes in gene up
regulation in the absence of Ezh2 correlated with the eciaid levels of H3K27meFigure

1d & e). Interestingly, we found that a number of genes that were down regulated in stage 2

Ezh2°“® NKT cells were Thitype genes includin@bx21 (encoding Tbet)||18rap andll2rb
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(Figure 2¢), genes which are highly expressed in the stage 3 population indicating that the
loss of Ezh2 results in a block of cells at stage 2 or a skewing towards the NKT2 subset.
Overall, this suggests that thess of Ezh2 results in accumulation of stage 2/NKT2 type
cells, and that development of these cells appears to be independent of convpationay

of Ezh2-PR€2:gene silencing.

PLZF is a'targetfor Ezh2 methylation and degradation. Recently it has beeshown that
Ezh2 can methylate transcription factors in a process that could alter their function or lead to
their degradation7,8,28] As PLZF (encoded by th&btbhl6 gene)is a master regulatoof

NKT cell development20,21] and was highly expressed in the expanded population of
Ezh2° NKT célls (Figure 2b) we investigated the possibility that it was theedi target of
Ezh2. We confirmed previous reports that PLZF protein levels are dynamically regulated
throughout normal NKT cell development, being high at sthgend reduced thereafter
(Figure 3a) 20 ,29].Strikingly, the down modulation of PLZF protein concentration during
progression from stage 1 to 2 did not correlate \¥itkb16 transcript abundance, which
remained high.at stage(Figure 31, suggesting that postandational modifications regulate
PLZF protein'stability. IrEzh2*“® NKT cells high PLZF amountsvere sustained in stage 2
(Figure 8e)ralthough the transcript levelere equivalerin wild type andEzh2®© NKT cells
(Figure3d and-¢ We also found thathe amounbf H3K27me3wasvery low at the Zbtb16
promoter of both the WT anizh2*“© stage 2NKT cells in comparison to that éfoxall, a

gene known to be silenced imematopoieticcells [30], providing more evidence for a
chromatinindependent effecby Ezh2 on PLZF proteir{gure 3f).

PLZF stability is thought to be controlled by ubiquitivediated degradatidB1] and recently
PLZF has'been shown to bssociateavith the E3 ligase cullin 3 in NKT cell82], raising

the possibility that Ezh2 methylase activity may directly control PLZF ubiqtigimaand
degradations==Such a mechanism is not without precedence as Ezh2 establisietisyh
degron” onsthe“transcription factor R@R8] (which was not differentially expressed in
Ezh2*° NKT+€ells; Figure EV4a). We firstly confirmed that PLZF was indeed methylated in
NKT cells andsythat this methylation was reduced in the absence of(Ezh2e EVd). As
NKT cells are a very rare population wiearacterized this mechanism further using the 293T
cell line. We found that indedeizh2and PLZF could interagFigure 4a%& b). In addition the
presence of Ezh2 led to increadedZF methylation Figure 4c). Moreover, inhibition of

Ezh2 methyltransfes activity using thesmall molecule inhibitotGSK126 B3] reduced
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PLZF methylation suggesting that the enzymatic activity of Ezh2 is critictlis process
(Figure EV40). Interestingly the presence of Suz12 was not required for this procéss as
knockdown of Suz12 expression (Figure EV4tigl not affect the levels of PLZF methylation
in this system (Figure EV4e).

Wethen used a'lysine methylation predicting tool [34] which highlighted K430iksly $ite
for PLZF 'methylation(bioinfo.ncu.edu.cn/inquirie$M eS.aspx) Interestingly this site is
highly conserved across speci€gyre EV4f). Substitution of K430 taarginine (R)resulted
in almost complete loss of Ezm2duced PLZF methylation Figure 4c). Wien Ezh2 was
introduced . into/ cells that eexpressed PLZF and UbiquitthA we observed strong
ubiquitinylation“ef PLZF, which was lost in the K430R mutérigure 4d).This correlated
with increased 'stability dK430R PLZF after blocking protein synglsis with cyclohexamide
(Figure 4e) Moreover, knockdown of endogenous Ezh2 gifRNA (Figure EV4Q) resulted
in increagd stability of WT PLZF Kigure 4f), whichdid not alterZbtb16 transcription
(Figure EV4h). In combination, his data demonstrates that PLZFaisovel target of the

Ezh2methyl-degron.

We nextexamined theféect of mutatingof the Ezh2 methylation site in PL4# primary T

cells To this.end,we produced retroviruses encoding WLA or K430R PLZF and
observeda'statistically significantincrease in théevels of PLZF in primary CD4T cells
carrying the K430R mutar(Figure EV53). To determineif NKT cell differentiationwas
altered we trarsduced fetal liver stem cells with these vectors with the objective to
reconstitute the immune system of lethally irradiated recipient mice. Unfortumatefiyund

that while we could obtain GFH cells infected with the empty vector we could not recover
T cells that oveexpressed either WT PLZF or PLZF K430R (data not shown). This suggests
that PLZE introduction in stem cells restricts their ability éoelop into T cellsAlternatively

we introduced=these vectors into thymic progenitors and studied NKT cell development
vitro. Introduetion of K430R PLZF led to ancreased proportion of cells at staand a
corresponding decrease in stagé&@ureEV5b). Overallthis data shows th&izh2 can target
PLZF for degradation anthat mutatingthis target site stabilizeé8LZF and alters NKT cell
differentiation.

2CKO

PLZF"9" NKT cells are the cause of immune perturbation in Ezh2*° mice. Finally we

studiedhow the loss of the E2haffectedimmune homeostasi®erturbations of CDST cell
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homeostasis by extrinsic factprsamely IL415], have been observed in mice lacking the
tyrosine kinase It{35] and the transcription factors KIfad5] and 1d3[36] and have been
attributed to the expansion of innate T cell populations such as NKd Drecells [15]. A
more detailed examination of the phenotypic characteristics of the T cetls ddweloped in
the absencevof'Ezh2 revealed a dramatic alteration specific to the activation status of the
CDS§', but not the CD4T cdl population Figure & & FigureEV5c). Ezh2deficient CDS T
cells adopted memoiljke characteristics including the wpgulation of CD44, expression of
the transcription factor Eomes and the production ofyJit they maintained expression of
CD62L, indicative of a central memory phéyme Figure & & b). In line with this we also
found a dramatic increase in Hidduced immunoglobulin E (IgE) in the serum of the
EzhZ*° mice Gigure 5d) as has been noted previoudi$7], suggesting that B cell

homeostasis was also perturbed.

To investigate.whether NKT cells were indeed the driver of the immuneripation, we
specificallysremoved them by generatifigh2®® mice that also lacked CD1d, which is
required forsNKT developmeriBg. Loss of NKT cells also resulted in restoration in the
proportion‘ef €D8 T cells with a memory phenotype hear wild type levelsFgure 5c).
Furthermore, the increased serum IgEz2*“° mice was also dependent on the presence of
NKT cells_(rigure 5d Thus, genetic ablation of Ezh2 in the T cell lineage resulted in
igh

expansion of PLZF"" NKT cells that adversely impacted on adaptive immune cell

homeostasis.

Discussion

While chramait-independent functions of Ezh2 have been reported previously, they are not
known te“impact on the differentiation of immune cells. By using a combination o2-PRC
deficient mice we have identified that Ezplayssuch an alternativeole in the regulatiormof

NKT cell developmentThe retention of H3K27me3 and the few derepressed genes in Ezh2
deficient NKT cells, while surprising, has been also observed in R&Get genes in stem
cells[5,6] and correlates with the evidence showing that Ezh1l can compensate for the role of
Ezh2 to methylate H3K274,5]. In support of an unconventional role for Ezh2 in the
regulation of immune homeostasis we showed that removal of theedondant components

of PRC2, Suzl1l2 and Eed, ablated NKT cell development and did not phenocopy Ezh2
deletion. Conversely, due to the profound defects in H3K27me3 and NKT cell survival
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without Suz12 or Eed, we cannot exclude the possibility that these fataatso involved in
the methylation of PLZF as they have been shown to be required fdrisione methylation
by Ezh2[7,9], although our data suggest that Suz12 was not required for this process. Future

work will investigate the composition of the complex required to induce PLZRyta&bn.

Non-histone methylation by E2 results in range of outcomésr the target proteinsuch as
repression”[7pr activation of transcriptional activit)28]. The results we describe here the
result of PLZF methylatiomare inline with the previously describelzh2dependent methyl
degron [8] In this case methylatiomf RORx by Ezh2 was recognize®DB1-CUL4-
associated,factor 1 (DCAFljvhich acted as an adaptor for the recruitment aubn4
containingubiguitin ligase compleXnterestingly, culin3 is highlexpressed in immune cells
andhas recently been shown to interact with PLZF in NKT d8.

In the Ezh2deficient NKT cells we observed high levels of PLZF that were duat to
increased transcription and we identified PLZF as a novel substrate for themendmng
degron. Ourgdata suggests that the sustaineddagbentration of PLZF observed in the
absence of,Ezh2 may guide celtsvardsan NKT2 fate, eitherby diverting cellsfrom stage

0/1 NKT progenitorsor by stallingNKT2 from becoming NKT1.nd line with this Tbx21 and

its target genes$lL2rb andIL18ra [39] were down regulated in stage 1 and 2 NKT cells
lacking Ezh2. Interestingly, T-bet knockout mice have an accumulation of NKT2 cells [14,40]
suggesting, that a mutual antagonism may exist between PLZF -aetl We propose a
working model, in which Ezh2mediated degradation of PLZF guides thymic NKT
development and specifically enables stage 3/NKT1 develaprirethe absence ofzk2,

PLZF levels_are maintainedpx2l is repressed anfitage 2/NKT2 cells accumulate, which
subsequently perturbs the adaptive cells of immune system. This is supported by a recent
study that'showed that high levels of PLZF indeed push cells towards the NKT2 pathway
[41]. This highlights the potential role of the Ezh2 metthggron in the rapid degradation of
transcriptionsfactor levels in allowing stage 2 cells to pass to the next stageeddpment
where Zhtb16 transcription is subsequently repressed. This mechanism adds an afldition
layer of regulation in cell fate determination that is most at play in the differentiation of many

cell types.

To assess the functional relevance of tBeh2PLZF methyldegron on NKT cell
development we retrovirally introduced WT PLZF or PLEE30R into developing thymic
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NKT cell cultures. These are technically challenging experimeiittsa range of variables.
Nevertheless, @ observed a skewing of the cells transduced with the K430R mutant towards
stage 1 and a corresponding drop in the proportion of stage 3 NKT cells. This suggests that
stabilizing PLZF does indeed alter NKT cell development, however, the metfests
observedalsesimplythat this mechanism may not be the only one operating in the expanded
NKT cells ffom theEzh2*“° mice. We speculat¢he Ezh2PLZF methyl degron is required at

the transition“between stages 1 and 2 to downregulate PLZF protein prior twiptaorsal
repressiongof Zbtb16 at stage 3, and that introducing this stabilized version of PLZFKlnto ea

NKT cell progenitors (stage 0) may lead to the early block at stage 1.

Recently, thefgroups of Tarakhovsky aBdsselutalso observed NKT cell expsion in
Ezh2*° mice, which they concluded, was caused by the loss of the canonical function of
H3K27me3associated repression Abtb16 transcription[29]. Our data suggests that this is
unlikely for a number of reasons. Firstly we showed that the complete loss of tiie PRC
function in.Suz12 or Eed™®° mice impairs NKT cell development, suggest that the
expansion .of NKT cells in the absence of Ezh2 derives from the loss of a chromatin
independent function of this factor during NKT cell development. Moreover, we found that
the Zbtbl6"promoter in both wild type anBzh2*°stage 2 NKT cells contains low levels of
H3K27me3 and unaltered gene transcription, making it highly unlikely that-&&it@ency
would result'in deepression of an already active geA#hough transcription is unaltered
Ezh2deficient NKT cells have stiain higher levels of PLZF implicating pesanslational

regulation 'of this protein.

In summary we propose that through its control of PLZF concentration, Ezh2 maiNtar
cell numbers at appropriate levels and facilitates immune homeo$t&siseliere that our
study establishes a paradigm for alternative roles of Ezh2 anHbistone methylation in the
regulation of-cell-fate determination

Methods

Mice. Ezh2"™ micd22, Eed”™ mice [6] and Cdld” mice [42] were describegbreviously.
z12"" mice weregenerated at the Walter and Eligall Institutd23. The floxed strains
were crossed t€d4cre mice[24]. All mice lines have been maintained a C57BL/6 (Ly5.2)

background and were used between 4 &mwkeeks of ageand were age and sex matched
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Animal experimentsvere in accordance with the guidelines of the Walter and Eliza Hall

Institute Animal Ethics Committee.

Plasmids. The plasmid for expression of CRégged PLZF and FLA@&agged PLZF
derivatives were generated by subcloning the human PLZF cDNA into pECP pCM\\/
Flag (Qontech Laboratories, Inc.) as described previouplg]. The Lenti ORF clone of
Human EZH2(Myec-Flag tagged) cDA from OriGene Technologies.@merrytagged EZH2
was generated by subcloning into pmChetdy (Clontech Laboratories, Inc.). All cDNA
constructs were vdred by DNA sequencing.

Antibodies@and flow cytometry. Fluorochromezonjugated antibodies against the following
mouse antigens were used for analysis by flow cytomBilfiant Violet- or phycoerythrin
conjugateddtramers of CD1d containing tlkeGalCer derivative PBS57 were obtained from
the Tetramer Core Facility of the US National Institutes of He@i¥ (RM 45), CD62L
(MEL-14),"Ly5.2 (104), CD44 (IM7), IFN (XMG1.2), T-bet (0446), EZH2 (clone 11)
Ront (Q31378) from BD Pharmingen; CD8 @&6.7) TCRB (H57-597), Ly5.1 (A20),
Eomes(Danllmag), IE4 (BVD6-24G2),y6TCR (B 1.1) NK1.1 (PK136), Thet (4B10fom
eBioscience Anti-Roro. antibodies were from Abcaminti-PLZF polyclonal antibody (sc
11146) from=Santa Cruz, ARHELZF mAb (2A9) anttEzh1l and artH3K27me3 from EMD
Millipore. Surface staining as carried outit £C for 30 mins.Intracellular staining was
performediusing eBioscience Foxp3 staining kit as per the manufacturer’s pratitmdy

stained cells.were analysed usBiy FACS Canto Il or BD Fortessal.

Enrichmentrof*NKT cells. Anti-CD8 (clone 53-6.7, rat 1gG produced in house) antibody
was usedstosdeplete CDF cells and DP thymocytes from the thymi of86week old
C57BL/6"mice."Briefly, single cell suspension of thoaytes was incubated with ai@D8
antibody for 30 ' min at. Unbound antibody was washed and the antiwmdypled cells
were incubated with BioMag Goat Arat IgG beads (Qiagen) to deplete C8cells and
DP thymocytes. The CDA4T cell enriched fration was further incubated with the
Phycoerythrin (PE) conjugatedKT cell tetramerfor 30 min at room temperature. ARE
micro beads (Miltenyi) were used to positively select the tetramapled NKT cells.

NKT cell cultures and retroviral infection. Anti-CD8 (clone 53-6.7rat 1gG produced in
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housg antibody was used to deplete CDBcells and DP thymocytes from the thymi 686
week old C57BL/6 mice. Briefly, single cell suspension of thymocytes was incubated wi
anti-CD8 antibody for 30 min at°€. Unbound antibody was washed and the antibody
coupled cells were incubated with BioMag Goat ARdit 1IgG beads (Qiagen) to deplete
CDS8' T cellssand DP thymocytedlK1.1 CDS§ cells were FACsorted and cultured on ©P9
DL1 in the presence dng/mL of recombinant IL7 (Peprotech). Aftevo days, these cells
were spin‘infected at 3T in the presence of polybrene with either empty GFP retrovirus,
WT PLZF«GFP or K430R PLZF GFP retrovirUSive days later NKTtetramef cells were

examined for the expression of CD44 and NK1.1 by flow cytometry.

Chromatin immunoprecipitation (ChiP). ChlIP was performed following an adapted
protocol by Upstate/Millipore. In brief, stage 2 NKT cellsreisolated fronthe thymus and
crosslinkingswagerformedby addition of 1%formaldehydeat room temperaturéor 10 min,
followed byssenication and immunoprecipitation with 10 pg of anti-H3K27me3 (Millipore).
gPCR was performed wusing the following primer<Zbtblé (Forward: 5-
AGCCCTTGCCTGTACAAAGAZ, Reverse: 5TGCCTCACCAACCTTTCTC-3)),
Hoxall (Forward: 5:AGGAGAAGGGGTTCCTTCAAZ, Reverse: 5
CTCCGCGGTTTGTCAATAAT3).

Real-time PER analysis. Total RNA was prepared using RNeasy kit (Qiagen) from WT or
Ezh2*°© NKT cells that were purified by flow cytometry. cDNA was made using iScript
reverse transcription kit (Biorad) as per the manufacturers protocol-tiReaPCR was
performed with the SYBR Green PCR kit (Bioline). Analyses wadormedin triplicate
andmean normalized expression was calculated with tt@eQe application witlisapdh as

the referenecess gene.The following primers were used:Gapdh (Forward: 5*
ACGGCCGCATICTTCTTGTGCA3, Reverse: 5AATGGCAGCCCTGGTGACCA3),
Zbtb16 (Forward: 5:GACGCACTACAGGGTTCACAZ, Reverse: 5
CGTTGTGTGTICTCAGGTGESD).

Immunopr egipitation and immunaoblotting from NKT cells. NKT-tetramer enriched
thymocytess(lx16 were lysed with 0.5ml of lysis buffer (50mM T4#4Cl, pH 8.0, 150mM
NaCl, 5mM EDTA, pH8.0, 0.5% (v/v) Nodiet P40, 1mM dithiothreitol and 1X protease
inhibitor mix (Roche) for 30 min on icéysates were cleared by centrifugation,-pleared
with Protein G Dynabeads (Invitrogen) for 1 hr &€4and incubated with arRLZF bound

protein G Dynabeads for 12hrs 4fC. Beads were washed thrice with cold lysis buffer
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followed by three washes with PBS and one wash with PBS with 0.05% TritonX100. Bound
proteins were eluted by boiling the beads withul56f 2x Laemmli sample bufferFor
immunoblotting virole cell extract were prepared bysing low cytometically sorted NKT

cells in RIPA buffer (Millipore). Proteins were resolved in denaturing conditionslia %
gradient'SDSPAGE (Life technologies) and were transferred onto nitrocellulose membrane
(Biorad). Membranevas probed with followingantibodies:mouse antPLZF (Santa Cruz),
rabbit antiMethyl-lysine (Abcam), rabbit anttzh2 (Cell Signaling)rabbit antiSuz12 (Cell
Signaling)srabbit antiHistone H3 (Cell Signalingdnd goat artiaminB1 (Santa Cruz).

Immunoprecipitation and Immunoblotting from 293T cells. For the detection of PLZF
ubiquitinylation, cells were transfected with plasmids encoding PEAF and HAUb with
either mCherry_or EzhanCherry After incubation for 48 hours, cells were treated with
20uM MG132far 4 hours.Cells were then lysed with an NR40ntaining lysis buffer and
incubated mwith'antFlag M2 antibodies. Antibody complexes were isolated with protein
Affinity beads (SigmaAldrich), and immunocomplexes were run an SBSGE gel.
Ubiquitinylated PLZF was visualized by immunoblotting with &#f antibody (Life

Technologies).

For detection0f PLZF lysine methylatiorR93T cells were transfected with plasmids
encoding FlagPZF with either mCherry or EzhR@Cherry.After 48 hours, cells werlysed
with an INP46eontaininglysis buffer and incubated witantiFlag M2 antibodiesAntibody
complexes were isolated with protein Affinity beads (Sighidrich), and immunocomplexes
were analyzeds-by [3S-PAGE and immunoblotting with anathethylated lysie (Abcam) and
anti-PLZF (Calbiochem)Inhibition of Ezh2 methyltransferase activity was performed by
treating the cells with 10uM of GSK126 (selleck,S7061) for 48hrs.

For coimmunoprecipitation, 293T cells were transfected with plasmids encoding-PlagF
and Ezh2mCherry or EzhZFlag and PLZFCFP. After 48 hours, cells welgsed withan
NP40containing. lysis buffer and incubated withanti-Hag M2 antibodies. Antibody
complexes were isolated with protein Affinity beads (Sighidrich), and immunocomplexes
were analyzed by [3S-PAGE and immunoblotting with arEzh2 and artPLZF. Protein
bands were,detected and quantified on-&&r Odyssey infrared imaging system. To analyse
protein stability the PLZF andPLZF K430R plasmids were transfected ir203T cdls which

and after 24 hoursvere then treateavith cycloheximide (20 ug/ml) and analyzed at the

indicated times after treatment
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Knock down of Suzl2. The MIT CRISPR design software was used tioe design of
SgRNAs (http:£rispr.mit.edu). sgRNA sequencés as follows: SUZ12 exon 1.
ACGGCTTCGGGCGGCAAATC. Lentiviral particles were produced by transient
transfection of 298 cells grown in 10 cm Petri dishes with 10 ug of vector Digéntaining
pFghltUTGevector with target sgRNA inserted andgh&/Cas9mCherry vectoglong with

the packaging constructs pMDL (5 ug), pR8&8Y¥ (2.5 ug), and pVS¥ (3 ug) using
standarccalcium phosphate precipitatioviirus containing supernatants were collected at 48
72 hr after transfection and passed through4&uin filter. To establish Suz12 knockdown
293T cellstreatedwith 8 ng/ml polybrene in the viral supernatant, incubated for 30 min at
37°C, and'then./centrifuged at 2,200 rpm for 2.5 hr afC32oxycycline hyclate (Sigma
Aldrich D9891) was used for treatment of cell lines to induce expression of theASgRR

days.

Knockdown of Ezh2 and assessment of PLZF stability. Short hairpin RNA (sh)RNA
mediated silencing was performed bgrisfecting293T cells with GIPZ Lentiviral Human
shRNA vector for three different expressing 19 nucleotide shRNAs agains? EAZH2
target sequence.  TTAAGATTTCCGTTCTTTC, TATTGGTGTTTGACACCGA,
TTATCATACACTTTCCCTC). A nontargeting shRNA
(ATCTCGCTIGGGCGAGAGTAAG) was useds negative control (Dharmacon, Thermo
Fisher Scientific, Lafayette, CO). Samples were collected after cycloheximide (20 ug/ml)
treatment at the indicated time to determine the protein levels of PLZF. EZH2 silencing in
293T cells'was assessed by both Wiesblotting and gRT-PCR after 72h ptrstasfection.

RNA-sequencing and bioinformatic analysis. Thymocyteswere isolated fromwild type or
Ezh2*° mice anddepleted of CDB8 cells using magnét beads coupled to an a@D8
antibody.NKT cellsidentifiedby CD1dtetramer and CRp, were sortednto different stages

using a BD"Influx cell sorteto purity of typically >97% usingCD44, NK1.1 and CD24
antibodies=RNA purification was performed following the manufacturer’'s pbtming the
RNAeasy.Plus Mini i (Qiagen).RNA samples were sequenced at the Australian Genome
Research Facility using the Illumina HiSeq sequencing system. An avef&fe million
singleend 100 bp reads was obtained for each sample, split evenly over 4 technical replicates
Reads wee aligned to thenm10 build of the mouse genome usiagbread [44] with default
parametersOver 97% of reads were successfully aligned in each sample. Technical replicates

for each sample were pooled into a single library. For each library, mapped relads wit
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mapping quality score greater than or equal to 30 were assigned to mouse genes in the NCBI
RefSeq mouse annotation build 38 usiegiureCounts [45]. An average of 74% of mapped
reads were counted into genes for each library.

Read counts for each gene were then used in a differential expression (DE}p arsatgsthe

limma and edgeR packages46,47]. Lowly-expressed genes were first filtered out if the
average logcount per million (as computed by tlagel ogCPM function) was less than 1.

Xist and any“genes on the Y chromosomvere also removed to eliminate sex effects.
Normalization was performed uginthe TMM method[48] to remove composition bias
between libraries. Counts were then-tognsformed using theoom function [49] A linear

model was fitted to the legounts using the computed precision weigB@mple varianes

for each gene“were computed and shrunk towards a-wagimce trend using a rost
empirical Bayes strated$0]. For each contrast, @value was computed for each gene using
the treat method, [51]relative toa fold changehresholdof 1.2. The BenjaminHochberg
method washen applied to control the false discovery rate (FDR). DE genes were defined as
those that'were detected ateatFDR of 10%.

MA plots were.generated for each contrast by plotting the averageolog per million
against the, shrunken ldgld change foreach gene. Briefly, each ldgld change was
computédusing'the GLM framework edgeR with a prior count of 3 [52].

Statistics. If not stated otherwise atudent ttest was performed to test fatatistical

significance; error bars denote mea8.E.M.
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Figure Legends

Figure 1. Contrasting outcomes on NKT cell development upon deletion of individual
PRC2 componeénts. Flow cytometric analysis o week old wild type (WT) an@&zh2™®,
Uz12%C or Eed™® thymii showing proportion ofa) TCR3* CD4 and CD8expressing T
cells (b) TERB=TCRYS" T cells or (c) TCR3" PBS57" NKT cells. Numbers ar¢he mean
percentageénsthesindicated gateData is representative of two independent experiméats.
Histogram/overlay shows flow cytometric analysis of H3K27iflef® panel)and Ezh1 (right
panel)levels inwild type WT) andindicated genotypes ithymic NKT cells. Grey shaded
histogramrepresents isotype contrg¢e) Lysatesof TCRB™ PBS57" NKT cells derivedfrom
WT or from*5 individualEzh2*“° mice were immunoblotted with antibodies specific for
H3K27me3 or total histonBl3 as a loading control(f) Histogram overlay shows flow
cytometrictanalysis of H3K27mdgft panel)and Ezh1 (right panel@vels inwild type WT)
and indicated.genotypes ithymic NKT cells. Grey shaded histogram represents isotype

control.Datain (&f) is representative of at leddindependent experiments.

Figure 2=Ezh2-restricts the development of Stage 2 NKT cells. (a) Flow cytometric
analysis “showing expansion of stage 2 NKT cellsE&m2*“° mice. Left panel shows
expression of NK1.1 and CD44 in WT (left) aBzh2*® (right) NKT cells from the thymus.
Numbers are the percentage cells in the indicated quadrant. NKT cells correspor&tange

(S) 1, 2qand 3 are indicated on the pl@ar graph represents the mean percentage of NKT
cells in each stage S.E.M. (b) Contour plots showhe expression of NK1.1 an@LZF.
Graph shows the percentage of PLZKT cells in both genotypes. Each dot represents an
individual mouse, horizontal lines show the mea®.E.M. NKT cells in the plots in (a) and

(b) were identified by binding to TGRand the NKFtetramer and are representative of at
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least two independer@xperiments(c) RNAseq analysis of differential gene expression in

wild type (WT) andEzh2*°® NKT cells (False discovery rat@l relative to 1.2old
threshold. Left panel shows comparison of gene expression profiles from WEzn2f©

stage 2 NKT cds$. Right panel shows comparison of gene expression profiles from WT Stage

1 and Stage=3=NKT cells. In the left panel the blue and red dots represent genes that were
significantly up or down regulated respectively in E#2*° compared to WT with specific
examples highlighted. In the right panel, blue and red dots represent genes significantly up or
down regulated in Stage 3 compared to stage 1 WT NKT cells respectively. In both graphs the
MRNA corresponding to thEKT cell speific transcription factor PLZKEZbtb16) is marked

to illustrate.its stage specific expression pattern.

Figure 3. Sustained expression of PLZF in Ezh2-deficient NKT cells is not associated
with gene derepression (a) WT thymic NKT cells were analyzed fastage spedic
expression of PLZF proteiby flow cytometry.(b) Quantitative real time PCR analysis of
Zbtb16 mRNA (encoding PLZF)n different stages of WT thymic NKT cellPata are the
mean+ S.E.Mfrom 2 experimentgc) Flow cytometric analysis of PLZF expression in WT
and Ezh2*® stagel (left), stage 2 (middle) and stage 3 (right) NKT ceith. Bar graph
shows éxpression datbtb16 in WT and Ezh2®© stage 2 NKT cells. Error bars represent
SEM from_3windependent expeents. () RNAseq track showing read mapping to the
Zbth16 gene in WT andEzh2*° from stage 43 NKT cells (f) ChIP enrichment of
H3K27me3 at the transcriptional start sitezbfb16 andHoxAl1l from stage 2 NKT cells of
the indicated genotypebIKT cells stages were defines shown infSupplementary Figure
1d. Data is representative of at least two independent experiments. NS, not significant
(P>0.05).

Figure 4:An.Ezh2 methyl-degron regulates PLZF stability. (a) Interaction between Ezh2
and PLZF."293T cellswere ceotransfected withEzi2-mCherry and PLZFFlag expressing
plasmids. Wiole cell lysates weranmunoprecipitated (IP) witlant-FLAG or control 1gG
antibodiessand then immunoblotted (IB) with Ezh2 and Rkgécific antibodies.10% of
total lysate was, loaded as inpib) 293T cellswere cetransfected withEzh2-Flag and
PLZFCFP expressing plasmids.hMe cell lysates werenmunoprecipitated (IP) witlntr
Flag or control IgG antibodies and then immunoblotted (IB) with PLZF and BSpbkgfic
antibodies.10% of total lysate was loaded as inp(t) Detection & Ezh2-dependent

methylation of PLZF by immunoblot of lysates fra283T cells cetransfected with control
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(mCherry or mCherryEzh2 andFlagPLZFexpressindWT or K430R) plasmids, tole cell
lysates werammunoprecipitatedvith an antiFlag antibodies and probed with methylated
lysine and PLZFspecificantibodies(d) Ezh2 induces the ubiquitinylatiaf PLZF. Plasmids
encoding PLZH-lag or PLZF K430RFlag, and Ubiquitin-lA were trasfected with mCherry
or Ezh2mCherry into 293T cells fod8 hours followed by IP of Flatagged PLZF. Cells
were treated with 20mM MG13r 4 hours prior to lysis. Western blotting was performed
with antibodies specific for HAto examine ubiquitinylatiostatus of PLZFand antPLZF

to determine input(e) The stability of WT or K430 PLZF was assessed in 293T eg¢lthe
indicated timesafter blocking protein synthesis with cyclohexamide (CHX) The stability
of WT PLZF was assessed in 293T cells after knockdown of endogé&zhAsby two
independent shRNAs and culture in the presence of CHX for the indicated tirse bzt

are representative of at least two independent experiments.

Figure 5. Loss of Ezh2 resultsin immune perturbation dueto expansion of NKT cells

(a) Wild type (WT) and Ezh2*° splenic CD8 T cells were analyzed for central memory
(CM) phenotyperby flow cytometry. Top panel shows CD44 and CD62L expressiwitdoby
type (WT, left) andEzh2™C (right) CD8 T cells.Eomesexpression by WT (left) anfizh2®°

(right) CD8"T= cells is shown in the bottom panel. Graph shows percentage of
CD44'CD62L"of'the totalCD8" T cellsfrom miceof the indicated genotypeBata is from

two independent experimeni{h) Representative profile artshr graphof the percentage of
WT andEzh2®© CD8" T cells that were positive for intracellullENy after PMA/lonomycin
stimulation for 3 hrs. Data is pooled from two independent experiments raod bars
represent: SEM from 4individual mice.(c) Loss of NKT cells restore&zh2®® CD8" T cell
phenotype_to.near wild type levels. Left panels show expression of CD44 and CD62L on
CD8' T cells of the indicated genotypes. Graph shows percenta@Dd# CD62L" of the

total CD8" Teells from mice of the indicated genotypes. Symbols in graphs indicate data
points for individual mice from three independent experimantshorizontal lines indicate
S.E.M. (d)*Bar graph showing ELISA measurement of serlgE levels inindicated
genotypesData is one representative of two independent experimers&M from 4
individual micesNumbers in the plots in (a) and (b) are the percent cells in the indicated

quadrant or gate.
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Expanded-View Figure Legends

Figure EVL1. Deletion of floxed sequences from cKO mice. PCR was performed on
CD4'CD8' doule positive (DP) thymocytes or CD18plenic B cells from either WT (B6)
or the indicated.€cKO genotypBrimersflanking the floxed sequences Eth2 (a), Suz12 (b)

or Eed (c) weresusedAnnotation indicates the expected WT, floxed or deleted band sizes.

Figure EV2. Expanded Ezh2-deficient NKT cells and levels of individual PRC2
componentsinthymocytes. (a) Analysis of thymocytes froldVT (littermate) anaKO of the
indicated“genotypes showing proportion (left panel) tdl number of NKT cells (right
panel). Symbols in graphs indicate data points for individual mice from two independent
experimentsand horizontal lines indicate S.E.M. (b) Lysatesof CD4'CD8" thymocytes
derivedfrom WT or the indicatedKO mice were immunoblotted with antibodies specific for
Ezh2 or totakkaminB1 as a loading controlc) Lysatesof CD4'CD8" thymocytes derived
from WT or Ezh2™“° mice were immunoblotted with antibodies specific ®rz12or total

HistoneH3@asaloading control.

Figure EV3. Expanded Ezh2-deficient NKT cellsthat express high amounts of PLZF are
associated with increased frequencies of stage 2/NK T2 cells. () Thymic WT andEzh2°<©

NKT cells (NKT -tetramef) were examined for the expression of PLZF Hnd (after 3hrs

of PMA/lenomycin stimulatiohp (b) Analysis of NKT cdl subsets from the thymus of WT
andEzh2¢° by fléew cytometry NKT-tetramef and TCHB* NKT cells were examined for the
expression of PLZF, Thet and Rbmwhich allows cells to be defined as NKT1 (T¥8t
PLZF™), NKT2 (Thet™, PLZF"") and NKT17 (PLZE', Ront"™®"). Lower panels show
expression of CD44 and NK1.1 on NKT1, 2 and 17. Numbers are the proportion of cells in
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each gate. Graph shows the mean percentage of NKT1/2/17 cells £S.E.M. for both genotypes.
Symbols in graphs indicate data points for individual mfoem three independent
experiments and horizontal lines indicate the meagE.M. NS, not significant (P>0.05).
Expression of CD44 and NK1.1 on NKT1, 2 and 17 gated as aljgv&low cytometry
sorting profilesused to purify thymic NKTcells for RNA segencing. left panel shows Stage
3 NKT cells based o&€D44 and NK1.1 expressionidRt panel shows NKT cell stages20
based on CD44 andD24 expression on NK1:Xells.(d) Bar graphs represent differentially
expressedy genes comparing between WT stagés gflaph) or WT vsEzh2*© (false
discovery rate,0.telative to 1.2old threshold. (€) Comparison of WT andEzh2®° gene
expression,profiles of stage 1 (left) and st&gg@ight) NKT cells. The blue and red dots
represent genes significantly up or down regulated respectively Bzt26° compared to
WT. In both graphs thenRNA corresponding to thBIKT cell specific transcription factor

PLZF (Zbtb16) isimarked to illustrate its stage specific expression pattern.

Figure EVA4, Characterization of PLZF methylation by Ezh2. (a) Flow cytometric analysis
of RORx expression in WT andEzh2™® thymic NKT cells. Grey hisbgram is isotype
control. (b)sPretein extracts fromNKT cell-enrichedWT and Ezh2™° thymocyteswere
immunoprecipitateavith antrPLZF and subjected to western blotting fitZF (upper panel)
and the corresponding lysinmethylation (lower panel). Data is representative of four
independent experimentqc) Detection & Ezh2-dependent methylation of PLZFyb
immunobloet of lysates from 293T cells-tmnsfected withmCherryEzh2 and FlagPLZF
expressing plasmids, hele cell lysates werammunoprecipitatedvith antiFlag antibodies
and probed with'methylated lysine and PEecific antibodiesSamples were either treated
with vehicle.control {) or the Ezhzspecific inhibitor GSK126 (+)d) Assessment of Suz12
levelsby western blot in cell lysates derived fraither control 293T cells arells infected
with a dox=inducible Suz12 targeting sgRNA and treated doxycydtebulin was used as a
loading control(€) Assessment dEzh2 methylation of PLZF by immunoblot of lysates from
either controR93T cells or Suz12 knockdown (Suzl2 sgRNAXransfected witmCherry
Ezh? andsFlagPLZF-expressing plasmids,hele cell lysates werenmunoprecipitatedvith
anti-Hag antiboedies and probed with methylated lysine and Pip#eific antibodies(f)
Conservation of PLZF K430 in the indicated spedigsAssessmetnof knockdown of Ezh2
by shRNA by western blot in 293T cell§-actin acts as a control for equal protein loading.
(h) Quantitative real time PCR analysis dbtbl6 mRNA in 293T cells that have been
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transfected with WT PLZF plasmid and different shRNAs to knockd&zm?. Zbthl6

expression was normalized kprt. Data are the mean £S.E.M. from 2 experiments.

Figure EV5. Overexpression of K430R PLZF altersNKT cell development in vitro.

(a) FACSanalysis of PLZF levelsy GFP CD4' T cells overexpressingmpty, PLZF WT or
PLZF K430R constructs. Mean fluorescence intensitiPLZF levels on GFPgated cellst
S.E.M fromtwo independent experiments is shown on right par@malized to WT. (b)
Overexpression of PLZR430R in thymic NKT cell cultures leatb an increas® proportion
of stagel NKT,cells. CD8 NK1.1 thymocytes were cultured on OP&1 stromal cellsn
the presence of IL7 fomo days prior to retroviral transfection tieither emptyPLZF WT
or PLZF K430RGFP virus Five days later NKTtetramef GFP cells were examined for the
expression of CD44 and NK1.1. Grapkhow the percent of cells in each stageNKiT
developmentells fromfour independent experiments S.E.M. (c) Analysis of CD44 and
CD62L expression by WT arizh2*°©CD4" T cells from spleen by flow cytometripata is

representative of two independent experiments.

Dataset 1. RNAseqdata comparisonsf wild type NKT cell stages.
Dataset 2.RNASeq data comparisons of wild typeEzn2®° NKT cell stages.
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Figure EV2
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Figure EV3
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Figure EV4
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Figure EV5
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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