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ABSTRACT

The transcription factor PLZF (promyelocytic
leukemia zinc finger protein) acts as an epigenetic
regulator balancing self-renewal and differentiation
of hematopoietic cells through binding to various
chromatin-modifying factors. First described as a
transcriptional repressor, PLZF is also associated
with active transcription, although the molecular
bases underlying the differences are unknown. Here,
we reveal that in a hematopoietic cell line, PLZF is
predominantly associated with transcribed genes.
Additionally, we identify a new association between
PLZF and the histone methyltransferase, EZH2 at
the genomic level. We find that co-occupancy of
PLZF and EZH2 on chromatin at PLZF target genes
is not associated with SUZ12 or trimethylated lysine
27 of histone H3 (H3K27me3) but with the active
histone mark H3K4me3 and active transcription.
Removal of EZH2 leads to an increase of PLZF
binding and increased gene expression. Our results
suggest a new role of EZH2 in restricting PLZF
positive transcriptional activity independently of its
canonical PRC2 activity.

INTRODUCTION

Cell differentiation critically depends on combinations of
transcriptional regulators controlling the development of
individual lineages. Transcription factors (TFs) have long
been recognized as major regulators of blood stem cell de-
velopment and the subsequent differentiation into multi-
ple mature hematopoietic lineages (1). PLZF, also known
as Zbtb16, is a master transcriptional regulator with ef-

fects on growth, self-renewal and differentiation with a well-
recognized activity on the regulation of hematopoietic cell
differentiation (2). It was first identified in a patient with
acute promyelocytic leukemia, where a reciprocal chromo-
somal translocation #(11;17)(q23;q21) results in a fusion
with the RARA gene encoding retinoic acid receptor alpha
(3). Initially described as a myeloid TF (4), PLZF is now
known to play a role in spermatogonial, mesenchymal and
neural progenitor cells by balancing self-renewal and dif-
ferentiation (5). Within the hematopoietic tissue, PLZF is
involved in hematopoietic stem cell maintenance, in the de-
velopment of multiple hematopoietic cells and in regulating
immune responses (6-8).

Most of the biological functions of PLZF can be ex-
plained by its transcriptional repressive activity. Indeed,
PLZF was first described as a sequence-specific transcrip-
tional repressor, binding regulatory elements of its target
genes through its carboxyl seven zinc fingers (9). PLZF re-
pressive activity was further documented by its ability to
bind multi-protein complexes as the SMRT-Sin3-HDAC-
NcoR complexes (10,11) or Polycomb group (PcG) com-
plexes (12,13), leading to a local repressed chromatin state.
If PLZF is well recognized as an epigenetic repressor, data
also suggest that PLZF acts as a transcriptional activa-
tor, inducing its target gene expression. Initial evidence
came with the identification of direct targets of PLZF in
hematopoietic progenitors that were highly expressed in
its presence but down regulated when its expression was
decreased (14). The presence of PLZF on regulatory ele-
ments of active genes was confirmed by genome-wide ap-
proaches in different tissues (15,16). In the latter study, sim-
ilar frequencies of genes were expressed or repressed in the
presence of PLZF (16) challenging the idea of PLZF be-
ing principally a transcriptional repressor. Thus, as with
many sequence-specific TFs, PLZF may function as a tran-
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scriptional repressor or activator depending on the molec-
ular context, using mechanisms that are not fully under-
stood. Cellular context, genomic architecture of the target
loci or post-translational modifications may all influence
PLZF transcriptional activity (17). Furthermore, through
the N-terminal BTB/POZ domain, PLZF interacts with
various chromatin-modifying factors (18) and thus switch-
ing from interaction with one molecule to another may rad-
ically change the transcriptional output of PLZF activity.

PcG proteins function as multi-subunit complexes
through the concerted participation of at least two ma-
jor complexes (PRC1/PRC2) allowing the initiation and
maintenance of the H3K27me3 repressive epigenetic mark
that is catalyzed by the histone methyltransferase (HMT)
EZH?2 that composes the PRC2 core complex (19). Besides
its well-known function in promoting transcriptional re-
pression, EZH2 acts as an oncogene or a tumor suppres-
sor in hematopoietic neoplasms, depending on the cell con-
text, suggesting a specificity of its activity that may be dic-
tated by chromatin structure and/or cofactors (20,21). Par-
tial explanation of EZH2 specificity may reside in varia-
tion of PRC2 composition and post-translational modifi-
cations that could influence EZH2 enzymatic activity (22).
For example, it has been reported that PRC2 methylation of
JARID?2 promotes its catalytic activity (23). Methyltrans-
ferase activity of EZH2 requires at least SUZ12 and EED,
two other PRC2 components (24) and increasing evidence
suggests that EZH2 when not associated with canonical
PRC2 components, such as SUZ12, occupies active genes
independently of its H3K27me3 activity (25,26). This non-
canonical function of EZH2 can be activated by JAK3-
mediated phosphorylation in NK cells (27) and AKT sig-
naling in memory T cells (28).

Our previous study pointed out a major role for PLZF in
restricting mouse hematopoietic stem cell function by coor-
dinating the expression of genes related to stemness, differ-
entiation, cell cycle and aging (29). However, we were un-
able to determine whether the action of PLZF on gene ex-
pression was direct or not. To better understand the gene-
regulated network controlled by PLZF in the hematopoietic
system and to shed light on its molecular transcriptional ef-
fect we studied the association of PLZF, histone marks and
EZH?2 and their effects on gene activity. Here, we show that
PLZF interacts with EZH2 in vivo in myeloid cells and that
together, they regulate a group of common genes mostly as-
sociated with the active histone mark H3K4me3 and ac-
tive transcription. Modulating EZH2 expression modifies
PLZF chromatin binding, with according changes in his-
tone marks and gene expression. These results bring new
elements for the understanding of epigenetic regulation
mechanisms involving the two multifaceted proteins PLZF
and EZH?2.

MATERIALS AND METHODS
Cell culture, T-rex system and knockdown

Human myeloblastic cell line KG1, 293T-rex cells (a gen-
erous gift from R. Margueron) and 293T cells were main-
tained at exponential growth in Roswell Park Memo-
rial Institute (RPMI) or Dulbecco’s-modified Eagle’s
medium respectively supplemented with 10% foetal calf

serum, 1% penicillin-streptomycin and 1% sodium pyru-
vate. 293T-rex cells were stably transfected with PLZF mu-
tants or Gal4 as control, selected with neomycin and in-
duced with doxycycline (1 wg/ml) for 24 h. EZH2 and
PLZF knockdown (KD) in KG1 cells were achieved us-
ing a doxycycline-induced short hairpin RNA (sh-RNA)-
targeting EZH2 or PLZF (pTRIPZ-EZH2, Openbiosys-
tem # V2THS_63066, pTRIPZ-PLZF, Openbiosystem #
V2LHS_72096). A non-silencing sh-RNA (pTRIPZ-NS,
openbiosystem # RHS4743) was used as control. Cells con-
taining the pTRIPZ were selected on puromycine (1.75
pg/ml). KD of PLZF and EZH2 was obtained by the addi-
tion of doxycycline (2 pg/ml) to the cells during 7-10 days.

Nuclear extracts, immunoprecipitations and western blotting.

Nuclear protein extraction of KG1 and 293T cells was
done using the dounce homogenizer with high salt
concentration according to Dignam and Roeder. https:
[Iwww.ncbi.nlm.nih.gov/pubmed/20150077. Cellular frac-
tionation was carried out using the subcellular protein
fractionation kit for cultured cells (Thermofisher). For co-
immunoprecipitations (co-IPs) in KG1 cells, nuclear ex-
tracts were diluted in hypotonic buffer and incubated 3 h
with 2 g of anti-PLZF (Santa Cruz Biotechnology, H300)
or 10 pl of anti-EZH?2 (Active Motif, cat 39901 or AC22 an-
tibody) antibody in the presence of Protein G beads (Dyn-
abeads, Life Technologies) and resulting complexes were
washed, denatured and eluted according to the manufac-
turer’s instructions.

Nuclear extracts of 293T cells were immunoprecipitated
with the ProFound c-Myc tag IP/colP kit (No 23622)
following the manufacturer’s instructions. Immunoblotting
was performed as previously described (13). Briefly, nuclear
extracts were separated under denaturated conditions on
polyacrylamide gels, blotted on nitrocellulose membrane
and incubated with different primary antibodies listed in
supplemental experimental procedure.

Chromatin immunoprecipitation

ChIP was performed as described (13) with minor modifica-
tions. Following chromatin extraction, DNA was sonicated
to obtain 200-600 bp fragments (ultrasonic processor, Fis-
cher Scientific, ref 75041, 40% amplitude, 30 s on and 30
s off for 20 min). 2 x 10”7 KG1 cells were used for PLZF,
EZH2, SUZ12 and PolIl ChIPs, and 5 x 10° cells for hi-
stone marks. After immunoprecipitation, DNA was puri-
fied with the I-Pure kit (Diagenode) for sequencing analyses
or with chelex-100 (Bio-Rad Laboratories) for quantitative
polymerase chain reaction (q-PCR) analyses.

RNA extraction and reverse transcription

RNA from KG1 cells were extracted using RNeasy mini Kit
(Qiagen) according to manufacturer’s recommendations.
RNA purity and concentration was determined using Nan-
odrop 2000 (Thermofisher Scientific). Reverse transcription
was performed on 1 pg of total RNA using the Transcriptor
High Fidelity cDNA synthesis kit (Roche Diagnosis).


https://www.ncbi.nlm.nih.gov/pubmed/20150077

Quantitative PCR analysis

Quantification of ChIPed DNA or cDNA was performed
by real-time PCR. DNA target sequences were selected
based on our ChIP-seq analyses in KG1 cells and primers
were designed for amplifying the DNA location of interest
with Primer-BLAST. Primer sequences are available in sup-
plemental experimental procedure.

For normalization of ChIP-qPCR, Spike-in Drosophila
Chromatin and Spike-in Antibody (Active motif cat#
53083) were added to the ChIP reaction as a minor fraction
of the IP reaction. The immunoprecipitated Drosophila
chromatin was quantified using Drosophila Positive Con-
trol Primer Set Pbgs (Active motif cat# 71037), allowing
the attribution of a spike-in factor used for normalization
of compared samples.

Real-time PCR was performed using Power SYBR Green
PCR Master Mix (Applied Biosystems) according to the
manufacturer’s instructions with the 7500 Fast Real Time
PCR system (Life Technologies). For ChIPed DNA, 1gG
control ‘cycle over the threshold’ Ct values were subtracted
to Input or IP Ct values and converted into bound value by
2(-(IP Ct or input Ct- IgG IP Ct)). Data are expressed as %
of bound/input. For cDNA relative expression levels were
determined by the 2"*2€T method using HPRT or PBG-D
as housekeeping genes. Experiments were performed with
two individual clones treated or not with the doxycycline.
Technical triplicates are presented as mean values £ SD.

Sequencing and data processing

Libraries and sequencing were performed with a HiSeq
2000 next-generation sequencing platform (Illumina) us-
ing a 40 bp single-end protocol, either at the Montpel-
lier GenomiX (MGX; Montpellier, France) or at the Mas-
sachusetts Institute of Technology BioMicro center (Cam-
bridge, MA, USA). Sequencing was performed on libraries
prepared from duplicates of ChIP. Computational analyses
are developed in supplemental experimental procedure.

Genomic distribution of PLZF signal was visualized us-
ing cis-regulatory Element Annotation System (CEAS). For
de novo TF motif discovery, PLZF, EZH2 or the common
PLZF/EZH?2 peaks were called with MACS2 (http://liulab.
dfci.harvard.edu/MACS/) using a g-value cut-off set at 0.01,
and changed into summit regions (—50/+50 pb from peak
summit). The promoter and gene body peak summits were
filtered and merged, and only the top 500 most signifi-
cantly enriched regions (ranked by P-value) were analyzed
using Regulatory Sequence Analysis Tools (RSAT) (30).
The related binding motifs were found using JASPAR and
HOMER databases.

Heatmap visualization of ChIP enrichments at EZH2
and PLZF-enriched non-redundant transcripts was per-
formed using ngs.plot version 2.47 (31). Plotting of the en-
richment profiles were done by ranking the genes using k-
means clustering method (here set up at six clusters). The
average profiles were calculated using the mean read cover-
age among the gene bodies in each resulted cluster. Regions
that were differentially enriched for PLZF, H3K27me3 or
H3K4me3 upon shPLZF or shEZH2 were identified using
MACS?2 bdgdiff module and diffReps with slight modifica-
tions (P-values re-adjusted in R using Bonferroni correc-
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tion) (32) depending on their localization to distinguish pro-
moter and gene body regions and converted into official
gene symbols using biotools.fr. Differential enrichments
were visualized using the Deeptools suite (bamCompare,
computeMatrix, plotProfile) (33). Term enrichment analy-
sis was performed for each group of genes using DAVID
bioinformatics database (Only ‘Gene Ontology Biological
Processes’ terms were retain for further analysis). Retained
ontologies were clustered into specific thematic using cus-
tom bash script.

RESULTS

Characterization of PLZF function through its genomic lo-
calization

We profiled PLZF chromatin occupancy by chromatin im-
munoprecipitation coupled to high-throughput DNA se-
quencing (ChIP-seq) in KG1 cells, a myeloid cell line ex-
pressing the stem cell marker CD34" (34). PLZF targets
are listed in Supplementary Table S1. Analysis of PLZF
peak location with respect to gene feature, showed an over-
representation of PLZF binding at gene promoter regions
defined as 2.5 kb upstream of TSS (3.6-fold enrichment
compared to genome; P-value = 1.5¢-322) (Figure 1A). As
PLZF could be associated with active or repressive chro-
matin states, we profiled H3K27me3 and H3K4me3 hi-
stone marks that are associated with gene repression or
activation, respectively. Examples of PLZF, H3K27me3
and H3K4me3 ChIP-seq coverage are shown in Figure
1B. PLZF was associated with H3K4me3, H3K27me3 or
both marks (Figure 1B). When PLZF was associated with
H3K4me3, the elongating mark H3K36me3 and RNA
Polymerase II (Pol II) were also present indicating an ac-
tive transcriptional state of PLZF-bound genes (Figure
1B). Independently of its localization at promoter or gene
body regions, PLZF bound regions were mostly associated
with H3K4me3, representing 23% of PLZF-bound promot-
ers and 76% of PLZF bound gene bodies and to a much
lesser extent with H3K27me3 (non-significant at promoter
and 22% at gene bodies) (Figure 1C). Validation of PLZF
bound regions was performed by ChIP-qPCR on a sub-
set of selected genes involved in myeloid cell identity (Fig-
ure 1D). We validated that the developmental genes in-
volved in hematopoietic stem cell self-renewal (HOXA10,
KLF2,ID2) were enriched with the H3K27me3 (Figure 1D)
whereas TFs involved in myeloid differentiation (RARA,
SPI1) were enriched with H3K4me3 (Figure 1D). Gene on-
tology (GO) analysis using the DAVID database confirmed
that regions bound by PLZF were enriched for genes as-
sociated with cell signaling, metabolic and immune system
processes (Supplementary Figure S1). Interestingly, PLZF-
target genes enriched in H3K27me3 were more associated
with developmental processes (Supplementary Figure S1).
Taken together our data indicate that PLZF correlates
mainly with the H3K4me3 epigenetic mark in KG1 cells and
suggest distinct target genes depending on its co-association
with H3K4me3 or H3K27me3.


http://liulab.dfci.harvard.edu/MACS/

4 Nucleic Acids Research, 2018

10 kb—]

85

PLZF |
0 _huw i dad .
00 -
H3K27mes3 ﬂ M
" Upstream of TSS (<= 2500 bp) 0 _ o 0_.
. 1000 - 800 -
5"UTR HaK4me3 “‘
0__ T

Downstream of TES ( <= 2500 bp)

60-
0 _...J‘..nlu.lh o
200- 100 -
Ah o M

3'UTR 300 300 o
Coding exon Polll M l
L — o 0 Ao

10 kb——| 10 kb—

| 1 N l
et weennlh 0_, .‘.-.JJ.A,.A.
0 - 200 -

500 - 500- 1s00- T as00- o
0 ll‘, O __ axh_ .4 o _ . o_____ .

500 - 500 - 400 -

n
=3
=]

Intmn 90 30 0 90 C 20 *
" Distal intergenic H3K36me3 “ NM
c h 0 " 0 ki O v PP S 1 '
60 - 60 - 60 - 60 - 60 - 60 -
Input
L1 0 1] ebitisdheaninasii [+ 0 o 0 0 ——
HOXA9Q [ ELMO1 c<-<fecq D2 kLrzhi ASXL2essiessced SPI k]
C
Promoter Gene body
PLZF o H3K4me3 PLZF H3K4me3
(zsse’(usn (5663'(7466)
H3K27me3 H3K27me3
(1794) (4284)
D ChIP PLZF ChIP H3K27me3 ChIP H3K4me3
I 1gG
Il H3K4me3

% bound / input
o o o o
o N S (o2}
2
-
Lo
]
% bound / input

Q\
erov“%@v@o <& SN OOOQY

1.5 20
1 1gG
B H3K27me3 15
£ 10 K
10
0.5
5
0.0 0

% bound / input

’\\°Q &8P PSRN NI RIS IR U S N
NS R\ LD P SR R\
-\3'4: (‘/@ ¥ O Q’Y%{OVQ\O-\Y% %&@

Figure 1. Genomic localization of PLZF in CD34+ KGl cell line. (A) Genomic distribution of PLZF obtained from PLZF ChIP-seq in KG1 cells compared
to the whole-genome distribution (TSS: transcription start site; TES: transcription end site; UTR: untranslated region), ***fold change > 2 and P < 0.001
(hypergeometric test). (B) Representative UCSC Genome browser tracks of PLZF, H3K27me3, H3K4me3, Polll and H3K36me3 and Input ChIP-seq in
KGI cells. (C) Venn diagrams showing the association between PLZF, H3K27me3 and H3K4me3 bound regions at the Promoter (—2.5/+0.1 kb from
TSS) or in the Gene body (+0.1 kb from TSS to TES). Association between two peaks was considered if the two peaks were localized on the same genomic
feature of the same gene. NS not significant, ***P < 0.001 (hypergeometric test). (D) Validation of PLZF, H3K27me3 and H3K4me3 bound regions
by ChIP-qPCR. GAPDH and CDKNI1A served as negative controls for PLZF and positive controls for H3K4me3. NEOI and M YO6 served as positive
controls for H3K27me3. Percentages of bound DNA over input are shown as a mean £SD of two independent experiments (n = 3-5).

PLZF interacts with EZH?2 through its BTB-POZ domain

To assess the importance of PLZF on H3K27me3 or
H3K4me3 levels we engineered cell lines stably integrated
with a luciferase reporter gene controlled by a 5x Gal4
UAS sequence and expressing doxycycline-inducible wild-
type or BTB-deleted PLZF (Figure 2A) in which the PLZF
DNA binding domain (zinc fingers 3-9) has been swapped
with the Gal4-DNA binding domain (Figure 2B). Upon ex-

pression, PLZF-Gal4 recruitment results in luciferase tran-
scriptional repression (Figure 2C) suggesting that in this
in vitro system, it is the repressive activity of PLZF that
is prevailing which is in agreement with previous in vitro
studies (35). Monitoring changes to the chromatin land-
scape by H3K27me3 and H3K4me3 ChIP, we found that
only the H3K27me3 was significantly modified by PLZF
recruitment and this modification is dependent on the pres-
ence of the BTB domain (Figure 2D). These results suggest
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Figure 2. PLZF interacts with EZH2 but not SUZ12. (A) Schematic of PLZF mutant constructions used in this figure. (B) Schematic representation of the
luciferase reporter under the control of TK promoter, with Gal4 DNA-binding domain fused to PLZF domain. (C) PLZF and Gal4 were immunoprecip-
itated and DNA enrichment was measured at the luciferase transgene using LUC primers that amplify the luciferase transgene and NEG primers used as
negative control (upper panel). Luciferase activity was measured 24 h after doxycycline induction (+dox) on cellular clones expressing PLZFAZn3-9Gal4
or PLZFABTBAZn3-9Gal4; Gal4 alone was used as control (lower panel). (D) Measurement of H3K27me3 and H3K4me3 levels at the luciferase trans-
gene (LUC primers), after PLZFAZn3-9Gal4 or PLZFABTBAZn3-9Gal4 induction. GAPDH was used as negative control for H3K27me3 enrichment
and as positive control for H3K4me3. In panels C and D, results are expressed as the mean £SD with *P < 0.05 (Anova and Kruskal Wallis) of inde-
pendent experiments realized on three individual clones. (E) Nuclei of 293T cells co-transfected with PLZF (WT or mutants) and EZH2 were purified.
Myc-EZH2 was immunoprecipitated with anti-Myc coupled-resin. IPs were immunoblotted with anti-EZH2 or anti-PLZF. Input lanes (In) represents
2% of the amount of samples processed in each immunoprecipitates (IP). (F) Nuclear extracts of KG1 cells were immunoprecipitated with anti-PLZF or
anti-IgG antibodies. IPs were immunoblotted with anti-PLZF, anti-EZH2, anti-SUZ12, anti-EZH1 and anti-MLL1 antibodies. Inputs represent 5% of
samples processed in each IP. (G) KG1 nuclear extracts were immunoprecipitated with anti-EZH?2 or anti-IgG antibodies. IPs were immunoblotted with
anti-PLZF, anti-EZH2, anti-SUZ12 and anti-LSD1 antibodies. Inputs represent 5% of samples processed in each IP.

that PLZF recruitment leads to BTB domain-dependent in-
crease in H3K27me3 and transcriptional repression of the
luciferase promoter.

As EZH?2 is the HMT responsible for H3K27me3 deposi-
tion, we investigated a potential interaction between PLZF
and EZH?2 through co-IP in HEK293T cells over express-
ing a MYC-tagged EZH2 with either wild-type or trun-
cated PLZF. We found that PLZF WT and PLZFAZn3-9,

co-precipitated EZH2, whereas PLZFABTB that lacks the
BTB domain did not (Figure 2E), demonstrating that PLZF
molecularly interacts with EZH2 through its BTB-POZ do-
main.

The potential interplay between PLZF and EZH2 was
investigated by co-IPs in the KGI1 cells in which PLZF
and EZH2 are endogenously expressed. Western blot anal-
ysis on proteins co-precipitating with PLZF demonstrated
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that PLZF associated with EZH2 but not with SUZ12, a
PRC2 component, EZH1 nor MLL1, two HMTs associated
with H3K4me3 (Figure 2F). Reverse IP with an anti-EZH2
antibody confirmed the association of EZH2 with PLZF,
which also confirmed that EZH2 additionally interacts with
SUZ12 in these cells (Figure 2G). These results highlight the
importance of the PLZF BTB-POZ domain for the interac-
tion with and recruitment of EZH2 HMT activity charac-
terized by an increase in H3K27me3, which is associated
with transcriptional repression.

PLZF shares genomic targets with EZH2 in the absence of
SUZ12

To ascertain whether PLZF associates with EZH2 on chro-
matin in vivo, we profiled EZH2 and SUZ12 chromatin oc-
cupancy in the KG1 cell line and processed the data as
for PLZF-bound genomic regions. Data showed that PLZF
and EZH2 co-occupied significantly numerous promoters
(39% of PLZF bound) and gene bodies (58% of PLZF
bound) (Figure 3A). However, PLZF, EZH2 and SUZ12
co-occupancy was low, 2.5% at PLZF/EZH2 promoter
(NS) and 8% at PLZF/EZH2 gene bodies (Figure 3A).
PLZF/EZH2 and EZH2/SUZI12 peaks were compared
in terms of their enrichment in H3K4me3, H3K27me3
or both H3K27me3/H3K4me3 at gene body or pro-
moter regions. EZH2 peaks lacking PLZF (EZH2-unique)
were associated with a higher percentage of H3K27me3
or H3K27me3/H3K4me3 in comparison to EZH2/PLZF
common bound regions (Figure 3B). Of note is that EZH2-
unique bound regions associated with H3K4me3 showed
less ChIP-seq signal as compared to those bound by
H3K27me3 (see later, Figure 4A). Examples of PLZF,
EZH2 and SUZI12 ChIP-seq coverage are shown in Fig-
ure 3C, where these typical examples illustrate the co-
localization of EZH2 and PLZF at transcribed genes
that do not contain SUZI12. We next validated some
PLZF/EZH2-common or EZH2-unique bound loci by per-
forming PLZF and EZH2 ChIP-qPCR (Figure 3D). These
experiments revealed that although detectable by ChIP-
gPCR, EZH2 binding was lower in the case of PLZF/EZH?2
common genes (Figure 3D, middle panel) in comparison
to EZH2-unique (SIX4, MYO6 and NEO1). This suggests
that EZH2 recruitment occurs with different affinities at
its unique PLZF-common sites. In addition, SUZ12 was
present at unique EZH2 sites but not at EZH2/PLZF ones
(Figure 3D, lower panel).

De novo DNA motif searching using RSAT (30) at the 500
highest-ranked (by ¢-value) PLZF ChIP-seq peaks identi-
fied enrichment of an ERG-like binding motif, present at
40% of PLZF-occupied sites and a motif with no known
identity in JASPAR and HOMER databases, present at
15% of PLZF-occupied sites (Figure 3E). This novel mo-
tif is, however, matching perfectly to an experimentally-
determined PLZF binding site (36). When motif discovery
was done with the PLZF/EZH2 common peaks, only the
ERG binding motif was overrepresented (Figure 3E), sug-
gesting that PLZF can be associated with two binding site
signatures that are distinguishable by the presence or not
of EZH2. Motif search for EZH?2 did not reveal a strong
consensus-binding site confirming the current knowledge

on the non-sequence specificity of EZH2 (37). All together,
these results show that PLZF and EZH?2 share common tar-
get genes that are characterized by the absence of SUZ12
and enriched with the H3K4me3 active mark.

PLZF/EZH2 target genes are active genes

To further explore the co-association of PLZF and EZH?2
on chromatin, we performed enrichment analyses fol-
lowed by k-means clustering of EZH2, PLZF, H3K27me3,
H3K4me3, Pol I and H3K36me3 on refSeq genes (Figure
4A). This clustering confirmed that PLZF enriched genes
were mostly associated with the active mark H3K4me3 and
the elongation mark H3K36me3, a chromatin profile as-
sociated with gene activation. In addition, this clustering
separated EZH2-targeted genes into two distinct groups,
based on either the presence or absence of PLZF. The group
of EZH2-targets lacking PLZF-binding was enriched in
H3K27me3 and lacks Pol II, H3K4me3 and H3K36me3
enrichment (Figure 4A; upper cluster). The group of genes
co-targeted by EZH2 and PLZF were highly enriched in Pol
II, H3K4me3 and H3K36me3 but lacking H3K27me3 (Fig-
ure 4A; middle cluster). A third set of genes contained no
enrichment for any of the tested factors (Figure 4A; lower
cluster).

We next assessed the expression status of these three
groups of genes using publically available expression pro-
files on KGI1 cells (GSM1316691). This analysis showed
that the genes occupied by EZH2 and H3K27me3-enriched
(upper group) were poorly expressed and similar to genes
containing no tested factors (lower group), whereas genes
co-targeted by EZH2 and PLZF (middle group) were highly
expressed (Figure 4B). Thus, PLZF or PLZF/EZH?2 are
mostly associated with gene activation in KGI1 cells. To
question whether the genes targeted by PLZF and highly
expressed were preferentially associated with one of the two
putative binding site motifs identified in Figure 3E, we in-
vestigated expression level of PLZF-targeted genes accord-
ing to the presence or not of the putative binding sites. The
results confirm that PLZF bound genes were significantly
more expressed than the full transcriptome but indepen-
dently of the nature of the identified PLZF binding motifs
(Figure 4C).

To rule out the possibility of a result biased by the na-
ture of our cell line (the KG1 cell line is a leukemic-derived
cell line), we compared histone mark profiles from our de-
fined PLZF-target genes in leukemic KG1 cells with ChIP-
seq data available on primary CD34 positive hematopoi-
etic stem cells (CD34"HSC) (GSM772951; GSM773042).
H3K27me3, H3K4me3 and H3K27Ac¢ CD34* HSC ChIP-
seq data were clustered according to EZH2 and PLZF en-
richment in KG1 cells. The heatmap revealed highly compa-
rable enrichment profiles for the histone marks in both KG1
and CD34*HSC cells (Supplementary Figure S2), demon-
strating that PLZF target genes in KG1 cells are associated
with a chromatin profile that is permissive to transcription
in CD34" HSC. Altogether the results show that the ma-
jority of PLZF or PLZF and EZH2 target genes are active
genes.
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EZH2 influences PLZF chromatin activities

To further understand the interplay between PLZF and
EZH2, we performed shRNA-directed KD experiments
and analysed the effect of the KD on each other. KD of
PLZF and EZH2 were obtained by infecting KG1 cells
with lentivirus containing shRNA directed against either
PLZF or EZH2. KG1 clones efficiently down regulating
PLZF or EZH2 were selected (Supplementary Figure S3).
Effect of the shEZH2 and shPLZF was studied on PLZF
and EZH?2 levels in nuclear soluble and chromatin bound
fractions. Our results showed that both shRNA were ef-
ficient at the chromatin for knocking down their targets.
As a consequence, PLZF KD diminished PLZF binding
at target genes and EZH2 KD diminished EZH2 binding
at its target genes (Supplementary Figure S4). EZH2 KD
did not change PLZF nuclear soluble fractions but slightly
changed the ratio between the two PLZF bands in chro-
matin bound fraction, increasing the upper band in com-
parison to the lower band (Figure 5A). PLZF KD how-
ever, did not modulate chromatin bound EZH2 but sta-
bilized nuclear soluble EZH2 (Figure 5A). Visualization
of ChIP-seq signals demonstrated that downregulation of
PLZF did not globally change EZH?2 signal, while down-
regulation of EZH?2 resulted in an increase in PLZF signal
(Figure 5B). This increase was mainly due to a gain in ChIP-
seq intensity at PLZF bound-loci (Figure 5C) but also to
the appearance of newly targeted loci (Supplementary Table
S1). Quantification of differential PLZF-bound sites upon
EZH2 KD showed a majority of sites with increased PLZF
binding (Up sites) in comparison to sites showing reduced
PLZF binding (down sites; Figure 5D and Supplementary
Figure S5). Some of these loci containing increased PLZF

upon shEZH2 were validated by spike-in-normalized ChIP-
qPCR (Figure 5E). These results suggest that EZH2 nega-
tively influences PLZF chromatin association.

As EZH2 KD is increasing PLZF binding we next com-
pared the effects of EZH2 KD to PLZF KD on the epi-
genetic landscape and gene expression. As expected, we
found that EZH2 KD effectively erased the H3K27me3
signal (Figure 6A). Surprisingly, while not globally affect-
ing EZH2 chromatin binding (Figure 5B), PLZF KD de-
creases H3K27me3 signal (Figure 6A). This decrease in sig-
nal was not specific to PLZF target genes as it was also
observed on all genes (Figure 6A and B) and EZH2-only
target genes (Supplementary Figure S6 and Figure 6B).
GO analysis revealed that the H3K27me3-decreased genes
upon PLZF KD were mainly associated with terms related
to development processes (Supplementary Figure S7; Table
S2A and C) suggesting that PLZF indirectly modifies the
canonical activity of EZH2. Focusing on H3K4me3, we ob-
served that PLZF KD decreases H3K4me3 signal at PLZF
target genes, which is not observed with EZH2 KD (Fig-
ure 6C and D). By intersecting the H3K4me3-differentially
enriched genes with PLZF-bound promoters, we observed
that 60% of the PLZF-bound promoters were modified in
their H3K4me3 level (Supplementary Figure S8). GO anal-
ysis revealed that H3K4me3-decreased genes were enriched
in terms related to biosynthesis and genomic (transcription
regulation and nucleic acid metabolism) suggesting a dif-
ference in PLZF activity depending on the gene identity
(Supplementary Figure S8 and Table S2B-C). As these pro-
cesses are critical in a wide variety of biological processes
especially during cell cycle (38), we investigated the effect
of PLZF KD on cell proliferation. Supportive of its role
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as a tumor suppressor (5), cells showed better growth upon
PLZF KD than control cells (Figure 6E). In line with pre-
vious observation (Supplementary Figure S7), developmen-
tal genes were upregulated upon either PLZF or EZH2 KD
(Figure 6F and G). However, PLZF and EZH2 KD dis-
played opposite effect on the expression of myeloid asso-
ciated genes (decreased expression in PLZF KD and in-
creased expression in EZH2 KD) which could reflect the
modification of PLZF binding upon EZH2 observed in Fig-
ure 5.

DISCUSSION

Gene regulation is a central cellular process governing cell
fate in development and differentiation. It relies to a large
extent on transcriptional regulation, mediated by TFs and
chromatin regulators. However, the interplay between TFs
and epigenetic chromatin modification is still poorly under-
stood.

Like many TFs, PLZF acts as either a repressor or an
activator of transcription. However, PLZF repressive ac-
tivity has been the more recognized and extensively docu-

mented. Indeed, many structural studies have shown that
the BTB/POZ domain of PLZF is a transcriptional repres-
sive domain (39,35,40) that can achieve repression through
sequence specific recruitment of corepressors such as N-
CoR/HDAC or PcG complexes (18). In our study, we also
highlight the repressive activity of PLZF when assayed
using a Gal4/UAS reporter system. In this context, the
Gal4-PLZF fusion is targeted to a gene reporter that is
strongly repressed. Repression in that case was probably not
uniquely due to EZH?2 activity but was characterized by the
accumulation of H3K27me3 when the BTB/POZ domain
of PLZF was present. These data are consistent with our
result showing that PLZF interacts with EZH2, the HMT
of PRC2, via its BTB-POZ domain. Contrary to these data,
our genome-wide approach in myeloid cells revealed that
PLZF is mainly associated with active transcription. In-
deed, PLZF has been shown to activate the transcription
of some of its bound promoters in myeloid development
(14) as well as in lymphoid cells where PLZF displays ac-
tivator activity (16). While this transcriptional activation
property of PLZF may be specific to cells of hematopoietic
origin, it will be important to study PLZF activity globally
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Figure 6. Effect of PLZF and EZH2 KDs on chromatin structure and gene expression. (A) Density profile of H3K27me3 signal tracks after PLZF or
EZH2 KDs in KGI cells. (B) Representative UCSC Genome browser tracks (left panel) of H3K27me3 after PLZF or EZH2 KDs and its associated
spike-in ChIP-qPCR validation (right panel). (C) Density profile of H3K4me3 signal tracks after PLZF or EZH2 KDs in KG1 cells. (D) Representative
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Proliferation assay of Trypan blue stained KG1 cells expressing shPLZF, shEZH2 or shCtrl. Data are expressed as mean cell count 2SEM of two individual
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in other tissues, such as spermatogenesis, where it plays an
important role during differentiation (15). Nonetheless, our
genome-wide study demonstrates that a minority of genes
were directly repressed by PLZF, although these PLZF-
repressed genes were enriched with developmental and dif-
ferentiation genes strengthening the role of PLZF in con-
trolling cellular development (12,41). The dual effect of
PLZF on transcription could rely on many factors influ-
encing its partner binding or its specific DNA motif recog-
nitions. DNA motif search in our myeloid cells resulted in
the emergence of two main recognition motifs. One of the
discovered motifs is very similar to the consensus -A-T/G-
G/C-T-A/C-A/C-A-G-G-T- found previously by in vitro
analyses (42) and match perfectly with the consensus do-
main defined by Krumlauf and collaborators based on elec-

trophoretic mobility shift assay and directed mutagenesis
(37). The other discovered motif is the consensus of the
ERG TF belonging to the ETS family. A canonical ETS
consensus was also found as a PLZF binding motif in NKT
cells (16) indicating a potential interplay between PLZF and
ETS factors.

As we show that PLZF interacts with EZH2 and could
ectopically recruit EZH2 activity to chromatin, one hy-
pothesis is that EZH2 could influence PLZF activity and
enhance its repressive activity in myeloid cells. However,
our data do not support this hypothesis but instead re-
vealed that common PLZF and EZH2 bound promoters
were devoid of the PRC2 component, SUZ12, yet enriched
with the active H3K4me3 histone mark. In addition, re-
lated coding regions of common PLZF/EZH?2 targeted pro-



moters were enriched for Pol II and H3K36me3, a histone
mark associated with elongating Pol I1, and were expressed.
These data highlight a non-canonical EZH2 function when
associated with PLZF. Indeed, previous studies have fos-
tered a non-canonical activity of EZH2 associated with ac-
tive gene expression: in hormone-refractory breast cancer
and castration-resistant prostate cancer, EZH2 switches to
a transcriptional activator and acts independently of the
PRC2 complex (25,43); in glioblastoma, AKT signaling ac-
tivation leads to phosphorylation of EZH2 and inhibits
its H3K27me3 enzymatic activity (44). Thus, rather than
EZH2 influencing PLZF repressive activity, could EZH2
influence PLZF positive transcriptional activity? Globally,
the KD of EZH?2 has an activating effect characterized by
a decrease in H3K27me3 concomitant with an increase in
gene expression. Interestingly, KD of EZH2 had a posi-
tive effect on chromatin-bound PLZF levels and influenced
the transcriptional output of its target genes. This suggests
that EZH2 could modulate PLZF transcriptional activity
independently of its HMT activity. Previous studies have
demonstrated that the transcriptional repression activity
of PLZF is specifically dependent on the HAT activity of
p300 or HAT1, which acetylates PLZF (45,46) and that
SUMOylation in K242, K387 and K396, extensively modu-
lates PLZF-mediated transcriptional repression (47). While
preparing this manuscript an interesting study showed that
in NKT cells EZH2 directly methylates PLZF, resulting
in its degradation (48). Even though we did not observe
changes in PLZF protein level upon shEZH?2 in our system,
the methylation of PLZF by EZH?2 could afford an expla-
nation of the positive transcriptional output resulting of the
observed PLZF-EZH?2 interaction.

Conversely, could PLZF be an influencing factor of
EZH?2 activity? Our KD experiments showed that down-
regulating PLZF had little influence on global EZH2 bind-
ing, suggesting that PLZF is not involved in EZH?2 recruit-
ment per se. However, our results showed that PLZF KD
decreases H3K4me3 levels globally and to a lesser extend
decreasing H3K27me3 levels of developmental genes, sug-
gesting that loss of PLZF as an effect on EZH2 canonical
activity. By analogy with what has been proposed for RBB4
(49) or IncRNA (50), where both factors have proposed to
be sensors of EZH2 activity, PLZF could be also a modu-
lator of EZH?2 activity.

In conclusion, we provide evidence that PLZF and EZH?2
co-associate at the chromatin level, but when located at the
same loci the two proteins lose their respective repressive
activity revealing a non-canonical EZH?2 activity that regu-
lates PLZF transcriptional output.

DATA AVAILABILITY

ChIP-seq data (FastQ and Bigwig files) are accessible in the
NCBI Gene Expression Omnibus (GEO; http//www.ncbi.
nih.gov/geo/) under the accession number GSE109619.

In addition to our own ChIP-seq data, previously pub-
lished datasets were retrieved from the Gene Expression
Omnibus (GEO) database for re-analysis and compar-
isons. Sequencing datasets were thus retrieved for: hu-
man hematopoietic cells enriched within the immature
cell surface marker CD34+ (HSC-CD34") H3K27me3
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(GSM772951), HSC-CD34* H3K4me3 (GSM773041),
(HSC-CD34%) H3K 27ac. In addition, expression data from
the HSC CD34+ cells of healthy donor (GSM308470)
and expression data from human untreated KG1 cells
(GSM1316691) were extracted.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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