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Abstract

The histone methyltransferase EZH2 is required for B and T cell development; however the
molecular mechanisms underlying this requirement remain elusive. In a murine model of
lymphoid specific EZH2-deficiency we found that EZH2 was required for proper development of
adaptive, but not innate, lymphoid cells. In adaptive lymphoid cells EZH2 prevented the premature
expression of CdknZaand the consequent stabilization of p53, an effector of the pre-antigen
receptor checkpoints. Deletion of CdknZain EzhZ-deficient lymphocytes prevented p53
stabilization, extended lymphocyte survival, and restored differentiation resulting in the generation
of mature B and T lymphocytes. Our results uncover a crucial role for EZH2 in adaptive
lymphocytes to control the developmental timing of effectors of the pre-antigen receptor
checkpoints.

Introduction

The lymphoid arm of the immune system is divided into innate and adaptive components
that can be distinguished by the mechanisms they use to detect and respond to invading
pathogens(1). Innate lymphoid cells (ILCs) express an array of germ line-encoded receptors
that rapidly induce cytokine production or cytotoxic functions when triggered by invading
pathogens. In contrast, adaptive lymphoid cells detect pathogens using antigen-specific
receptors that are generated through the recombinase activating gene (RAG)-dependent
assembly of variable (V), diversity (D), and joining (J) gene segments. The process of V(D)J
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recombination creates unique receptors on each developing B or T lymphocyte, but it also
produces many defective receptors and puts the cells at risk for oncogenic transformation.
Therefore, developing B and T cells must pass through “checkpoints” to ensure that a
functional receptor is produced before they progress to subsequent stages of differentiation
and before they undergo further proliferation(2). The mechanisms that ensure appropriate
activation of antigen-receptor checkpoints after initiation of VV(D)J recombination are not
well understood.

V(D)J recombination occurs in an ordered manner in which pro-B lymphocytes rearrange
their immunoglobulin heavy chain gene (/g/) segments before they progress to the pre-B
cell stage, where they rearrange the light chain (/gL) genes(3). Similarly, 7crb
rearrangements occur in double negative (DN) 3 thymocytes followed by 7cra
rearrangements at the double positive (DP) stage of T cell development. The production of a
functional IgH chain or TCRp chain is ensured by a checkpoint in which these proteins, as
part of a pre-BCR or pre-TCR, impart a signal to the cell that inhibits the p53-induced
apoptosis pathway(4, 5). Destabilizing p53 is a critical requirement for progression beyond
the pre-antigen receptor checkpoint as revealed in mice lacking the pre-TCR (i.e. RagZ™~ or
Cd3y~'~ mice), which fail B-selection but can by-pass this checkpoint when 77053 (p53) is
deleted or mutated(6, 7). Stabilization of p53 prevents B and T cell development beyond the
pre-antigen receptor checkpoints, as evidenced in mice lacking genes that directly regulate
p53 at the transcriptional (WIP1(8, 9), MYSM1(10)), post-transcriptional (CNOT(11)),
translational (RPL22(12, 13), M1Z1(14, 15)), or post-translational (Y'Y1(16-18),
BCL11A(19), NIR(20)) levels. Remarkably, B and T cell maturation are substantially
restored in these mice upon deletion of p53.

p53 is exquisitely regulated in lymphocyte progenitors to ensure that it is only transiently
expressed at the time of pre-antigen receptor selection. While 7rp53 mRNA is constitutively
transcribed in pro-B lymphocytes prior to the requirement for pre-BCR selection, p53 is not
present due to its rapid degradation by the proteasome(21). Degradation of p53 is initiated
by the ubiquitin ligase, MDM2(21). At the pre-BCR checkpoint p53 becomes stabilized
when MDM?2 is inhibited by p19ARF which is one of two proteins produced from the
CdknZa gene(22). Transcription of CdknZais induced, in part, by the transcription factor
BACH?2, which is expressed in pro-B lymphocytes; but how transcription of CaknZais
restrained until the pre-BCR checkpoint is not well understood(5, 23). Signaling through the
pre-BCR restores p53 degradation by inducing the activity of the transcriptional repressor
BCL6, which displaces BACH2 from the CdknZa gene and silences CaknZa/p19 expression
thereby allowing the survival of appropriately signaled pre-B cells. The proper activation
and repression of the pre-antigen receptor checkpoints are essential for proper lymphocyte
development and prevent lymphocyte transformation.

The developmental programs of innate and adaptive lymphocytes are established by lineage
defining transcription factors in collaboration with chromatin modifying complexes that
regulate genome accessibility. Polycomb repressive complex 2 (PRC2) is a protein complex
that contains the histone methyltransferase EZH2, which catalyzes the methylation of
histone 3 lysine 27 (H3K27)(24). H3K27me3 is found at the promoters and along the gene
bodies of repressed genes, and at the promoters of genes that are poised for activation(25).
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Inducible deletion of the SET domain of EZH2 in all hematopoietic cells results in arrested
lymphocyte development at the pro-B cell stage(26) and DN3 stage(27). In both cases the
arrest is consistent with a failure of EZH2-deficient cells to pass through the pre-antigen
receptor checkpoints; however, it is not known why these cells should fail these checkpoints.
EZH2-deficient pro-B cells have proximal VV(D)J rearrangements and a subset of cells
express intracellular IgH suggesting that the arrested differentiation extends beyond the
ability to create an IgH chain(26). Nonetheless, transgenic expression of a pre-arranged IgH
chain partially restores B cell development in these mice, consistent with the hypothesis that
EZH2-deficient B cell progenitors fail the pre-BCR checkpoint. EZH2-deficient DN3 cells
have normal TCRp and TCRy6 rearrangements and transgenic expression of a functional
TCRB chain fails to rescue T differentiation (27). Therefore, while EZH2 is clearly required
for B and T lymphocyte development, the mechanisms underlying the developmental arrest
and how EZH2 impacts the pre-antigen receptor checkpoints is not understood.

Here we demonstrate that lymphoid specific deletion of £zA42has little effect on innate
lymphoid cell development but impacts adaptive lymphopoiesis due to the premature
activation of critical effectors of the pre-antigen receptor checkpoint. We show that EZH?2 is
required in B and T lymphocytes to repress expression of CdknZaand prevent stabilization
of p53. Deletion of CdknZafrom EZH2-deficient lymphoid cells extended lymphocyte
progenitor survival and allowed for the development of mature B and T lymphocytes. Our
results reveal a critical requirement for EZH2 to maintain repression of CdknZain adaptive
lymphoid cells prior to its programmed activation during the process of pre-antigen receptor
selection.

Materials and Methods

Mice

All mice were on a C57BL/6 background and were housed at the animal resource center at
the University of Chicago. Animal protocols were carried out in accordance with guidelines
set by The University of Chicago Institutional Animal Care and Use Committee. £zh2%/
mice were from A. Tarakhovsky (Rockefeller University, New York)(26). //7ra"¢ mice were
from H.-R. Rodewald (Deutsches Krebsforschungszentrum, Heidelberg)(28). CaknZa™~
mice were obtained from the National Cancer Institute(29). Rosa26Y*F and CD45.1
C57BL/6 mice were purchased from Jackson Labs.

Flow Cytometry

Antibodies were obtained from ebioscience, BD, Biolegend, and Cell Signaling and were
conjugated to biotin, FITC, PE, APC, APC-EF780, PECy7, PerCP-Cy5.5, EF450, Pacific
Blue, or Brilliant Violet 421. Specific antibody clones are available on request. To examine
or sort common lymphoid progenitors (CLPs) and ILC2 progenitors (ILC2Ps), bone marrow
was depleted with: B220, CD11b, Grl, and Ter119. For ETP analysis and DN3 sorts,
thymocytes were depleted with: B220, CD3e, CD8, and Ter119. Lineage for CLP, ILC2P,
ETP was defined as: B220, CD11b, CD11c, CD3e, CD8, TCRb, TCRgd, NK11, Grl,
Ter119. Lineage for NK: CD19, CD3, CD8, CD4, Ter119. Propidium iodide (PI) was used
for live/dead exclusion. Intracellular staining for EZH2 and H3K27me3 was performed with
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the FoxP3/Transcription Factor Staining Kit (ebioscience). H3K27me3 was detected with a
secondary anti-rabbit IgG directly conjugated to PE. Samples were analyzed on an LSRII or
Fortessa and cells were sorted on a FACS Aria running FACS Diva software. Analysis was
carried out in FlowJo.

Cells were maintained in OPTI-MEM media supplemented with 10% FBS, 80 mM 2-
mercaptoethanol, 100 units/ml penicillin, 100 mg/ml streptomycin, and 29.2 mg/ml
glutamine. Pro-B cultures were initiated with B220* cells magnetically enriched from the
bone marrow by MACS-based separation (Mitenyl) and were supplemented with I1L-7
(produced from J558 cells stably transduced with an IL-7 expression vector)(30). NK cell
cultures were initiated with DX5* cells enriched from the spleen and were supplemented
with IL2 (1000 1U/mL, NIH Reagents Program). GSK126 (10 uM) and DZnep (5 uM) were
added to WT pro-B cultures after 3 days.

Apoptosis and proliferation assays

Chimeras

Apoptosis was measured by pan-caspase (FAM)-FLICA detection kit (Immunochemistry
Technologies) according to the manufacturer’s protocol. As a positive control for in vitro
apoptosis assays, cells were treated with etoposide (10 uM, Sigma) for 4h prior to caspase
detection. For in vitro proliferation assays, cycling pro-B cells were incubated with BrdU for
45 min at 37 °C prior to surface staining and anti-BrdU detection with the FITC BrdU Flow
Kit (BD Biosciences).

Chimeric mice were generated through retro-orbital injection of 5 x 10° total BM cells into
lethally irradiated (1000 rad) recipient CD45.1 mice. Injected BM consisted of a 1:1 mix of
CD45.1 or CD45.1/CD45.2 WT competitor BM with CD45.2 BM from //7ra¢/*Rosa¥** or
17racre* Ezh 2"l RosaYFF mice. Chimeric mice were kept on Bactrim water and were
analyzed 10-12 weeks post reconstitution.

Western Blot

ChiP

Cultured pro-B cells or CD3-CD4-CD8-Ter119-depleted thymocytes were lysed in RIPA
buffer. 10 ug total protein was run on a 10% acrylamide gel and transferred to PVDF by wet
electrophoretic transfer. Membranes were probed with anti-p53 (clone 1C12, Cell Signaling
Technologies) and anti-beta actin (product ab8227, Abcam) followed by secondary HRP-
conjugated antibodies and detection by ECL according to the manufacturer’s protocol
(SuperSignal West Dura Extended Duration Substrate, Thermoscientific).

Cultured pro-B cells or NK cells from WT mice were crosslinked in 1% formaldehyde at
room temperature for 10 minutes and then quenched with glycine (125 mM). 2 x 107 cells
were lysed in 600 uL RIPA prior to sonication with the Diagenode Biorupter water bath
sonicator at high intensity in cycles of 30s ON-30s OFF for 45 minutes. Protein-DNA
complexes were precipitated with H3K27me3 antibody (clone ab6002, Abcam). Samples
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were decrosslinked and DNA was purified with a PCR purification kit (Qiagen). DNA was

amplified by quantitative RT-PCR with SYBR green (Bio Rad Laboratories). Enrichment is
reported relative to input DNA. Primer sequences are available on request.

RNAseq and Data Processing

gPCR

Statistics

RESULTS

pro-B, DN3, ILC2P, splenic NK, and CLPs were sorted from //7ra®¢’* and //7rac"¢/* Ezh 21
mice into RLT buffer. Total RNA was isolated using RNAeasy MicroKit (Qiagen) according
to manufacturer’s recommendations. Libraries were constructed using Nugen’s Ovation
Ultralow Library systems and were subsequently subjected to 76 cycles of NextSeg500
sequencing. Raw sequence reads were trimmed using Trimmomatic v 0.33 (TRAILING:30
MINLEN:20)(31) and then aligned to mouse genome assembly mmZ10 with Tophat v
2.1.0(32). Reads were assigned to genes using the htseq-count tool from HTSeq v 0.6.1(33)
and gene annotations from Ensembl release 78(34). The R package EdgeR(35) was used to
normalize the gene counts and to calculate differential expression statistics for each gene for
each pairwise comparison of sample groups. Gene set enrichment analysis (GSEA) analysis
was performed using gene sets from the Hallmark Pathways of the MSigDB(36). Genes
were considered differentially expressed if the |fold change| >= 2 and FDR < 0.05. RNA-
sequencing data can be accessed in the Gene Expression Omnibus (GSE97462).

RNA was isolated from sorted or cultured cells by Trizol (Invitrogen) or the RNAeasy mini
kit (Qiagen) and was reverse-transcribed with Superscript 111 (Invitrogen). Quantitative RT-
PCR was performed in an iCycler (Bio Rad Laboratories) with SYBR green (Bio Rad
Laboratories). Expression values were normalized to Hprtand were calculated by the ACt
method. Primer sequences are available on request.

Unless otherwise noted a Student’s T test was used to establish significant differences for in
vitro and in vivo phenotypes. To compare between the three genotypes in Figure 6, the
statistical test used was a repeated mean one-way anova followed by fisher’s least significant
difference test uncorrected for multiple hypothesis testing. Statistical tests were calculated in
Excel or with GraphPad Prism software. * p < 0.05, ** p < 0.01, *** p < 0.001.

B and T cell progenitors required EZH2 prior to the pre-antigen receptor checkpoints

To gain insight into the requirement for EZH2 in B and T cell development we created
17racre* Ezh 2V (Ezh2NBY mice. Consistent with the phenotype observed in MxeEzp2M
mice(26, 27), there were few mature CD197B220N cells or CD19*B220/°CD43~ pre-B and
immature B cells in the bone marrow of £2z222 mice. However, CD19*B220!°CD43* pro-
B cells and B-lymphoid biased Ly6D* CLPs (also called B lymphocyte progenitors/BLP)
were present at numbers similar to controls (Fig. 1A, 1B, Supplemental Fig. 1A). To
examine B cell development under more stringent conditions we set up bone marrow
chimeric mice in which £z72Y2 cells developed in competition with congenic WT cells. In
these chimeras, £2z22M2 pro-B cells failed to develop, although they effectively reconstituted
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the BLP compartment (Fig. 1C, Supplemental Fig. 1B). Therefore, deletion of £zA2in
lymphocyte progenitors compromised early B cell development revealing that EZH2 has
important functions prior to the pre-BCR checkpoint.

As expected, £zh2M2 mice had a reduced frequency and number of CD4, CD8, and DP
thymocytes (Fig. 1D). ETP numbers were reduced in £2z22V2 mice but there were normal or
increased numbers of DN2 and DN3 thymocytes (Fig. 1E). DN4 cell numbers, however,
were reduced (Fig. 1E). Interestingly, CD25 expression was increased on £z722 DN3
thymocytes suggesting that these cells may be arrested at an early DN3 stage (Fig. 1D).
Competitive chimeras revealed that the failure to generate DP cells was intrinsic to the
Ezh2NA cells, although £2#2Y2 cells effectively competed for the DN3 compartment (Fig.
1F). These data suggest that EZH2 was required prior to, or at the time of, B-selection.

EZH2 was dispensable for innate lymphoid cell development

In contrast to adaptive lymphoid cells, NK cells were present in normal numbers in the BM
and spleen of £2z22Y2 mice (Fig. 2A). Our results differed from a prior study that reported a
modest increase in NK cell number in the spleen of Vavi¢eEzh2" mice(37). In competitive
chimeras, £zh2Y'2 bone marrow NK cells were present and splenic NK cell numbers were
expanded when compared to controls, indicating that EZH2 limits NK cell expansion or
survival (Fig. 2B). We also found that the frequency and number of bone marrow ILC2P was
increased in £2722M2 mice (Fig. 2C). However, in mixed bone marrow chimeras £zn2N0
ILC2P were present at a similar frequency as the control indicating that the expansion was
not intrinsic to ILC2P (Fig. 2D). Overall, our data revealed that EZH2 was not required for
NK cell or ILC2P development and that it limited NK cell expansion under competitive
conditions.

EZH2 was the primary H3K27me3 methyltransferase in B and T cell progenitors

To better understand how H3K27me3 is regulated in lymphocytes we examined the
expression of known regulators of this histone modification. EZH2 is the primary enzyme to
catalyze H3K27me3 modifications but there is an alternative PRC2 complex that contains a
related enzyme, EZH1(25). EZH1 has lower methyltransferase activity in vitro than
EZH2(38), however, it could maintain H3K27me3 marks that are already present at the time
EZH2 is deleted (39). In both pro-B cells and DN3 cells, there was more £2/2 mRNA than
Ezh1 mRNA and deletion of £zh2did not result in increased £2z71 mRNA (Fig. 3A). In
contrast, NK cells and ILC2Ps expressed more £z71 mRNA than £z/2 mRNA (Fig. 3A).
EZH2 protein was expressed in pro-B cells and DN3 cells, and at low levels in NK cells but
it was not detected in ILC2Ps (Fig. 3B). In Ez22V2 pro-B cells H3K27me3 was reduced to
background levels indicating that EZH2 is the major regulator of H3K27me3 in these cells
(Fig. 3C). £zh2MA DN3 cells had reduced levels of H3K27me3 whereas the amount of
H3K27me3 in £2zn280 NK cells and ILC2P was similar to controls (Fig. 3D). Taken
together, these data indicate that EZH2 controlled the amount of H3K27me3 in adaptive
lymphocyte progenitors but was not required for H3K27me3 in innate lymphoid cells,
consistent with their development in £222Y2 mice.
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EZH2 repressed Cdkn2a and the p53 pathway in B and T progenitors

To better understand the role of EZH2 in lymphocyte development, we examined gene
expression profiles in pro-B, DN3, splenic NK, ILC2P cells, and CLPs by RNA-sequencing.
Notably, 1156 and 993 genes were increased in expression in £z222 pro-B and DN3 cells,
respectively, as compared to controls. In contrast, very few genes were increased in
expression in £zh2N0 1LC2P or NK cells (Fig. 4A). In pro-B and DN3 cells only 332 and
145 genes decreased, respectively, in the absence of EZH2 and even fewer genes decreased
in ILC2P or NK cells. GSEA revealed enrichment for genes associated with the Hallmark
p53 pathway in both £222Y2 pro-B and DN3 cells (Fig. 4B). One of the genes in this
pathway, CdknZa, is a known target of EZH2 in multiple cell types(24). CdknZa codes for
p19ARF which stabilizes p53, and p16'NK4a an inhibitor of CDK4(22), both of which could
impact the survival and expansion of adaptive lymphoid cells.

We next set out to rigorously address whether CaknZa and the p53 pathway were regulated
by EZH2 in adaptive lymphocyte progenitors. We found that CadknZa was marked by
H3K27me3 in pro-B and DN3 cells using publically available ChIP-seq data sets(40, 41)
(Supplemental Fig. 2A), and we confirmed this in WT pro-B cells using ChIP-gPCR (Fig.
4C). The p16.and p19promoters were also marked by H3K27me3 in WT NK cells but p16
and p79 mRNAs were not expressed in £2z2282 NK cells cultured in vitro (Fig. 4C,
Supplemental Fig. 2B). Quantitative PCR analysis revealed that p79 mRNA was increased in
both pro-B and DN3 cells from £z/22 mice (Fig. 4D). As p19ARF stabilizes p53, we found
that p53 was abundant in £z222 pro-B cells and DN thymocytes whereas it was barely
detectable in control cells (Fig. 4E). Several canonical p53 target genes were also increased
in Ezh2M8 pro-B and DN3 cells by gPCR and RNA sequencing (Fig. 4F). 77053 mRNA was
not altered consistent with a post-transcriptional regulation of this protein(21) (Fig. 4F). In
addition to H3K27me3, the CdknZalocus was also marked by H3K4me2 in WT pro-B, DN3
and NK cells(41-43) suggesting that this locus was primed for expression in these cells
(Supplemental Fig. 2A).

EZH2 was required for the proliferation and survival of B lymphocyte progenitors

CdknZa gene products regulate proliferation and survival so we examined these properties in
Ezh2NB pro-B cells. In vitro £2z72M2 pro-B cells generated fewer CD19+ cells than EZH2-
sufficient cells (Fig. 5A). In contrast, NK cells from £zA2Y2 mice or control mice expanded
equivalently in vitro (Fig. 5A). Cultured £2z7282 pro-B cells had an increased frequency of
apoptotic cells as estimated by staining for activated caspases (FLICA) and a decreased
frequency of S-phase and G2/M-phase cells compared to control pro-B cells, indicating both
an induction of cell death and a possible block in the cell cycle at the G1-S transition (Fig.
5B, 5C). Increased apoptosis and cell cycle alterations were also observed when WT pro-B
cells were cultured in the presence of the EZH2 inhibitors, DZnep (5 uM)(44) or GSK126
(10 uM)(45) (Fig. 5D). In vivo £zA2N8 pre-B cells, and Lin"CD117-CD25!~ (DN4) cells,
were more apoptotic than control cells (Fig. 5E). Taken together, these data indicate that
EZH2 is required for the proper proliferation and survival of pro-B and pre-B lymphocytes
and for the survival of Lin"CD117-CD25!%~ (DN4) cells.
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cdkn2a limited the maturation of Ezh222 B and T lymphocytes

To test the hypothesis that deregulation of the CdknZalocus contributed to the B and T cell
developmental defects in £2z22Y2 mice, we generated £27282 mice that also had an
inactivating mutation in CdknZa (DKO). All DKO mice had improved B cell development
compared to £zh2M2 mice (Fig. 6A). DKO mice had an increased number of bone marrow
B220*CD19" B lymphocytes, an increased ratio of pre-B to pro-B cells and an increased
number of IgM* cells in the bone marrow compared to £z22V2 mice, indicating that B cell
maturation was at least partially restored (Fig. 6B, 6C, 6D). These results support the
hypothesis that deletion of CaknZaimproved differentiation beyond the pro-B cell stage.
However, the DKO mice continued to have a reduced number of B cells in the BM when
compared to EZH2-sufficient control mice (Fig. 6B).

T cell maturation was also restored in DKO mice when compared to £222Y2 mice with an
increased frequency and number of DP, CD4 and CD8 thymocytes (Fig. 6E, 6F). Maturation
from the DN3 to the DN4 stage was rescued and CD25 was restored to WT levels in the
DKO mice (Fig. 6E). DKO mice had increased CD8 T cells but this was not a consequence
of a block at the immature CD8 single positive (ISP) stage because immature single positive
CD8 T cells (CD8*CD24NTCRb™) were not increased in DKO mice (Fig. 6E, 6F, data not
shown).

Deregulation of Cdkn2a in Ezh222 mice promoted p53 stabilization

We next examined the possibility that CaknZa contributed to the activation of the p53-
apoptosis pathway in £z222 cells. Indeed, p53 protein was reduced in pro-B cells and DN
thymocytes from DKO mice when compared to £z2222 cells and was indistinguishable
from controls (Fig. 7A). Consistent with the reduced p53 stabilization, the p53 target genes
Pumaand Bax were not significantly elevated in DKO pro-B or DN3 cells compared to
control cells (Fig. 7B). Our data demonstrate that the deregulation of CaknZain Ezh2N2
pro-B and DN thymocytes was responsible for the premature stabilization of p53 and
execution of apoptosis prior to the pre-antigen receptor checkpoints.

DISCUSSION

Developing B and T cells must transition through checkpoints that ensure the appropriate
recombination, expression, and function of their antigen receptors. How these checkpoints
are regulated and restricted to stages where antigen receptors are expressed is a key question
in lymphocyte development. In pro-B cells, BACH2 induces the transcription of the V(D)J
recombinases, Ragl and RagZ, as well as the pre-BCR checkpoint effectors CdknZaand
Trp53(5). CaknZa, through p19ARF promotes the stabilization of p53 and enforces the pre-
BCR checkpoint by inducing apoptosis in cells that lack the pre-BCR. To ensure that p53
stabilization does not occur until the cell has had time to create a functional pre-BCR,
p19ARF induction by BACH2 must be delayed relative to RagZ and Rag2. Here we
demonstrated that CaknZa was marked by H3K27me3 and was not expressed in pro-B cells.
We propose that EZH2, through deposition of H3K27me3, impedes the induction of CdknZa
by BACH2 in pro-B cells. This transcriptional hurdle delays the stabilization of p53
allowing the cells time to attempt recombination at the heavy chain locus and to express a
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functional pre-BCR. Therefore, we propose that EZH2 allows the induction of CdknZato act
as a molecular timer to induce apoptosis in cells that fail to generate a functional pre-BCR
after initiation of Rag1/Rag2 gene transcription.

In accordance with this model, £z22V2 pro-B lymphocytes and DN3 thymocytes showed
premature activation of the CaknZalp53 pathway causing the cells to become apoptotic prior
to the stage of the pre-antigen receptor checkpoints. Deletion of Cakn2ain Ezh2M2 mice
was sufficient to prevent the stabilization of p53 and partially restored B and T cell
development. Our model is also consistent with a prior study showing that transgenic
expression of the pre-BCR could partially rescue B cell development in EZH2-deficient
hematopoietic cells since this transgene is expressed in all pro-B lymphocytes and could
signal the down regulation of CdknZain these cells(26). The model is also consistent with
prior studies showing that augmented expression of the p19ARF/p53 pathway arrests T cell
development at the DN3 to DN4 transition(6). Taken together, our data demonstrate that a
major function of the PRC2 protein EZH2 in adaptive lymphocyte development is to prevent
the premature activation of the pre-antigen receptor checkpoint.

The CdknZa gene was marked by H3K27me3 in both innate and adaptive lymphocytes but
deletion of £zA2led to significant CaknZaexpression only in B and T lymphocyte
progenitors. Unlike B and T cell progenitors, developing NK and ILC2P cells do not create
antigen receptors through the process of DNA recombination and therefore they do not need
to have a checkpoint for functional receptor expression. Thus innate and adaptive
lymphocytes may have evolved distinct mechanisms to regulate CdknZaand p53 during their
development. Similar to long-term hematopoietic stem cells, innate lymphocytes may
require EZH1 instead of EZH2 to maintain H3K27me3 at Cdkn2a(46). Indeed, NK and
ILC2P expressed more £zA1than Ez22 mRNA; and in the absence of EZH2, ILC2P and NK
cells showed only a marginal decrease in global H3K27me3, indicating that EZH2 is not
required in these cells for the maintenance of this histone modification. In contrast, we found
that global H3K27me3 was entirely dependent on EZH2 in pro-B cells. Consistent with this
finding, £zh2 expression spikes at the pro-B cell stage while £z/1 is downregulated(47).
Thus it may be adaptive lymphoid cells that evolved to selectively utilize EZH2-containing
PRC2 complexes to repress CaknZa at critical stages.

Our data reveal that EZHZ2 is required to suppress CadnkZain developing B and T
lymphocytes prior to the pre-antigen receptor checkpoint. While the CdknZalp53 pathway
needs to be repressed until the point of pre-antigen receptor selection it also needs to be
accessible to protect developing B and T cells from oncogenic transformation(4). Indeed,
many early B and T lineage acute leukemias harbor inactivating mutations at the CadknZa
locus(48). Surprisingly, inactivating mutations in £2A2 have been detected in T acute
lymphoblastic leukemia (T-ALL) and these mutations are associated with increased
Cdkn2a(49, 50), which should be detrimental to these cells. How these leukemias overcome
the tumor suppressor activity of CaknZaremains to be determined but could involve
alterations in the p53 pathway or cell cycle regulation. In contrast to T-ALL, germinal center
B cell lymphomas have been shown to have activating £z42 mutations(51) and in these cells
EZH2 may contribute to tumorigenesis, in part, through repression of CaknZa(52, 53).

J Immunol. Author manuscript; available in PMC 2018 June 15.
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Therefore, EZH2-dependent repression of CdknZais a critical control point for pre-antigen
receptor selection that could be manipulated by lymphoid cells to promote transformation.
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FIGURE 1.
EZH2 is required for B and T cell development. (A) Flow cytometry analysis showing B220

versus CD43 on bone marrow B220*CD19* cells from //7ra"®* and 1/7ra“"/* Ezh2"f mice.
The gated regions show pro-B cells (red, CD19*B220*CD43*) and mature B cells (blue,
CD19*B220M). (B) The bargraph shows the mean number of pro-B and B220" mature B
cells in the bone marrow of //7r&"®/* (black) and //7rac"®/* Ezh2™" (white) mice. (C) Flow
cytometry analysis for CD45.1 and CD45.2 on pro-B cells and B220" mature B cells from
the bone marrow of competitive bone marrow chimeric mice 10 weeks post-reconstitution.
Chimeras were established using a 1:1 ratio of bone marrow cells from CD45.1 WT B6 and
CD45.2 117ra®* RosaF (top) or /17ra"e"* Ezh2RosaYFF (bottom). (D) Flow cytometry
analysis for CD4 versus CD8 on total thymocytes or CD117 versus CD25 on Lin
thymocytes from //7ra"®* or 1/7ra"¢/* Ezh2"" mice. (E) The bargraphs show the mean
number of CD4, CD8, DP (CD4*CD8"), ETP (LinCD117*CD25), DN2
(LinCD117*CD25%), DN3 (LinCD117CD25%) and DN4 (LinCD117CD25) cells in the
thymus of //7ra"®* (black) and //7rac"¢’* Ezh2"f (white) mice. (F) Flow cytometry analysis
showing CD45.1 versus CD45.2 on DN3 and DP thymocytes from competitive chimeric
mice as in C. Data are representative of at least three independent experiments (mean + SD).
* p<0.05, ** p< 0.01, *** p< 0.001

J Immunol. Author manuscript; available in PMC 2018 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jacobsen et al.

Page 15
A Lin-
BM Spleen u [|7rgcret
10° 10° o [[7ra®* Ezh2™
10" 6.55
W7raee* | 10® 10° g 8 g 8
- = 7 - 7
2 ¥y OB X6 X 6
Aad ¢ —— 5 5 = 5
400 18 10t 18, e 1 1ot 1f 9 4 L4
10° 10 £ g E3
17race 104] 1.78 10 6.70 Z 1 z %
Ezh2" 103] 3 10° 8 0 8 0
U><7 ) 5 BM NK Spleen NK
10 10
0o i 0
.102 -1Cl2
4160 10°  10* 10° -10%0 100 10t 10°
NK1.1 >
B Competitive Chimera: BM Competitive Chimera: Spleen
Lin- NK TCRb-CD19- NK
CD45.2: | I g2 A 1o}
10*] 45.0 fzzi 10 39.2
117 racre’ 1° 54.6 100K 9.56 o
003 : 50K 0&
-1 o A
-10°0 160 10* 10° -10%0 108 10t 10° -10°0 10010t 10°
o 250K 1051
7rac 234 ] 416 . 6| 67.5
Ezh2m o 981 1 5100k 232 oy E 31.2
0 - (7] ©v
g_:’oa (DS;JK @ é-?o’
100 10* 10° -1000 100 10t 10° A0 160 10t 10 160 1 10t 10°
CD45.1 NK1.1 CD45.1
c Lin- N D Competitive Chimera: BM
- © ke
< .
— Lin- ILC2P
B 214 CD452: .
10 <12 A 10 A0
”7racre/+ 5 E 6 ”7racre/+
10 =)
107 P = 2
0 o O3]
A6 o] © ILC2P
571030 100 10" 10° . 5,1030 1080 10* 108 5-1030 10° 10" 10°
1041 265 % g —_— 10 213 10 48.0
i 4 4
1 7race* 1031 (-I) 4 N7rgerer 1 10 10
EZh2" 101 £3 Ezh2™
Sl GO <
01021 g X1
-10°0 10° 10* 10° 0 -10%0 16° 10t 10° -10°0 100 10* 10°
Sca1 ILC2P Sca1l CD45.1
FIGURE 2.

EZH2 is not required for NK cell or ILC2 development. (A) Flow cytometry analysis
showing NK1.1 versus DX5 on Lin cells in the bone marrow and spleen of //7ra“"/* and
117rac"e* Ezh 2" mice. Mature NK cells (LinDX5*NK1.1*) are shown in the gated regions.
The bargraphs show the mean number of mature NK cells in the bone marrow and spleen of
17rac®* (black) and //7rac"* Ezh2" (white) mice. (B) Flow cytometry analysis showing
NK1.1 versus CD122 on Lin cells and CD45.1 versus CD45.2 on the gated Lin or
TCRBCD19 CD122*NK1.1" NK cells in the bone marrow (left) and spleen (right) of
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competitive chimeric mice as in Fig. 1C. (C) Flow cytometry analysis showing Scal versus
CD127 on Lin cells from the bone marrow of //7r&"* or 1/7rac"¢* Ezh2" mice. The gated
region shows ILC2P (LinScalCD127*). The bargraphs show the mean number (top) or
frequency (bottom) of ILC2P among Lin cells in the bone marrow of //7ra“"¢/* (black) and
17rae* Ezh2f (white) mice. (D) Flow cytometry analysis for ILC2P in the bone marrow
of competitive chimeric mice as in Fig. 1C. Data are representative of at least three (A, C),
five (B), or six (D) independent experiments (mean = SD). * p < 0.05, ** p < 0.01, *** p <
0.001.
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FIGURE 3.

EZH2 is the primary H3K27me3 methyltransferase in B and T cell progenitors. (A)
Quantitative RT-PCR analysis of £z42and £z/1 mRNA expression in sorted pro-B, DN3,
splenic NK, and BM ILC2P cells from //7ra"®* (black) or //7ra®®* Ezh2" (white) mice.
Results are presented relative to Hprt. (B) Flow cytometry analysis showing EZH2 protein
expression in pro-B (B220*CD19*CD43*), DN3 (LinCD25*CD117), NK
(LinDX5*NK1.1*), and BM ILC2P (LinSca1hiCD127*) cells in WT or //7ra“"/* mice
(solid) relative to expression in //7ra¢’* Ezh2"" mice (dashed) or 1gG control (shaded
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histogram). (C) Flow cytometry analysis showing H3K27me3 in pro-B, DN3, NK, and BM
ILC2P cells (top). Summary of H3K27me3 mean fluorescent intensity (bottom). Each circle
represents one sample. Data are representative of at least three independent experiments.
Bargraphs are mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
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FIGURE 4.

EZH2 represses the Cakn2a-p53 pathway in B and T cell progenitors. (A) Summary of
RNA-seq data from sorted pro-B (B220*CD19*CD43*), DN3 (LinCD25*cKit), splenic NK
(LinDX5*NK1.1%), BM ILC2P (LinSca1MCD127*) and CLPs
(LinCD117iMCD127+*CD135"). The number of genes that increased or decreased >= 2-fold
averaged across 2—3 samples per genotype with FDR < 0.05 in Ezh258 vs. /7ra®®'* control
is shown. (B) Gene set enrichment analysis of p53 pathway enriched in £2z22Y2 pro-B and
DNB3 cells relative to //7ra“"¢* control. (C) ChIP analysis with anti-H3K27me3 antibody
followed by quantitative RT-PCR using primers specific for the promoters of pZ6and p19in
WT pro-B or NK cells from culture as in Fig. 5A. (D) Quantitative RT-PCR analysis of p19
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mRNA expression in sorted pro-B and DN3 cells from //7ra"¢* (black) or //7rac"¢/* Ezh2
(white) mice. Results are presented relative to Hprt. (E) Western blot for p53 in pro-B cells
from culture (top) and in thymocytes magnetically depleted for CD4, CD3, CD8 and Ter119
(DN, bottom). (F) Quantitative RT-PCR analysis of 7rp53, Bax, p21, and Puma mRNA
expression in sorted pro-B (top) and DN3 (bottom) cells from //7ra®"®’* (black) or
17racre* Ezh 2 (white) mice. Results are presented relative to AHprt. ChIP data are
representative of four (C, pro-B) or two (C, NK) experiments. Data in D-F are
representative of at least three independent experiments. Mean = SD (D and F). * p < 0.05,
**p<0.01, *** p <0.001.
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FIGURE 5.
EZH2 promotes proliferation and survival in lymphocyte progenitors. (A) Cell counts from

pro-B cells (B220 enriched bone marrow cells in IL7 without stroma) cultured in vitro for 4
days (left) or NK cells (DX5 enriched splenocytes in IL2 without stroma) cultured for 4 days
(right) from //7ra"®/* and 117ra“"®'* Ezh2" mice. Cultures were seeded with 8-50 x 10°
cells. (B) Flow cytometry analysis for intracellular caspase activation (FLICA) to measure
apoptosis in pro-B cell cultures from //7ra"* (solid) and //7rac"®’* Ezh2™ (dashed) mice
after 3 days. (C) Flow cytometry analysis for Pl and BrdU to measure cell cycle in pro-B

J Immunol. Author manuscript; available in PMC 2018 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jacobsen et al.

Page 22

cell cultures from //7rac"¢* (left) and //7ra?e’* Ezh 2/ (right) mice. GO/G1 cells are
BrdUPI'®, S-phase cells are BrdU*, and G2/M cells are BrdUPI". (D) Flow cytometry
analysis for FLICA (top) and PI versus BrdU (bottom) in EZH2 inhibitor treated WT pro-B
cell cultures. (E) Flow cytometry analysis for FLICA in pro-B (left, B220*CD19*CD43"),
pre-B (middle, B220'°CD197CD43) and LinCD117CD25'9/~ (DN4) thymocytes (right) from
17rac"¢* and 117rac"¢* Ezh2"f mice. Data are representative of at least three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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FIGURE 6.

CaknZa limits maturation of £z22Y2 B and T cell progenitors. (A) Flow cytometry analysis
showing IgM versus B220 on gated B220*CD19* bone marrow cells (upper, Mature-
Recirculating B220MCD19*1gM™, Immature B220'°CD19*IgM™*) and CD43 versus B220 on
B220*CD19*IgM cells (lower, pre-B B220'°CD19+CD43, pro-B B220'°CD19*CD43") in
Cdkn2a™"~I17ra¢"* Ezh2"f (DKO, right) mice compared to //7ra®®* Ezh2"f (cKO, middle)
or control (Cntrl, left). Control genotypes include Cakn2a™~117ra¢*, Cakn2a™", and
117ra°"¢* mice. (B) Summary of the number of B220*CD19* cells in the bone marrow of
Cntrl, cKO, or DKO mice. (C) Summary of the ratio of pre-B to pro-B lymphocytes in cKO
and DKO mice. (D) Summary of the number of IgM* cells in the bone marrow of cKO and
DKO mice. (E) Flow cytometry analysis showing CD4 and CD8 (top) or CD117 and CD25
on Lin cells in the thymus of Cntrl (left), cKO (middle), and DKO (right) mice. (F)
Summary of the frequency (top) and number (bottom) of DP (left, CD4*CD8"), CD4
(middle), and CD8 (right) thymocytes. Data represent five independent experiments. * p <

0.05, ** p<0.01, *** p < 0.001.
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FIGURE 7.

CaknZ2a promotes p53 stabilization in £2z42Y2 pro-B and DN3 cells. (A) Western blot for
p53 in pro-B cells from culture (top) and in depleted thymocytes as in Fig. 4e (bottom). (I -
H7ra€re* \E- I7ra®* Ezh2VA CI - Cakn2a™~117ra"®'*, CIE - CdknZa™" I17rae’* Ezh 2/
(B) Quantitative RT-PCR analysis of 7rp53, Bax, p21, and Puma mRNA expression in
sorted pro-B (top) and DN3 (bottom) cells from control (black) and DKO (white) mice.
Results are presented as mean + SD, relative to Hprt. Data represent at least three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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