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Project information

Title: Epigenetic Therapy of Hematopoietic Malignancies: Novel Approaches for Tissue-Specific and
Global Inhibition of EZH2 Enzymatic Activities

Principal Investigator: Gang (Greg) Wang

Performing Organization: North Carolina, University of, Chapel Hill

Contracting Organization: North Carolina, University of, Chapel Hill

Topic Area: Blood Cancer

INTRODUCTION:

EZH2 (enhancer of zeste homolog 2, also known as KMT6A (lysine methyltransferase 6A)) or
EZH1 (enhancer of zeste homolog 1, also known as KMT6B) is the catalytic subunit of the
polycomb repressive complex 2 (PRC2) that catalyzes methylation of histone H3 lysine 27
(H3K27)(Cao et al., 2002; Kuzmichev et al., 2002; Margueron et al., 2008; Shen et al., 2008).
EZH2 and EZH1 are highly homologous (Fig. 1; sharing 96% sequence identity in their catalytic
domains(McCabe et al., 2012)). The trimethylation of H3K27 (H3K27me3) catalyzed by PRC2 is
a transcriptionally repressive epigenetic mark that regulates gene expression, differentiation and
development(Margueron and Reinberg, 2011).
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Fig. 1. Domain structures of EZH2 and EZH1 (top). Bottom panel
shows co-upregulation (shown in red) of both EZH1 and EZH2 as a
common feature to various blood cancers. Expression levels of EZH1
and EZH2 are extracted from the ‘Barretina’ dataset of 1,000 cancer
cell lines (Broad Institute). Cancer subgroups labeled by numbers 1-6
at the bottom are: 1. acute myeloid leukemia; 2. B-cell lymphoblastic
leukemia; 3. chronic myeloid leukemia; 4. Burkitt’'s lymphoma; 5.

most expressed

malignancies including germinal
center B-cell lymphomas and
multiple myeloma, a plasma B
cell tumor. However, the
currently strategy for
suppressing oncogenic
functions of PRC2 are
ineffective especially for those
PRC2-wildtype B cell tumors.
We aim to develop new
therapeutic  approaches for
targeting PRC2. Recently, we

diffuse large B-cell lymphoma; 6. multiple myeloma.

have found that overexpression
of EZH1, an EZH2-ralated
enzyme (Fig. 1, bottom), and/or PHF19, an EZH2/EZH1-associated cofactor, are common
among the human B-cell derived malignancies. This finding led us to hypothesize that,
overexpression of EZH1 and/or PHF19 confers oncogenicity to lymphoma by either
enhancing enzymatic activities or chromatin association of PRC2 complexes, and that
targeting EZH1 or PHF19 provides a novel means for of blockade of unwanted PRC2
hyperactivities.

The proposed experiments are organized along the following Specific Aims:

Aim 1: to develop and evaluate the pan EZH2 and EZH1 inhibitor for treating blood cancer.
Aim 2: to investigate PHF19 overexpression in conferring EZH2 and EZH1 hyperactivity to B cell
tumors to promote oncogenesis.



Aim 3: to map the differential binding of EZH2 in B- versus T- cell lineages, and to identify the
responsible tissue-specific recruiters.

2. KEYWORDS:
Hematopoietic cancer, Lymphoma, PRC2, inhibitor, histone methylation, EZH2, PHF19, EZH1

3. ACCOMPLISHMENTS:
In the funding period, our lab and collaborators have made significant progress, and have
published 6 manuscripts in total including Mol Cell, Blood, and ACS Chem biol. This funding
also allows our lab to secure a NIH/NCI funded R0O1 grant.

*  What were the major goals of the project?
Below list the major goals of the project as stated in the approved SOW, as well as the actual
completion dates or the percentage of completion.

Major Task 1: To Treat blood cancer cell lines with our pan EZH2 and EZH1 inhibitor in vitro
Subtask 1- To assess the effect of our pan EZH2 and EZH1 inhibitor on tumor cell
proliferation in ~30 human cell lines
- completed
Subtask 2-To dissect the effect of our pan EZH2 and EZH1 inhibitor on cell cycle
progression, tumor cell differentiation, and/or apoptosis
- completed
Subtask 3 — To identify a common “core signature” associated with cellular treatment of our
EZH2 and EZH1 inhibitor
- completed

Summary of Major Task 1-

- completed

Major Task 2: To treat human cancer cell xenograft animal models in vivo with the pan
EZH2/EZH1 inhibitor
Subtask 4- perform the pharmacokinetic assay and toxicity evaluation of the pan
EZH2/EZH1 inhibitor in animals using different compound administration methods
- completed
Subtask 5- establish tumor xenograft models using human cell lines of myeloma.
- completed
Summary of Major Task 2
- completed

Major Task 3 — to dissect the role of PHF19 overexpression using human B-cell derived
multiple myeloma tumor lines
Subtask 6- perform gene knockdown of PHF19 followed by assays for tumor cell
proliferation using >10 different B-cell derived malignant cell lines
- completed
Subtask 7 -assess the effect of knockdown of PHF19 on cell cycle, tumor cell
differentiation, and apoptosis
- completed
Summary of Major Task 3
- completed

Major Task 4 — to dissect the role of PHF 19 overexpression using xenograft models of multiple
myeloma




Subtask 8- to establish tumor xenograft models using human B-cell derived malignant cell
lines
- completed

Major Task 5 - to investigate the role of PHF19’s Tudor motif in regulation of PRC2 and
H3K27me3 hyperactivity

Subtask 9- perform gene knockdown of PHF19 followed by quantitative mass spec of
histone modifications and western blots
- completed in multiple myeloma

Subtask 10 — perform gene knockdown of PHF19 followed by rescue with shRNA-resistant
PHF19 (wildtype or Tudor mutant forms) and RNA-Seq to identify PHF19-regulated
downstream targets

- completed in multiple myeloma
Subtask 13 - perform knockdown of PHF19 followed by ChIP-Seq of EZH2 and
H3K27me3, in order to dissect the role of PHF19 in regulating EZH2’s chromatin association
and/or enzymatic activities

- completed in multiple myeloma

Major Task 6- to use genomic approaches to map EZH2’s binding sites among B-cell
lymphoma versus T-cell leukemia lines
Subtask 11- identify EZH2’s binding sites by ChIP-seq among B-cell versus T-cell derived
malignant cells
- completed

»  What was accomplished under these goals?
= For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results or key
outcomes, including major findings, developments, or conclusions (both positive and negative); and/or 4) other
achievements. Include a discussion of stated goals not met. Description shall include pertinent data and graphs
in sufficient detail to explain any significant results achieved. A succinct description of the methodology used
shall be provided. As the project progresses to completion, the emphasis in reporting in this section should shift

from reporting activities to reporting accomplishments.

(1) Major activities
Within the broadly proposed research areas, we have chosen to focus two main topics during
the funding years:

(1) For aim 1: we treated AML, a common and aggressive blood cancer, with our newly
developed EZH2 and EZH1 inhibitors in cell lines and in vivo models.

(2) For aim 2: our studies mainly focused on the plasma B-cell tumor, ie. multiple myeloma.
Multiple myeloma (MM) is a malignancy of plasma cells, the terminally differentiated B
lymphocytes that generate and secrete antibodies. MM represents the 2nd most
common hematological cancer, with about 30,330 new cases and 12,650 expected
death in U.S. in 2016. It is believed that MM experiences a step-wise progression from a
clinically insidious stage, such as monoclonal gammopathy of uncertain significance
(MGUS), and acquires both genetic and epigenetic alterations that promote MM
development. Unlike most of malignancies, the malignant MM cells are characterized by



an extraordinary low mitotic rate, which possibly contributes to the almost universal
resistance to chemotherapeutics. Despite recent FDA-approved proteomsome inhibitors
for MM treatment, new targeted therapeutics need to be developed to further improve
clinical outcomes for this fatal disease, especially for those refractory cases. In Figure 1
(bottom), we have shown that EZH2 and/or EZH1 are both up-regulated in MM, which
indicates targeting EZH2/1 as an attractive way for the treatment of MM.

We summarized our new progress and results in sections below.

This current progress report covers the following aims as originally proposed:

Aim 1: to develop and evaluate the pan EZH2 and EZH1 inhibitor for treating blood
cancers.

Major activity 1- To assess the effect of our pan EZH2 and EZH1 inhibitor on tumor cell
proliferation in various human tumor cell lines

Major activity 2-To dissect the effect of our pan EZH2 and EZH1 inhibitor on cell cycle
progression, tumor cell differentiation, and/or apoptosis

Major activity 3 — To identify a common “core signature” associated with cellular treatment of
our EZH2 and EZH1 inhibitor

Aim 2: to investigate PHF19 overexpression in conferring EZH2/1 hyperactivity to
multiple myeloma to promote oncogenesis.

The major activities include:

Major activity 5- establish tumor xenograft models using human cell lines of myeloma.

Major activity 6- perform gene knockdown of PHF19 followed by assays for tumor cell
proliferation using myeloma cell lines

Major activity 7 assess the effect of knockdown of PHF19 on cell cycle, tumor cell
differentiation, and apoptosis

Major activity 8- establish tumor xenograft models using human myeloma cell lines, and study
the requirement of PHF19 in tumor development

(2) Specific objectives

2.1- to demonstrate that the pan EZH2 and EZH1 inhibitor represents a new means for
achieving complete inhibition of EZH family enzymes in treating blood cancers.

2.2- to establish PHF19 as a new drug target of myeloma.

(3) Significant results or key outcomes, including major findings, developments, or
conclusions (both positive and negative);

(3.1) Related to Major activity 1- To assess the effect of our pan EZH2 and EZH1 inhibitor on
tumor cell proliferation in various human tumor cell lines

We have identified a set of small-molecule inhibitors for specific targeting of both EZH2
and EZH1, including UNC1999, an EZH2 and EZH1 dual inhibitor, and UNC2400, an inactive
analog compound useful for assessment of off-target effect (Figure 2 and also see report from
year 1). The discovery of compounds was made with a structure based chemical compound
design in a close collaboration with UNC Center for Drug Discovery and Chemical Biology.
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Fig. 2. (A) Structures of UNC1999 and UNC2400. (B) UNC1999 has high potency for EZH2 and EZH1. UNC2400 is >
1,000-fold less potent than UNC1999. (C) Docked pose of UNC1999 in human PRC2 complex. Red rings mark the
solvent-exposed moieties.
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Fig 4. Relative proliferation of a panel of myeloma cell lines treated with various concentrations of UNC1999 for
the indicated days (left panel). Y-axis, presented as the mean of triplicates 6 SD, represents the relative
percentage of accumulative cell numbers after normalization to DMSO treatment.
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Fig 5. Relative proliferation of a panel of leukemia or lymphoma cell lines treated with various concentrations of
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of accumulative cell numbers after normalization to DMSO treatment. Shown as a dashed line is DB, an EZH2-
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panel of cell lines in response to UNC1999.

Major findings & conclusion

We found that

(1) - UNC1999 induces potent and selective suppression of H3K27me3/2, whereas UNC2400
does not, highlighting them as a pair of compounds useful to manipulate both PRC2-EZH2 and
PRC2-EZH1.
(2)- UNC1999, an EZH2 and EZH1 dual inhibitor, efficiently suppresses proliferation of AML and
myeloma cells that co-express EZH2 and EZH1.

\\
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(3.2) Related to Major activity 2-To dissect the effect of our pan EZH2 and EZH1 inhibitor on

cell cycle progression, tumor cell differentiation, and/or apoptosis

- We have also studied the effect of our pan EZH2 and EZH1 inhibitor on cancer cell apoptosis
(Figure 6). We found a time- and concentration dependent induction of apoptosis and cell

viability after treatment with UNC1999.
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Fig 6. A summary of effect of UNC1999 on apoptosis and cell viability of U266, a myeloma cell line.
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Major findings & conclusion-

- UNC1999 suppresses growth of two common blood cancer types (ie. malignant multiple
myeloma in Fig 6 and AML in Fig 7-8) by inhibiting cell cycle progression and/or promoting
apoptosis.

(3.3) Related to Major activity 3 — To identify a common “core signature” associated with
cellular treatment of our EZH2 and EZH1 inhibitor

- To dissect the underlying mechanisms for the UNC1999-induced anti-cancer effect, we have
carried out gene transcriptome profilings by RNA-seq and aimed to identifying a common “core
signature” associated with cellular treatment of our EZH2 and EZH1 inhibitor. These analyses
were carried out in UNC genomic core using an Affymetrix gene-array platform.

Effects of UNC1999 on histone modifications and gene expression was carried in an AML
model with the common MLL-rearranged gene abnormality (Fig 9). We employed
proteomics and genomics approaches to dissect the molecular mechanisms that underlie the
anti-leukemia effect of UNC1999(Xu et al., 2015). We found that UNC1999 selectively reduced
H3K27me2/3 and concurrently increased H3K27ac (H3K27 acetylation) by mass spectrometry
profiling of histones (for details, see our paper(Xu et al., 2015)) and by western blots (Fig. 9A).
The gene-array analysis (Fig. 9B-C) further revealed that UNC1999 induced drastic up-
regulation of the genes featured with those known to regulate proliferation (CdknZ2a), lineage
development (Tet?), and cell differentiation (Epx) (for details, see our paper(Xu et al., 2015)).
UNC1999-induced transcriptome alterations overlap with those following knockdown of EED (a
common component of PRC2 complexes), again demonstrating the on-target activity of
UNC1999(Xu et al., 2015). Mechanistically, UNC1999 preferentially affects distal regulatory
elements such as enhancers, leading to gene de-repression(Xu et al., 2015). The gene de-
repression correlates with a decrease in H3K27me3 and concurrent gain in H3K27ac at the
affected genes (Fig. 9D). Collectively, these studies provide a detailed molecular dissection



about how UNC1999 reprograms both epigenetic and genetic features of MLL-rearranged
leukemias, leading to their differentiation, decelerated proliferation, and, ultimately, tumor
regression.

Major findings & conclusion-
Taken together, these results have demonstrated that UNC1999 is an excellent tool
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Fig. 9. (A) Immunoblot shows a time-dependent reduction of H3K27me3/2 and concurrent increase of H3K27ac in MLL-AF9-
transformed leukemia progenitors after treatment with 3 uM UNC1999. (B) Scatter plot to compare the global gene expression
pattern in MLL-AF9-transformed leukemia cells following DMSO (x-axis) versus UNC1999 treatment (y-axis). Plotted are
Log10 values of the signal intensities of all transcripts on gene microarrays after normalization. The flanking lines in green
indicate 1.5-fold change in gene expression. (C) Boxplots showing the expression levels (Log10 value in Y-axis) of
upregulated transcripts in the UNC1999 versus DMSO-treated samples. (D) Heatmap showing the ChIP-Seq read densities of
H3K27me3 (red) and H3K27ac (blue) across the transcription start site (TSS) of up-regulated genes following UNC1999

versus mock treatment. Following UNC1999 treatment, H3K27me3 peaks become narrower and sharper. For detailed results,
please see our paper®.

compound (for details, please see our paper(Xu et al., 2015)).

(3.4) Related to Major activity 4 — We have performed the pharmacokinetic assay and toxicity
evaluation of the pan EZH2/EZH1 inhibitor in animals using different compound administration
methods (Fig 10);

MS01

Plasma
Concentratioin (nM)

0 2 4 6 8 10 122 14
Time (hr)

Figure 10. Plasma concentrations of MS01, a new EZH2/1 inhibitor, following a single IP injection (50 mg/kg) or PO
dose (150 mg/kg) in mice (average values of 4 mice (2 male and 2 female) per time point).

(3.4) Related to Major activity 5

To treat tumor in vivo models with inhibitor:

For this aim, we have used two blood cancer models, with one published at Blood (2015) and
the 2" study under manuscript preparation.




Tumor suppression by UNC1999 in an in vivo AML model of MLL-rearranged leukemias.
We next performed in vivo mouse studies(Xu et al., 2015). In comparison to vehicle, oral
administration of UNC1999 (50 mg/kg, twice daily) prolonged the survival of mice bearing MLL-
AF9-induced AML (Fig. 11, p = 0.0033)(Xu et al., 2015). In UNC1999-treated leukemic mice,
significant reduction in leukemia burden was observed (for details, please see our paper(Xu et
al., 2015)). Notably, UNC1999 treatments did not cause general toxicity in mice(Xu et al., 2015),
which is in agreement with little or mild phenotypes seen in mice with complete Ezh2 or Ezh1
knockout in their hematopoietic system(Danis et al., 2016; Hidalgo et al., 2012; Mochizuki-
Kashio et al., 2015; Mochizuki-Kashio et al., 2011).
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Fig 11. Kaplan-Meier curve showing leukemia kinetics after transplantation of MLL-AF9-induced primary murine
leukemia into syngeneic mice. Mice received either vehicle (blue) or UNC1999 (red, 50 mg/kg twice daily PO
dosing). Cohort size: 7 mice. For details, please see our paper®.

Tumor suppression by UNC1999 in in vivo models of multiple myeloma.
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Fig 12. Images of the xenografted tumors in the vehicle- (upper, left) and UNC1999-treated (upper, right)
mice. The bottom panels shows summary of growth of xenografted tumors and Kaplan-Meier curve showing
cancer development kinetics.

To examine the effect of UNC1999 on myeloma in vivo, we used the same treatment regimen



as above. We show that UNC1999 delayed myeloma development and progression (Fig 12A,
red versus black lines).

Major findings & conclusion-
Collectively, these above data show that
- Our established protocol for oral administration of UNC1999 does not cause obvious
toxicity in tested animals;
- Oral delivery of UNC1999 delays cancer development and progression in vivo and our
EZH2 and EZH1 dual inhibitor provides a new therapeutics for AML and multiple
myeloma.

(3.5) Related to Major activity 6 to 8 -
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Fig 13. Effect of PHF19 expression in multiple myeloma growth in vitro.

We have successfully carried out Knockdown (KD) of PHF19 in multiple multiple myeloma
tumor lines (Fig 13A-B). We found that PHF 19 is required for in vitro tumor growth (Fig. 13B-E).
we have used the SCID-NOD-gamma (SNG) mice which were xenografted intravenously with
human multiple myeloma cell lines (Fig 14); we found that knockdown (KD) of PHF19 delays the
xenografted tumor formation in vivo (Fig. 14). The in vivo phenotypes of PHF19 KD can be
rescued by re-introduction of PHF19 (Fig 14; bottom panels, red).
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Fig 14. Effect of PHF19 expression in multiple myeloma growth in vivo.

Major findings & conclusion-

-- We found that PHF19 is among the top overexpressed genes in multiple myeloma (MM). In
addition, there is a steady increased expression level of PHF19 mRNA among multiple
myeloma (MM) and plasma cell leukemia (PCL), in comparison to normal plasma cells.

- PHF19 is crucial for tumor cell proliferation in tested B-cell derived malignant cell lines

- we have established the tumor xenograft models (Fig 8) using human B-cell derived malignant
cell lines

- we have shown a requirement of PHF 19 for tumor xenograft growth in vivo (Fig 8)

(4) other achievements-
n/a

What opportunities for training and professional development has the project provided?
Training and professional development provided to Dr. Zhihong Ren MD/PHD, who worked on
the project as a postdoc researcher-

"Training" activities:
-ChiIP, gRT-PCR, western blot
- xenograft studies with human cell lines and SCID nude mice models
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- live imaging
- in-house postdoc seminar (weekly)

=  How were the results disseminated to communities of interest?

(1) our lab has published 6 manuscripts in total including Mol Cell, Blood, and ACS Chem biol.
(2) This funding also allows our lab to secure a NIH/NCI funded RO1 grant to study the role for
PHF19 in multiple myeloma.

Our research is well received and highly cited. As evidence, our Blood (2015) and ACS Chem
biol (2014) papers have been cited over 60 and 150 times, respectively, in less than 2-3 years.

What do you plan to do during the next reporting period to accomplish the goals?
n/a

4. IMPACT:

=  What was the impact on the development of the principal discipline(s) of the project?
The findings and research results are likely to make an impact on blood cancer research and
therapies in the following ways:
- Define a set of new ‘Achilles’ heels’ of blood cell derived malignancies.
- Targeting these new drug targets with inhibitors we develop shall provide novel
therapeutic interventions.

=  What was the impact on other disciplines?
Nothing to Report.

= What was the impact on technology transfer?
Nothing to Report.

=  What was the impact on society beyond science and technology?
Nothing to Report.

5. CHANGES/PROBLEMS:

* Changes in approach and reasons for change
Nothing to Report.

* Actual or anticipated problems or delays and actions or plans to resolve them
n/a

* Changes that had a significant impact on expenditures
Nothing to Report.

= Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents

Nothing to Report.
6. PRODUCTS:
» Publications, conference papers, and presentations

Journal publications — see attached PDFs in the end of this report.

1. Lu R, Wang P, Parton T, Zhou Y, Chrysovergis K, Rockowitz S, Chen WY, Abdel-Wahab O,
Wade PA, Zheng D, Wang GG. Epigenetic perturbations by Arg882-mutated DNMT3A
potentiate aberrant stem cell gene expression program and acute leukemia
development. Cancer Cell 2016 July 11;30(1):92-107. *

* Cover image story with News & Views at:
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Cancer Cell July 11;30(1):9-10; Cancer Discovery July 08, 2016 DOI: 10.1158/2159-8290.CD-
RW2016-126

Zhou Y, Wang L, Vaseghi HR, Liu Z, Lu R, Alimohamadi S, Yin C, Fu JD, Wang GG, Liu J,
Qian L. Bmi1 Is a Key Epigenetic Barrier to Direct Cardiac Reprogramming. Cell Stem Cell.
2016 Mar 3;18(3):382-95.

Zhang ZM, Rothbart SB, Allison DF, Cai Q, Harrison JS, Li L, Wang Y, Strahl BD, Wang GG,
Song J. An Allosteric Interaction Links USP7 to Deubiquitination and Chromatin Targeting
of UHRF1. Cell Rep. 2015 Sep 1;12(9):1400-6. PMID: 26299963

Li Z, Chen P, Su R, Hu C, Li Y, Elkahloun AG, Zuo Z, Gurbuxani S, Arnovitz S, Weng H,
Wang Y, Li S, Huang H, Neilly MB, Wang GG, Jiang X, Liu PP, Jin J, Chen J. PBX3 and
MEIS1 Cooperate in Hematopoietic Cells to Drive Acute Myeloid Leukemias Characterized
by a Core Transcriptome of the MLL-Rearranged Disease. Cancer Res. 2016 Feb
1;76(3):619-29. PMID: 26747896

Xu B, On DM, Ma A, Parton T, Konze KD, Pattenden SG, Allison DF, Cai L, Rockowitz S,
Liu S, Liu Y, Li F, Vedadi M, Frye SV, Garcia BA, Zheng D, Jin J, Wang GG. Selective
inhibition of EZH2 and EZH1 enzymatic activity by a small molecule suppresses MLL-
rearranged leukemia. Blood. 2015 Jan 8; 125(2):346-57. PMCID: PMC4287641.

. Wang GG, Konze KD, Tao J. Polycomb genes, miRNA, and their deregulation in B-cell
malignancies. Blood. 2015 Feb 19;125(8):1217-1225. PMCID: PMC4335077.

Xu B, Konze KD, Jin J, Wang GG. Targeting EZH2 and PRC2 dependence as novel anti-
cancer therapy. Exp Hematol. 2015 May 28. pii: S0301-472X(15)00163-0. doi:10.1016/
j-exphem.2015.05.001. [Epub ahead of print]

Konze KD, Ma A, Li F, Barsyte-Lovejoy D, Parton T, Macnevin CJ, Liu F, Gao C, Huang XP,
Kuznetsova E, Rougie M, Jiang A, Pattenden SG, Norris JL, James LI, Roth BL, Brown PJ,
Frye SV, Arrowsmith CH, Hahn KM, Wang GG, Vedadi M, Jin J#. An Orally Bioavailable
Chemical Probe of the Lysine Methyltransferases EZH2 and EZH1. ACS Chem Biol. 2013;
8(6):1324-34.

Books or other non-periodical, one-time publications.

Nothing to Report.

Other publications, conference papers, and presentations.

Nothing to Report.

Website(s) or other Internet site(s)

Nothing to Report

Technologies or techniques

Nothing to Report

Inventions, patent applications, and/or licenses
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Nothing to Report
Other Products
Nothing to Report
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

| Name: || Gang (Greg) Wang, PHD & Assistant Professor
| Project Role: || PI

Researcher ldentifier (e.g. || orcid.org/0000-0002-7210-9940

ORCID ID):

Nearest person month

worked: 5

Dr. Wang has served as team leader performing experimental design,

Contribution to Project: guidance and data review/interpretation.
| Funding Support: || NIH, Kimmel Foundation
| Name: || Zhihong Ren, PHD/MD (postdoc trainee)
| Project Role: || postdoc

Researcher Identifier || n/a

(e.g. ORCID ID):

Nearest person month

worked: 12

Dr. Ren has served as postdoc research performing in vitro and in vivo
Contribution to Project: || experiments as proposed; he also carried out data review/interpretation.

| Funding Support: || n/a

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel

since the last reporting period?

Nothing to Report

What other organizations were involved as partners?
Nothing to Report
8. SPECIAL REPORTING REQUIREMENTS
N/A
9. APPENDICES -n/a.
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SUMMARY

DNA methyltransferase 3A (DNMT3A) is frequently mutated in hematological cancers; however, the underlying
oncogenic mechanism remains elusive. Here, we report that the DNMT3A mutational hotspot at Arg882
(DNMT3AREE2H) cooperates with NRAS mutation to transform hematopoietic stem/progenitor cells and induce
acute leukemia development. Mechanistically, DNMT3AR882H directly binds to and potentiates transactivation
of stemness genes critical for leukemogenicity including Meis1, Mn1, and Hoxa gene cluster. DNMT3AR882H
induces focal epigenetic alterations, including CpG hypomethylation and concurrent gain of active histone
modifications, at cis-regulatory elements such as enhancers to facilitate gene transcription. CRISPR/Cas9-
mediated ablation of a putative Meis1 enhancer carrying DNMT3AR82H._induced DNA hypomethylation im-
pairs Meis1 expression. Importantly, DNMT3AR®2"_induced gene-expression programs can be repressed
through Dot1l inhibition, providing an attractive therapeutic strategy for DNMT3A-mutated leukemias.

INTRODUCTION ase 3A (DNMT3A), a de novo DNA methyltransferase gene,

was found mutated in ~20%-30% of human acute myeloid leu-
DNA methylation provides a critical epigenetic means for kemias (AMLs) and ~10%-20% of various other hematological
defining cellular identity and regulating functional output of cancers (Cancer Genome Atlas Research Network, 2013; Ley
gene-regulatory elements such as promoters and enhancers et al.,, 2010; Patel et al., 2012; Yan et al., 2011; Yang et al,,
(Jones, 2012; Schubeler, 2015). Recently, DNA methyltransfer- 2015). DNMT3A mutations also associate well with clonally

Significance

Recurrent DNMT3A mutations at Arg882 are found in hematological malignancies and disorders; however, due to a lack of
relevant disease models, molecular mechanisms by which DNMT3A mutations influence leukemogenesis remain largely un-
defined. Through establishment and characterization of murine leukemia and leukemia stem cell models, we show that
DNMT3ARE2H mutation potentiates transactivation of stemness genes required for acute leukemogenicity. Integrated epi-
genomic profiling of murine models further reveals the underlying epigenetic alterations induced by DNMT3AR®82H which
are enriched at gene-regulatory sites and resemble those seen in human patients. Pharmacological inhibition of Dot1l sup-
presses DNMT3AR®2H_ass0ciated gene activation and acute leukemogenesis. Our findings not only promote mechanistic
understandings of DNMT3A mutation-associated clonal and malignant hematopoiesis but also provide a therapeutic
avenue for DNMT3A-mutated leukemias.

Cancer Cell 30, 1-16, July 11, 2016 © 2016 Elsevier Inc. 1
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derived hematopoiesis at premalignant stages (Genovese et al.,
2014; Jaiswal et al., 2014; Shlush et al., 2014; Xie et al., 2014) and
often coexist with a secondary lesion that “hits” either the FLT3-
RAS kinase pathway, an epigenetic regulator (IDH1/2, TET2), or
NPM1 in AML patients (Cancer Genome Atlas Research
Network, 2013; Ley et al., 2010; Patel et al., 2012; Yang et al.,
2015). These clinical findings suggest that DNMT3A mutation
acts as a founder lesion and requires an additional genetic event
to induce malignant development. Consistently, mice with
Dnmt3a knockout in the bone marrow produced phenotypically
normal hematopoietic stem cells (HSCs); only after rounds of
transplantation did Dnmt3a-null HSCs display self-renewal ad-
vantages (Challen et al., 2012). Mice with Dnmt3a mutation alone
did not develop frank AML but showed increased susceptibility
to malignant development upon acquisition of additional muta-
tions (Celik et al., 2015; Chang et al., 2015; Mayle et al., 2015;
Xu et al., 2014).

Mutational hotspot at Arg882 (R882), a residue located within
the homodimerization interface of DNMT3A, accounts for the
majority (~60%) of DNMT3A mutations found in AMLs (Ley
et al., 2010; Yang et al., 2015). Due to a primarily heterozygous
nature of DNMT3A R882 mutation, it was thought to act in a
dominant-negative and/or haploinsufficient manner (Holz-Schie-
tinger et al., 2012; Kim et al., 2013; Russler-Germain et al., 2014).
Clinical evidence supports this notion, as AML patients with
DNMT3A R882 mutation exhibited focal DNA hypomethylation
(Russler-Germain et al., 2014). Despite these advances, there
is a lack of relevant AML animal models for studying DNMT3A
R882 mutation. Molecular pathways and mechanisms by which
DNMT3A mutation contributes to AML pathogenesis remain un-
defined. Targeted approaches for the treatment of DNMT3A-
mutated AMLs remain to be developed.

RESULTS

DNMTS3A Hotspot Mutation Enhances Sensitivity of
Hematopoietic Stem/Progenitor Cells to Transformation
In Vitro

Previous reports indicate that hotspot mutations of DNMT3A
such as DNMT3AR®2H act in a dominant-negative manner by
disrupting formation of a DNMT3A-associated tetramer complex
required for efficient DNA methylation (Holz-Schietinger et al.,
2012; Kim et al., 2013; Russler-Germain et al., 2014). These
studies prompted us to ask whether ectopic expression of hu-
man DNMT3AR®8" in murine hematopoietic stem/progenitor
cells (HSPCs) could establish a transformation phenotype in a
colony-forming unit (CFU) and replating assay (Figure S1A).
Initially, we found a lack of CFU-promoting effect by
DNMT3AR®82H aione (Figures 1A-1C). We then asked whether
DNMT3AR882H coyld enhance sensitivity of HSPCs to transfor-
mation in the presence of a second oncogenic lesion. Toward
this end, we used a bicistronic retroviral system to coexpress
either wild-type (WT) or R882H-mutant (RH) DNMT3A, together
with other mutations known to coexist with DNMT3A mutation
in human AMLs: NRAS (NRAS®'2P), NPM1 (NPM1c), or IDH1
(IDH1R182H) (Figure S1A) (Ley et al., 2010; Patel et al., 2012;
Shih et al., 2012). Following viral transduction and drug selection,
we obtained highly pure HSPCs with comparable levels of onco-
gene expression for CFU assays (Figures 1C, S1B, and S1C). We
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did not observe a CFU-promoting effect of DNMT3AR®82H in the
presence of NPM1c or IDH1732H (Figure S1D). However, a sig-
nificant increase in CFUs was seen after replating of HSPCs co-
expressing DNMT3AR®2H and NRASC®'2P (hereafter referred to
as “RH-RAS”), relative to those with either oncogene alone (Fig-
ures 1A and 1B). In contrast to DNMT3AR82H DNMT3AYT did
not promote colony formation (Figures 1A and 1B). Post replat-
ing, HSPCs expressing NRAS®'2P alone produced tiny and
diffuse colonies of differentiated cells whereas those with RH-
RAS gave rise to large, compact colonies that mainly comprised
undifferentiated progenitors (Figures 1A [inset], 1B, S1E, and
S1F). Importantly, cells expressing RH-RAS as derived from seri-
ally replated colonies were able to propagate and maintain their
immature progenitor status in long-term liquid culture (Figures
1D and S1G), suggesting acquisition of indefinite self-renewal
capability by these cells. These data have shown that, in contrast
to DNMT3AYT, R882-mutated DNMT3A promotes aberrant self-
renewal of HSPCs and enhances their sensitivity to transforma-
tion in vitro. In addition, NRAS®2P genetic background provides
a useful platform for dissecting the role of DNMT3A mutation in
AML development.

DNMT3AR882H Acts in Concert with Activated RAS to
Induce Murine AMLs In Vivo

The observed in vitro effect of DNMT3AR®E2H on aberrant
HSPC self-renewal and immortalization indicates that it could
cooperate with NRAS®'2P to cause malignant transformation
in vivo. Thus, we transplanted murine HSPCs freshly trans-
duced with DNMT3A (either WT or RH) and/or NRAS®'2P to
syngeneic mice. NRAS®™2P alone induced a myeloproliferative
disease with incomplete penetrance (Figures 1E and S1H).
DNMT3AR®82H glone did not cause detectable diseases over
a 12-month monitoring period; however, in the presence of
NRASC'2P it significantly accelerated development of leukemia
with a shorter latency phenotype and full penetrance (Figure 1E).
RH-RAS-induced leukemia was also characterized by hepatos-
plenomegaly (Figures 1F, 1G, and S1l), leukemic infiltration to
bone marrow, spleen, and liver (Figures 1H and S1J), and
elevated counts of peripheral white blood cells and blasts (Fig-
ures 11 and S1K-S10; Table S1). Leukemia induced by RH-
RAS expressed virally transduced genes at a level comparable
with progenitors immortalized by RH-RAS in vitro (Figure 1J)
and displayed an immature myeloid (AML) immunophenotype
(Mac-1*/c-Kit'°"/Cd34'°"/Gr1~/Cd3e /Cd19 /Ter119~; Figures
1K, S1P, and S1Q; Table S1). Whole-exome sequencing of three
independent murine AMLs identified no recurrent mutation of
additional genes (Figure S1R), suggesting that DNMT3AR#82H
and NRAS®'2P gre sufficient to drive AML development. Interest-
ingly, unlike DNMT3AR®2H DNMT3AVT suppressed leukemo-
genesis in vivo (Figure 1E), suggesting that normal DNMT3A
activities oppose AML pathogenesis.

DNMTS3A Hotspot Mutation Produces Leukemia-
Initiating Stem Cells Ex Vivo in the Presence of
NRASG12D

To further verify the cell transformation effect of RH-RAS, we
used a previously described liquid cultivation system (Wang
etal., 2007, 2009) and were able to recapitulate HSPC immortal-
ization with RH-RAS only, and not either oncogene alone or
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Figure 1. DNMT3AR®2H Acts in Concert with Mutant RAS to Transform Murine HSPCs Ex Vivo and Induce AMLs In Vivo
(A) Colony-forming unit (CFU) assay using murine HSPCs expressing empty control (EV), wild-type (WT), or R882H mutant (RH) DNMT3A in combination with GFP
or NRAS®'2P (RAS). Inset shows a typical colony expressing RH-RAS at the fourth replating. Scale bar, 1 mm.

(B) Images of CFU assay at the fourth replating.

(C) Immunoblot of DNMT3A (Myc-tagged) and NRAS (Flag-tagged) in HSPCs after infection.
(D) Microscopic image and Wright-Giemsa staining of RH-RAS-coexpressing cells derived from the fourth replating after long-term culture with the SCF cytokine

in vitro. Scale bars, 10 pm.

(E) Kaplan-Meier survival curve of mice after bone marrow transplantation (BMT) of HSPCs freshly transduced with indicated genes. The p values were calculated

by log-rank test.

(F and G) Spleen size (F, n = 3) and weight (G, n = 4-9) of indicated cohorts 3-4 weeks post BMT. The p values were calculated by Student’s t test.
(H) Wright-Giemsa staining of bone marrow (upper) and H&E staining of spleen (bottom) of indicated cohorts 4 weeks post BMT. Scale bar, 10 pm (upper) and

200 um (bottom).

(I) White blood cell (WBC) counts in peripheral blood of indicated cohorts (n = 6-13) 4 weeks post BMT. The p values were calculated by Student’s t test.

(J) Immunoblot of DNMT3A (Myc) and NRAS (Flag) proteins in bone marrow (BM) and spleen (SP) cells from mice with leukemia induced by RH-RAS coex-
pression. The first two lanes were loaded with samples of in vitro infected HSPCs.

(K) Fluorescence-activated cell sorting (FACS) analysis of Mac-1 and c-Kit with bone marrow and spleen cells of indicated cohorts 4 weeks post BMT.

Error bar denotes +SD; ***p < 0.001, ****p < 0.0001. See also Figure S1 and Table S1.

coexpression of DNMT3AVT with NRAS®'2P (Figure S2A). Simi-
larly to those derived from CFU assays, RH-RAS-immortalized
progenitors stably maintained their progenitor identity in vitro in
the presence of SCF or FIt3 ligand, and presented with expres-
sion of immature myeloid (c-Kit*/Mac-1'°"/Gr1~) and stem cell
antigens (Cd34'°“/FIt3*/Sca1'°"/") as well as a lack of other
lineage markers (Figures 2A, 2B, S2B, and S2C). Exposure of
these progenitors to myeloid-promoting cytokines decreased
cell proliferation (Figure S1G) and induced terminal myeloid dif-
ferentiation (c-Kit~/Mac-1"9"/F4-80"9"; Figures 2B and S2D),

demonstrating their myeloid differentiation capability. Engraft-
ment with each of three independent RH-RAS-immortalized pro-
genitor lines induced murine AMLs (Figures S2E-S2H) that can
be propagated in vivo with sequential transplantation (Figure 2C).
Importantly, as few as 50-500 of these cells were sufficient to
cause AML (Figure 2D), illustrating their leukemia-initiating
stem cell (LSC) characteristic (hereafter called “LSCs™HRAS»),
To further characterize LSCs™HFAS we profiled their transcrip-
tome and genome-wide occupancy of H3K4me1, a histone
mark demarcating lineage-specific enhancers (Lara-Astiaso
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Figure 2. R882-Mutated DNMT3A Establishes
Leukemia-Initiating Stem Cells Ex Vivo in the
Presence of Activated RAS

(A) FACS analysis of in vitro immortalized progenitors
by RH-RAS using a liquid culture system.

(B) Wright-Giemsa staining (upper) and FACS analysis
of RH-RAS-immortalized progenitors 14 days after
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(C) Kaplan-Meier curve of mice receiving primary or
secondary BMT with RH-RAS-induced leukemia.
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N R882-Mutated DNMTS3A Potentiates
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Abnormal Transcription of Stem Cell
Genes Including a Meis1-Mn1-Hoxa
Regulatory Node

Next, we sought to understand the molec-
ular basis underlying indefinite self-renewal
shown by LSCsFHPAS  First, we asked

HOXA9-MEISH

et al., 2014). Unsupervised clustering of H3K4me1 profiles of
LSCsRH-RAS and various hematopoietic cell lineages revealed a
similarity of LSCs™R4S to HSPCs such as HSC and myeloid
progenitors, when compared with differentiated cell types (Fig-
ures 2E and S2l); similar results were found in their transcriptome
comparison (Figures 2F and S2J). Notably, a closer similarity
was seen when comparing LSCs™H-FAS with leukemic progeni-
tors we and others previously produced using either HOXA9
plus MEIS1 (Wang et al., 2005), MLL translocation (Bernt et al.,
2011), NUP98-NSD1 (Wang et al., 2007), or NUP98-JARID1A
(Wang et al., 2009) (Figures 2E, S2I, and S2J), implying a com-
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whether they carry self-renewal or stem-
ness gene-expression programs, a known
feature of LSCs (Abramovich et al., 2005;
Eppert et al., 2011; Krivtsov et al., 2006). By transcriptome anal-
ysis, we identified 54 genes uniquely expressed in LSCsRHRAS
and primitive HSPCs with self-renewal capabilities, relative to
differentiating and mature hematopoietic cell types (Figure 3A
and Table S2). The stem cell signature genes expressed in
LSCs"HFAS are only part of HSC stemness gene programs
(~10%, Figure S3A); we further verified enrichment of the
LSCRHRAS stemness signature in self-renewing HSCs with inde-
pendent datasets (Figures S3B and S3C). The top LSCRHRAS
stemness genes included Hoxa9, Mn1, Hoxa5, and Meis1 (Fig-
ure 3A), which encode a set of transcription factors (TFs) and
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cofactors crucial for sustaining self-renewal of normal HSCs and
leukemic LSCs (Heuser et al., 2011; Huang et al., 2012; Wang
et al., 2006; Wong et al., 2007). Gene targets of Meis1-Mn1-
Hoxa, FIt3 and Sox4 (Heuser et al., 2011; Huang et al., 2012;
Wang et al., 2005), were also among top stemness genes
identified (Figure 3A), indicating activity of this TF regulatory
circuitry in LSCs™H R4S Moreover, activation of Meis1 and
Hoxa in LSCs™"™4S was found to be comparable with that in
LSCs defined by other deregulated chromatin factors such as
MLL-AF9, NUP98-JARID1A, or NUP98-NSD1, while Mn1 and
Mycn showed unique expression in LSCs®HFAS (Figures S3D
and S3E).

As LSCs™MRAS carry both DNMT3A and NRAS mutations,
we next asked which stemness gene signatures are depen-
dent on DNMT3AR882H \We performed microarray studies us-
ing HSPCs after transduction of NRAS®'2P alone or with coex-
pressed DNMT3A, either WT or R882H mutant (hereafter
referred to as EV-RAS, WT-RAS, or RH-RAS). These HSPCs
were collected 12 and 16 days after viral transduction when
their proliferation rates were comparable (Figure S2A). Among
the 54 LSCRH-RAS stemness genes, nine were found to be up-
regulated by DNMT3AR®2H at poth time points, including
Meis1, Mn1, and Hoxa (Figures 3B and S3F). Consistently,
gene set enrichment analysis (GSEA) found that gene sets
associated with AML development, undifferentiated myeloid
cells, and NUP98-HOXA9 targets were significantly enriched
in HSPCs with RH-RAS (Figure 3C). Conversely, gene sets
associated with myeloid differentiation showed reduced
expression in HSPCs expressing RH-RAS, relative to EV-
RAS (Figure 3D), whereas the same gene sets showed
enhanced expression in HSPCs expressing WT-RAS (Fig-
ure 3D), thus suggesting opposite effects of WT and R882-
mutated DNMT3A on regulating genes crucial for HSPC self-
renewal versus differentiation. We verified unique upregulation
of Meis1, Hoxa, and Mn1 in RH-RAS HSPCs (Figures 3E and
S3G) and their induced AMLs (Figures 3F, 3G, and S3H). To
functionally assess whether the activated Meis1-Mn1-Hoxa
circuitry is essential for RH-RAS-induced AML development,
we introduced independent small hairpin RNAs (shRNAs) of
Meis1 or Mn1 into LSCsR™RAS (Figure 3H) and found that
knocking down either gene significantly impaired in vitro
growth of LSCs™HRAS (Figures 3l and S3I) as well as their
in vivo leukemogenic function (Figures 3J, S3J, and S3K).

Together, these data reveal a role of R882-mutated DNMT3A
in potentiating abnormal activation of stemness genes such as
Meis1, Mn1, and Hoxa, which are required for mutant
DNMT3A-mediated AML progression.

ChIP-Seq Reveals Context-Dependent Targeting of
R882-Mutated DNMT3A into the LSC Genome

The LSCRH-FAS cellular model described above provides an ideal
system for dissecting the molecular mechanism underlying
DNMT3AR882H _mediated oncogenesis. Mutant DNMT3A pro-
teins are exclusively nuclear (Figure S4A); thus, we first mapped
their genome-wide occupancy in LSCs®HFAS by chromatin
immunoprecipitation sequencing (ChlP-seq) using antibodies
against the Myc tag fused to DNMT3AR®82H (Figure S1A). Myc-
DNMT3AR®82H Chip-seq gave robust and specific signals (Fig-
ure 4A); as a negative control, Myc ChlP-seq using cells without

Myc-DNMT3ARE2H axpression did not detect any peaks (Fig-
ure S4B). We identified 13,705 genomic regions with significant
DNMT3AR®82 pinding (i.e., DNMT3AR882H peaks, Table S3) in
LSCsH-RAS \which spread over promoter and inter- or intragenic
regions (Figure S4C). DNMT3AR882H exhibited a broad binding
pattern with an average peak size of ~17 kb (Figures S4D and
4B, with an example peak at Lig7). Interestingly, DNMT3AR882H
binding was stronger at intermediately transcribed genes, rela-
tive to lowly or highly expressed genes (Figure 4A), and positively
correlated to CpG dinucleotide density except at CpG islands
(CGls) where DNMT3ARE82H has a sharp drop in overall binding
(Figure 4C). DNMT3AR882H pinding regions also showed deple-
tion of H3K4me3 (Figure 4D), a histone modification known to
suppress DNMT3A binding due to an intrinsic histone H3
“reader” activity of DNMT3A’s ADD domain (Guo et al., 2015;
Noh et al., 2015). Intriguingly, 76.1% of DNMT3AR82H peaks
were found in close proximity to and significantly overlapped
with peaks of H3K4me1, a histone mark demarcating enhancer
elements (observed/expected = 10.2, p < 1073%; Figure 4E),
as exemplified by those identified in an intron region of
Lig1 and an intergenic region of Vegfa (Figures 4B [inset]
and S4E [boxed areas]). Ontology analysis of DNMT3AR82H
peaks revealed their significant enrichment at genes related to
normal and malignant hematopoiesis, PML-RARa targets, and
MLL rearrangement-associated genes (Figures 4F and S4F).
Notably, key AML-promoting or stemness genes upregulated
by DNMT3AR®2H sych as Meis1, Mn1, Hoxa, and Mycn were
all found directly bound by DNMT3AR®2H (Figures 4G, 4H,
S4G, and S4H). Collectively, our genome-wide profiling of
DNMT3AR®2H has revealed a CpG content and “histone
code”-dependent targeting of R882-mutated DNMT3A into
cancer cell genomes; we have also identified a previously unap-
preciated overlap of DNMT3AR®2H with putative enhancer and
cis-regulatory sites (marked by H3K4me1) at numerous develop-
mental genes including a Meis1-Mn1-Hoxa node.

R882-Mutated DNMTS3A Induces Focal Hypomethylation

of CpG Sites Enriched with Gene-Regulatory Elements

We next aimed to delineate DNMT3AR®2H.induced epigenetic
perturbations during AML progression. By enhanced reduced
representation bisulfite sequencing (eRRBS), we mapped global
DNA methylation patterns of murine HSPCs 16 days after trans-
duction of EV-RAS, RH-RAS, or WT-RAS. Analysis of eRRBS
data, which had 11-12x coverage for 6.5 million CpGs in all
samples, revealed no significant changes in global CpG methyl-
ation (Figures S5A-S5C) except a moderate change at CpG
shores (Figure S5C). By pairwise comparison of CpG methyl-
ation, we identified 12,889 differentially methylated CpG sites
(DMCs) in HSPCs expressing RH-RAS relative to EV-RAS, with
most DMCs (80.8%) hypomethylated (Figure 5A, left; hereafter
termed “DNMT3AR®82H_associated hypo-DMCs”); in contrast,
DMCs associated with DNMT3AYT are largely hypermethy-
lated (hyper-DMCs, 80.6%; Figure 5A, right). DNMT3AR882H.
associated hypo-DMCs were found mainly in intron, intra-
genic, and promoter regions, while DNMT3A" -induced
hyper-DMCs were enriched in promoters and CGls (Figures
S5D and S5E). Importantly, DNMT3AR®82H_gssociated hypo-
DMCs were significantly enriched at genomic regions with
H3K4me1 (Figure 5B) or with DNMT3AR®2H pinding (Figures
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Figure 3. DNMT3AR®2H potentiates Aberrant Activation of Stemness Genes Including a Critical Meis1-Mn1-Hoxa Regulatory Node
(A) Heatmap of 61 probes (54 genes) showing unique expression in both self-renewing HSPCs (HSC, Cd34 KLS, and MPP) and LSCs®HFAS but not in differ-
entiating (purple) or mature (green) blood cell types. Probes are ranked by higher expression in LSCsP"RS relative to differentiating and mature cells. Example
genes are highlighted along with their respective rankings.

(legend continued on next page)
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5B and 5C). DNMT3AR®82H_associated hypo-DMCs were also
found to be enriched with the binding site of the ETS family of
TFs (Erg and Spi1/PU.1) and other hematopoietic TFs (Runx1
and Mycn; Figure 5D). In contrast, DNMT3AR®82H_associated
hyper-DMCs exhibited none of these features and, instead,
correlated negatively to DNMT3AR®2H binding (Figures 5B-
5D), suggesting that creation of hyper-DMCs is due to an indirect
effect of DNMT3AR8E2H,

Consistent with DMCs, differentially methylated regions
(DMRs) identified in HSPCs co-transduced with DNMT3ARe82H
relative to control were mainly hypomethylated (hereafter called
“DNMT3AREE2H_gssociated hypo-DMRs”; Table S4, n = 1,199)
while DNMT3A" -associated DMRs were mainly hypermethy-
lated (hyper-DMRs) (Figures 5E and S5F). These two sets of
DMRs showed a significant overlap, including those found at
DNMT3AR®2H_deregulated stemness genes (Meis?, Mnf,
Hoxa7, and Mycn), further highlighting that WT and R882-mutated
DNMT3A have opposing effects on DNA methylation of crucial
AML-promoting genes (Figure 5F). In addition, DNMT3ARe82H.
associated hypo-DMRs were enriched at genes related to tran-
scriptional regulation, hematopoietic development, and cancer
(Figures 5G and S5G). Consistent with results in DMCs,
H3K4me1 and DNMT3AR®2H pinding was significantly enriched
at DNMT3AR882H_associated hypo-DMRs (Figures 5H and S5H).
Taken together, our results show that R882-mutated DNMT3A is
sufficient to induce CpG hypomethylation at putative cis-regulato-
ry sites of key stemness genes that we have functionally validated
as essential for AML progression in murine models.

DNMT3AR®82H_|nduced DNA Hypomethylation Identified
in Murine Models Mirrors What Was Seen in Human
AMLs with DNMT3A R882 Mutation

A focal CpG hypomethylation phenotype seen in the above
murine model is reminiscent of what was observed in human
AMLs with DNMT3A mutation (Russler-Germain et al., 2014).
To assess whether our murine model mimics human disease,
we first identified regions in the human genome that are homol-
ogous (i.e., conserved) to DNMT3AR®2H _agsociated hypo-
DMRs defined in the murine model. We then found that, relative
to randomized control, CpGs located in such conserved human
genomic sites showed a significant reduction in their methylation
levels among human AML samples with DNMT3A R882 muta-
tion, relative to those with normal DNMT3A (Figure 5I; p <
2.2 x 107'%). Despite a relatively limited coverage of CpGs by
the 450K-array platform used in the human AML study (Russ-

ler-Germain et al., 2014), genes with hypo-DMRs identified in
AML patients carrying DNMT3A R882 mutation also had a signif-
icant overlap with those that gain DNMT3AR®2H_associated
hypo-DMRs in our murine model (Table S5; p < 0.05). We identi-
fied 119 genes showing CpG hypomethylation in both human
AMLs and murine LSC models, which again include stemness
and AML-promoting genes MEIS1, HOXA7, and MN1 (Figures
5J and S5I). We subsequently verified differential CpG methyl-
ation of DMRs at these genes in murine cells by direct bisulfite
sequencing (Figures 5K and S5J), and further showed that a
consistent hypomethylation pattern exists at conserved DMRs
in human AMLs with DNMT3A R882 mutation, relative to
those with non-R882 mutated or normal DNMT3A (Figures 5L
and S5K).

Hypo-DMRs Induced by DNMT3AR882H Facilitate Gain of
Histone Acetylation at Gene-Regulatory Sites

Because DNMT3AR®2H pinding and induced hypo-DMRs
showed significant overlap with H3K4me1, a histone mark
demarcating gene-regulatory regions such as enhancers and
proximal elements close to promoters (Rada-Iglesias et al.,
2011), we performed ChlIP-seq profiling of H3K27ac, a histone
modification correlating to enhancer/promoter activity, with
the samples we used for eRRBS. Intriguingly, we found that
introducing DNMT3AR®82H {6 HSPCs caused an overall gain
of H3K27ac at DNMT3AR®®2H _associated hypo-DMRs (Fig-
ure 6A, left) whereas no overall change in H3K4me1 was seen
for these hypo-DMRs (Figure 6B, left); in contrast, expression
of DNMT3A™T decreased overall H3K27ac and H3K4me1 at
these hypo-DMRs (Figures 6A and 6B, left). As a control,
DNMT3AR882H_gssociated hyper-DMRs did not show such
changes (Figures 6A and 6B, right). Consistently, similar histone
modification changes were seen at regions in close proximity to
DNMT3A-associated DMCs (Figures S6A and S6B). Importantly,
DMRs at key stemness or AML genes such as Meis1, Mn1, Hoxa,
and Mpycn all exhibited significant gain of H3K27ac in
DNMT3AR882H_axpressing HSPCs as well as loss of H3K27ac
in DNMT3AY-expressing HSPCs at their putative cis-regulatory
sites (Figures 6C and S6C-S6H). By ChIP-gPCR, we verified the
observed changes of H3K27ac and H3K4me1 at a panel of
DMRs after transduction of DNMT3ARE82H yersus DNMT3AWT
into HSPCs (Figures 6D and S6l). Furthermore, expression of
DNMT3AR882H gnhanced binding of the H3K27 acetyltransferase
p300 to hypo-DMRs at stemness genes (Figure 6E), suggesting
that CpG hypomethylation facilitates recruitment of H3K27ac

(B) Of the 54 self-renewal genes, genes showing consistently higher expression in HSPCs 12 and 16 days after transduction of RH-RAS relative to EV-RAS.
(C) GSEA shows enrichment of AML-associated genes (left), genes downregulated upon myeloid differentiation (middle), and NUP98-HOXA9 targets (right) in

HSPCs with RH-RAS versus EV-RAS.

(D) GSEA shows enrichment of differentiation gene sets in WT-RAS or RH-RAS HSPCs relative to EV-RAS. Left, myeloid differentiation genes; right, genes

downregulated upon activation of HOXA9 and MEIS1.

(E) gRT-PCR of indicated genes in murine HSPCs after transduction of EV-RAS, WT-RAS, or RH-RAS.
(F) gRT-PCR of indicated genes in mouse bone marrow 21 days post BMT of HSPCs with EV-RAS (n = 6) or RH-RAS (n = 8).
(G) Immunobilot of Meis1 and Hoxa9 in bone marrow of mice 21 days post BMT of HSPCs with EV-RAS or RH-RAS. The last lane was loaded with LSCRH-RAS

samples.

(H) gRT-PCR showing shRNA-mediated Meis7 or Mn1 knockdown in LSCsRHRAS,
(I) Relative proliferation of indicated shRNA-expressing LSCsRH-RAS (GFP*) versus parental cells (GFP ™). These GFP~ and GFP* cells were mixed in a 1:1 ratio at

day 0, followed by measurement of percentage of GFP* cells.

(J) Kaplan-Meier curve of mice engrafted with indicated shRNA-expressing LSCs™" 45, The p values were calculated by log-rank test.

Error bars denote +SD. See also Figure S3 and Table S2.
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Figure 4. ChIP-Seq Reveals Chromatin Context-Dependent Binding of R882-Mutated DNMT3A to Genomic Regions, Including Stemness

Genes such as a Meis1-Mn1-Hoxa Node

(A) DNMT3AR®2H Ch|P_seq profiles across transcription start site (TSS) of genes with different expression levels in LSCs

RH-RAS

(B) Example ChIP-seq profiles for DNMT3AR®2H H3K4me1, and H3K4me3 at the Lig1 gene. Box shows a zoomed-in view of dashed-box region showing overlap

of DNMT3AR882H and H3K4me1 peaks.

(C) Correlation of DNMT3AR®82H binding and CpG density. Shown is percentage of CpG density (gray) and DNMT3AR®2H ChiP-seq reads (red) at 1-kb windows of

the entire genome ranked by CpG density. Green square, CpG island (CGl).

(D) Plot of averaged DNMT3AR®2H (red) and H3K4me3 (black) ChIP-seq signals at DNMT3AR®82H peaks (labeled in bold on x axis) and surrounding regions

(2 kb).

(E) Venn diagram shows significant overlap of DNMT3AR®2H and H3K4me1 peaks in LSCs™RAS,
(F) Genomic Regions Enrichment of Annotations Tool (GREAT) analysis shows enrichment of indicated gene signatures among DNMT3

ARE82H hoaks.

(G and H) ChlP-seq profiles of DNMT3AR82H H3K4me1 and H3K4me3 at Meis1 (G) and Mn1 (H). Purple bars, DNMT3AR882H peak calls.

See also Figure S4 and Table S3.

“writers.” In addition, overall gain of H3K27ac at hypo-DMRs
was found to be significant regardless of expression changes
of their associated genes (Figure S6J), indicating that H3K27ac
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gain at hypo-DMRs is not merely a consequence of gene activa-
tion, as exemplified by that found at hypo-DMRs of Kdm2b,
Sirt4, and Pax5 (Figures S6K-S6M).
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Figure 5. DNMT3A"R®2H |nduces Focal CpG Hypomethylations Enriched at H3K4me1-Demarcated, Gene-Regulatory Sites in HSPCs

(A) Distribution of DMCs (defined by g < 0.05) in the genome of murine HSPCs transduced with RH-RAS or WT-RAS, relative to EV-RAS.

(B) Heatmap showing enrichment of DNMT3AR882H_associated DMCs at indicated genomic regions or ChiP-seq peaks in comparison with genome average. The
enrichment value was calculated as logo(observed/expected) of the DMC numbers. CGl, CpG island; CGS, CpG shore.

(C) Distribution of DNMT3AR®2"_associated DMCs across DNMT3AR®82H ChIP-seq peaks (shown by a bold bar on x axis). y Axis shows percentage of DMCs
located at 100-bp window of genomic regions centered on DNMT3AR82H peaks,

(D) Enrichment of indicated TF binding motifs in DNMT3AR®2"_associated hypo-DMCs and hyper-DMCs.

(E) Summary of DMRs identified in the HSPCs with RH-RAS or WT-RAS, relative to EV-RAS.

(F) Venn diagram showing overlap of DNMT3AR82H and DNMT3A" -associated DMRs.

(G) GREAT annotation of DNMT3AR882H_associated hypo-DMRs.

(H) H3K4me1 profiles at DNMT3ARE82H_ass0ciated hypo-DMRs, hyper-DMRs, and random control regions. Plotted across DMRs (labeled by a bold line on x axis)
were averaged H3K4me1 ChlIP-seq read densities in EV-RAS cells.

(I) Scatterplots showing methylation changes of selected CpGs in human AMLs with DNMT3A R882 mutation relative to DNMT3A WT AMLs. Mean methylation
differences (y axis) and p value (x axis) for each CpG between two AML patient groups were plotted. Left, CpGs in the human genome homologous to
DNMT3ARE2H_ags0ciated hypo-DMRs identified in murine HSPCs; right, randomly picked CpG controls.

(J) DNA methylation profiles of Meis1 in indicated murine HSPCs and MEIS1 in human AMLs with WT (n = 50) or R882-mutated (n = 20) DNMT3A. Faded points
show individual CpG methylation  values and connected lines indicate the mean methylation levels at each CpG site. Gray box and red bar represent a hypo-
DMR in intron 6.

(K) Bisulfite sequencing of the Meis1 intron 6 DMR in indicated murine HSPC samples.

(legend continued on next page)
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Because DNMT3AR®2H.induced hypo-DMRs can be found
outside of gene-regulatory regions, we focused on those over-
lapping with a peak of H3K4me1 (a total of 777 DMRs) or
H3K27ac (333 DMRs) in at least one cell condition and found
that, in either case, 9- to 11-fold more DMRs showed enhanced
H3K27ac levels than those with decreased H3K27ac (Figure 6F).
These results indicate that DNA hypomethylation facilitates
H3K27ac gain at gene-regulatory sites but also acts in a
context-dependent manner. Consistently, more hypo-DMRs
with gained H3K27ac were observed at regions showing a
greater loss of CpG methylation (Figure 6G), supporting the
degree of DNA hypomethylation as a contributing factor
that fine-tunes functional output of gene-regulatory sites. More-
over, genes with increased H3K27ac at their hypo-DMRs were
found to be enriched in HSPCs expressing RH-RAS relative
to EV-RAS (Figure 6H), from which we identified 57 genes as
both epigenetically altered and transcriptionally activated by
DNMT3AR882H (thys hereafter termed “DNMT3ARE82H signature
genes,” Figure 6l and Table S6). Notably, these DNMT3AR#82H
signature genes included DNMT3AR®82_associated stemness
genes studied above (a Meis1-Mn1-Hoxa node and Mycn) as
well as other putative AML-promoting genes such as /d2, Bcl2,
and Runx3 (Figure 6l).

The Meis1 Intron 6 Enhancer Carrying DNMT3AR®82H.
Induced CpG Hypomethylation Is Crucial for Meis1 Gene
Activation in LSCs

To demonstrate a causal role of DNMT3 -induced focal
DNA hypomethylation in gene-expression regulation, we cloned
sequences from a panel of hypo-DMRs into a CpG-free reporter
system designed to assess putative gene-regulatory activity and
its relationship to CpG methylation (Schmidl et al., 2009). We
found that all tested hypo-DMRs possess strong expression-
enhancing activity in the absence of their CpG methylation
(Figure 6J). CpG methylation of these hypo-DMRs completely
abolished their expression-enhancing activities (Figure 6J),
demonstrating a hypomethylation-dependent activation of cis-
regulatory elements harbored within hypo-DMRs. To further
verify DMR-associated enhancer activity in LSCs®HFAS we
closely examined a hypo-DMR located in the intron 6 of Meis1
(Figure 6C, green bar) because Meis1 is a critical effector gene
for DNMT3ARE82H_associated AML progression (Figures 3H-
3J) and this hypo-DMR is also found to be conserved in human
AMLs with DNMT3A R882 mutation (Figures 5J-5L). Notably,
this hypo-DMR is positive for H3K4me1 (Figure 6C) and has a
significant overlap with a previously reported MEIS71 enhancer
in human cells (Xiang et al., 2014). First, we carried out chromo-
some conformation capture (3C), a surrogate assay for scoring
enhancer usage and promoter association, and indeed detected
a long-range looping interaction of the intron 6 hypo-DMR
with the Meis? promoter in LSCs™HFAS (Figure 6K). To further
determine the role of this putative intron 6 enhancer in
DNMT3AR®® induced Meis? gene activation, we employed

AR882H

the CRISPR/Cas9-based genomic editing technology. Cas9
and a pair of single guide RNAs (sgRNA) targeting boundaries
of the Meis1 hypo-DMR were transduced into LSCsRH-RAS
(Figure 6L). PCR and direct sequencing confirmed sgRNA-medi-
ated specific deletion of the hypo-DMR in five independent
LSCRH-RAS lings (Figures 6M, 6N, and S6N). In all cases, ablation
of this putative enhancer significantly reduced Meis1 expression
(Figure 60). Consistently, among human AMLs with DNMT3A
R882 mutation, lower DNA methylation at the MEIST intron 6
correlated with higher expression of MEIS1 (Figure 6P). It is
also worth noting that 54.5% (6 of 11) of DNMT3A WT AMLs
display significant DNA methylation of MEIS1 intron 6 and yet ex-
press MEIS1 at high levels (Figure 6P), indicating that different
gene activation mechanisms exist in these AML cases. Together,
using Meis1 as a paradigm example, we show that focal CpG hy-
pomethylation induced by DNMT3A R882 mutation promotes
enhancer activation and expression of key AML genes.

Dot1l Inactivation Suppresses DNMT3AR882H.
Associated LSC Properties and Aberrant Activation of
Stemness Gene Programs

To explore the potential strategy for reversing DNMT3
induced gene deregulation and thus treating DNMT3A-mutated
leukemia, we conducted compound treatment studies with a
collection of epigenetic regulator inhibitors and identified that
LSCsP™RAS showed a significantly higher sensitivity to a Dot1l
inhibitor, SGC0946, relative to control cells without DNMT3A
mutation, i.e., LSCs expressing NRAS®"2P plus oncogenic TFs
(Figure S7A). Dot1l, a histone H3 lysine 79 (H3K79) methyltrans-
ferase, belongs to a transcription elongation regulatory complex
that engages acetylated histones at cis-regulatory sites (Li et al.,
2014). Genomic profiling of H3K79 dimethylation (H3K79me2)
detected its overall elevation at DNMT3AR2H _associated
hypo-DMRs in HSPCs (Figure 7A), as exemplified by those at
Meis1, Hoxa, Mn1, and Mycn (Figures 7B and S7B). We
confirmed H3K79me2 gain at these genes by ChIP-gPCR
(Figure S7C). Next, we asked whether pharmacological inhibi-
tion of Dot1l could reverse DNMT3AR®2H_induced gene activa-
tion. We first confirmed SGC0946-mediated suppression of
H3K79me2 in LSCs™HR4S (Figure S7D), followed by microarray
profiling. Notably, after SGC0946 treatment, we detected signif-
icant downregulation of DNMT3AR®2H signature genes (Figures
7C and 7D) and concurrent upregulation of myeloid differentia-
tion genes in LSCs"™R4S (Figures 7D and S7E). Although Hoxa
and Meis1 were shown as part of MLL-AF9 target genes that
are dependent on Dot1l (Chen et al., 2015), the DNMT3AR#82H
signature genes displayed a greater sensitivity to Dot1l inhibitors
than MLL-AF9 targets in LSCs"™ R4S (Figure 7E); conversely, the
DNMT3AR882H signature genes do not show overall response to
Dot1l inhibitors in MLL-AF9-transformed AML cells (Figure S7F).
These analyses indicate that DNMT3A R882 mutation confers a
unigue dependency on the Dot1l enzymatic activity in AML. We
further verified downregulation of DNMT3AR®8H_associated

A\RB82H_

(L) Box plots of methylation B values of all CpGs (shown as dots in box plot) at MEIS1 intron 6 in human AMLs with R882-mutated DNMT3A (n = 20) relative to
AMLs with either non-R882 mutated (n = 15) or WT (n = 50) DNMT3A. Horizontal line, median; box, interquartile range; whiskers extend to 1.5x the interquartile

range. The p values were calculated by Mann-Whitney U test.
See also Figure S5; Tables S4 and S5.
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Figure 6. DNMT3AR®2H_Associated Hypo-DMRs Gain Epigenetic Alterations Associated with Gene Activation

(A and B) H3K27ac (A) and H3K4me1 (B) profiles at DNMT3AR®2H_associated DMRs (bold bar on x axis) and the surrounding regions. Averaged ChlP-seq read

densities in HSPCs with EV-RAS, RH-RAS, or WT-RAS were plotted.
(C) H3K27ac and H3K4me1 profiles at Meis1 intron 6 in indicated HSPCs. Green bar, hypo-DMR.
(D and E) ChIP-gPCR of H3K27ac (D) and p300 binding (E) at hypo-DMRSs in indicated HSPCs.

(F) Percentage of DNMT3AR®®2H_associated hypo-DMRs showing indicated H3K27ac changes in HSPCs with RH-RAS versus EV-RAS. Gain, increased
H3K27ac; Loss, reduced H3K27ac; NC, no significant H3K27ac change. The total DMRs used for calculation were hypo-DMRs carrying H3K27ac (left) or

H3K4me1 (right) in at least one cell condition.

(G) Percentage of DNMT3AR882H_ass0ciated hypo-DMRs (n = 1,199) showing H3K27ac gain in HSPCs with RH-RAS versus EV-RAS, when these hypo-DMRs are

divided based on degree of DNA methylation reduction (x axis) shown in the same samples.

(H) GSEA shows that genes with gain of H3K27ac at hypo-DMRs are enriched in HSPCs 16 days after transduction of RH-RAS, relative to EV-RAS.

(legend continued on next page)
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stemness genes Hoxa, Meis1, Mn1, and Mycn after treatment
with SGC0946 (Figures 7F, 7G, and S7G) or knockdown of
Dot1l (Figures 7H, S7H, and S7I). In response to Dot1l inactiva-
tion, multiple murine and human AML lines bearing DNMT3A mu-
tation showed suppressed in vitro growth (Figures 71, S7J, and
S7K) and concurrent cell differentiation (Figures 7J, 7K, and
S7L-S7N). DNMT3A-mutated human AML lines also had
decreased HOXA or MEIS1 expression upon DOT1L blockade
(Figures S70 and S7P). In contrast, various murine and human
leukemia lines established by oncogenic TFs were all insensitive
to Dot1l inhibition (Figures 71 and S7K). Also, enforced expres-
sion of HOXA9 plus MEIST1 reversed sensitivity of LSCsRH-RAS
to Dot1l inhibition (Figure 7L), demonstrating a crucial role of
these TFs in DNMT3AR®82H_mediated oncogenic effects. Impor-
tantly, knockdown of Dot1l in LSCs®HRAS or their pretreatment
with Dot1l inhibitors significantly delayed in vivo AML progres-
sion and prolonged the survival of engrafted mice (Figure 7M).
Collectively, we show that expression of DNMT3AR82H confers
Dot1l dependency in AML and that reversing DNMT3AR882H.
induced gene activation by Dot1l inhibition may provide a poten-
tial therapeutic means for the treatment of AMLs with DNMT3A
mutation.

DISCUSSION

In this study, we report a set of ex vivo LSC and in vivo murine
AML model systems for studying the functionality of DNMT3A
R882 mutation in AML pathogenesis. Using these human dis-
ease-mimicking models, we have (1) defined a causal role of
DNMT3AR®82H in promoting AML transformation in vitro and
in vivo; (2) identified DNMT3AR®2H _deregulated gene path-
ways, including a Meis1-Mn1-Hoxa TF node that we func-
tionally validated as essential for DNMT3AR®2" _mediated
AML progression; (3) shown that DNMT3AR82H directly binds
to gene-regulatory sites, notably enhancers, inducing focal
DNA hypomethylation and concurrent gain of histone acetyla-
tion; (4) determined a critical role of the epigenetically altered
enhancer and cis-regulatory elements for DNMT3AR882H_ass0ci-
ated gene activation; and (5) demonstrated, importantly,
that pharmacological inhibition of Dot1l reverses the mutant
DNMT3A-associated gene activation, thus providing a potential
therapeutic avenue for the affected AMLs.

The molecular pathways identified in this study help explain
several important biological phenomena related to DNMT3A mu-
tation and hematological disease. First, as the Meis1-Mn1-Hoxa

circuitry is crucial for both normal expansion of HSCs and malig-
nant transformation of LSCs (Argiropoulos and Humphries,
2007; Heuser et al., 2011), deregulation of this TF node by
R882-mutated DNMT3A provides a molecular explanation not
only for malignant hematopoiesis but also for clonal hematopoi-
esis, a phenotype strongly associated with DNMT3A mutation
(Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014). In
addition, these findings help explain a mutually exclusive pattern
for DNMT3A mutation and MLL rearrangement in AMLs (Cancer
Genome Atlas Research Network, 2013; Patel et al., 2012)
because the latter itself is a strong inducer of Meis7 and Hoxa
activation (Chi et al., 2010).

Our results also demonstrate the requirement of cooperation
between DNMT3A mutation and the activated kinase such as
RAS for AML induction. RAS mutation alone induces a hyperpro-
liferative phenotype but does not support self-renewal, which
is in agreement with previous studies (Zhang et al., 2009);
RAS activation was also known to induce cell senescence, a
barrier of cancer development (Campisi and d’Adda di Fagagna,
2007). On the other hand, DNMT3A mutation confers aberrant
HSPC self-renewal, blocks differentiation programs, and yet
lacks a pro-proliferation effect; besides a Meis1-Mn1-
Hoxa node we have functionally confirmed as essential for
DNMT3ARE82H_gss0ciated AML, other downstream targets of
DNMT3AR882H  sych as pro-survival (Bcl2), anti-differentiation
(Id2), and stemness (Mycn) genes, might be equally crucial for
AML progression. These findings suggest that synergy between
DNMT3A and kinase mutations is likely due to their differential ef-
fects on pathways relating to AML development. However, it is
also possible that the two mutations may affect distinctive sets
as well as the same sets of downstream effectors via genetic
or epigenetic mechanisms. A similar synergy is most likely to
exist between DNMT3A mutation and the activated FLT3, which
acts upstream of RAS and coexists with the former in human
AMLs as well.

Our studies clearly show that DNMT3A mutation-induced CpG
hypomethylations are not random: they are significantly enriched
at gene-regulatory sites, notably, putative enhancers marked by
H3K4me1 as well as the binding sites of master hematopoietic
TFs. Precise mechanisms by which CpG methylation of these
cis-regulatory sites regulates gene expression remain to be fully
studied. For example, despite a large number of DMCs found to
be associated with either DNMT3A or TET2 mutation in AML, a
relatively small number of genes show changes in their expres-
sion (Russler-Germain et al., 2014; Shih et al., 2015). A possible

() Heatmap shows expression of genes in (H) ranked by higher expression in HSPCs with RH-RAS, relative to EV-RAS. The significantly upregulated genes in RH-
RAS HSPCs are defined as “DNMT3AR®2H signature genes” (n = 57), with selected ones listed along with their respective rankings (bottom).

(J) Quantification of expression-enhancing activity of DNMT3AR82H

-associated hypo-DMRs with the embedded CpGs either non-methylated (CpG) or meth-

ylated (MCpG) using a CpG-free luciferase reporter system. The reporter without any DMR insertion was used as control. The p values were calculated by

Student’s t test.

(K) 3C assay shows looping interaction of the Meis1 intron 6 hypo-DMR (P4) to gene promoter (PO0), relative to other tested sites.
(L and M) Scheme (L) and PCR validation (M) of CRISPR/Cas9-mediated deletion of the Meis1 intron 6 DMR. MOCK, parental LSCF"-FAS; Control, no sgRNA;

sgMeis1, a pair of sgRNAs that target the DMR boundaries.

(N) Sequencing of the genomic PCR products from F2/R2 primers shows CRISPR/Cas9-induced deletion of the Meis1 intron 6 DMR.

(O) Expression levels of Meis1 in LSC™H-FAS lines shown in (M). The p values were calculated by Student’s t test by comparing with MOCK.

(P) Impact of DNA methylation levels in MEIS1 intron 6 in cytogenetically normal human AMLs grouped by DNMT3A WT (n = 45), non-R882 (n = 13), and R882
mutations (n = 16). Plotted were mean methylation f values of CpGs at MEIST intron 6 and logo-transformed expression values of RNA sequencing by expectation
maximization (RSEM). R? and p values shown were determined with data of R882-mutant AMLs.

Error bar denotes +SD. **p < 0.01, ***p < 0.001; NS, not significant. See also Figure S6; Tables S4 and S6.
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Figure 7. Dot1l Inhibition Reverses DNMT3AR®2H_Mediated Aberrant Transactivation of Stem Cell Genes, thereby Suppressing Acute
Leukemogenicity

(A) Averaged H3K79me2 ChIP-seq signals at DNMT3AR®82H_associated hypo-DMRs and hyper-DMRs in HSPCs with RH-RAS or EV-RAS.

(B) H3K79me2 profiles at Meis1 and Hoxa in indicated HSPCs.

(C) GSEA shows downregulation of DNMT3AR®2H signature genes in LSCs™HRAS after treatment with 1 uM SGC0946 for 4 days.

(D) Heatmap shows downregulation of DNMT3ARe82H
mock treatment.

(E) Box plots show relative expression of DNMT3A signature genes (n = 54), MLL-AF9 gene targets (n = 129), and all genes in the genome in SGC0946-treated
LSCs"RAS relative to mock treatment. Horizontal line, median; box, interquartile range; whiskers, 10-90 percentiles. The p values were calculated by Mann-
Whitney U test.

(F and G) gRT-PCR (F) and immunoblot (G) of indicated genes and proteins in LSCs""F4° 6 days after treatment with SGC0946.

(H) Expression of indicated genes in LSCs"""FAS transduced with Dot/ shRNAs or vector control.

(1) Relative growth of LSCs™HFAS and other AML lines established by MLL-AF9, Hoxa9 plus Meis1 (A9M), A9M plus NRAS®'2P (A9M-RAS), and Hoxb8 plus Meis2
(WEHI3B) after a 12-day treatment with SGC0946 versus DMSO.

(J and K) Wright-Giemsa staining (J) and FACS analysis (K) of LSCs"""RAS 6 days after treatment with DMSO or 1 pM SGC0946. Scale bar, 10 pm.

signature genes and upregulation of myeloid differentiation genes in SGC0946-treated LSCs"H R4S versus

(legend continued on next page)
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explanation is that the effect of CpG methylation on gene expres-
sion is context dependent (Baubec and Schubeler, 2014): de-
gree of CpG methylation change, density, or genomic location
of CpG, methyl-CpG “readers,” and TF binding are all possible
factors affecting the ultimate effect of DNA methylation on
gene expression. Unlike histone (de)acetylation, CpG (de)
methylation at distal cis-regulatory sites such as enhancers
may act as a permissive mechanism influencing gene expres-
sion, rather than a strong and instructive one controlling levels
of gene activation and transcription. Nevertheless, using re-
porter assays and CRISPR/Cas9-mediated enhancer editing,
we have determined the role of select hypo-DMRs in the activa-
tion of associated target genes such as Meis1.

This study also provides useful information on how to treat
DNMT3A-mutated AMLs. Pharmacological blockade of Dot1l
reversed DNMT3A mutation-induced gene activation, resulting
in an impaired AML pathogenesis. In the future, examination of
other “druggable” factors would likely identify additional thera-
peutic strategies for the treatment of DNMT3A-mutated AMLs.
Therefore, in addition to elucidating the underlying oncogenic
mechanisms, the ex vivo and in vivo model systems presented
herein should be useful for exploring AML therapeutics.

EXPERIMENTAL PROCEDURES

The detailed procedures of plasmid construction, cell culture, antibody and
immunoblot, flow cytometry, microarray analysis, ChIP-seq, eRRBS,
Exome-seq, gRT-PCR, ChIP-gPCR, 3C-qPCR, shRNA-mediated knock-
down, luciferase reporter assay, CRISPR/Cas9-mediated genomic editing,
as well as the detailed information for computational and statistical analysis
of deep sequencing data are described in Supplemental Experimental
Procedures.

In Vitro CFU Assay with Serial Replating

Following lineage-negative (Lin~) enrichment and retroviral transduction,
30,000 infected HSPCs were plated in the semi-solid methylcellulose cultiva-
tion system (Methocult; Stem Cell Technologies), followed by CFU counting
and replating for every 10-14 days according to the manufacturer’s protocol.

Animal Studies and In Vivo Leukemogenic Assay

All animal experiments were approved by and performed in accord with the
guidelines of the Institutional Animal Care and Use Committee at the University
of North Carolina. Leukemogenic potentials of transduced HSPCs were eval-
uated by bone marrow transplantation into sublethally irradiated syngeneic
mice. In brief, 200,000 of bone marrow-derived Lin~ HSCPs following proce-
dures of cytokine stimulation, retroviral transduction, and drug selection
were injected via tail vein to recipient mice as described previously (Wang
et al., 2009).

Statistical Analysis

Data are presented as the mean + SD of three independent experiments unless
otherwise noted. Statistical analysis was performed with Student’s t test for
comparing two sets of data with assumed normal distribution. We used a
Mann-Whitney U test for data not showing a normal distribution, chi-square
test for categorical variables, and log-rank test for Kaplan-Meier survival
curves to determine statistical significance. p < 0.05 was considered
significant.

ACCESSION NUMBERS

The microarray, eRRBS-seq, and ChlP-seq data reported in this paper have
been deposited in the Gene Expression Omnibus with accession number
GEO: GSE71475.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and six tables and can be found with this article online at
http://dx.doi.org/10.1016/j.ccell.2016.05.008.
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Figure S1, related to Figure 1. DNMT3AR®! acts in concert with mutant RAS to transform
murine HSPCs ex vivo and induce AMLs in vivo.

(A) Scheme of in vitro and in vivo leukemic assays (top). Bottom, diagram of a home-made, MSCV
retrovirus-based bicistronic co-expression system that carries either empty control (EV), DNMT3A"T
(WT) or DNMT3AR" (RH) upstream of an internal ribosome entry site (IRES) sequence, followed by
cDNA of either GFP, NRAS®'?®, IDH1?"3" NPM1c, or Hoxa9. Myc and Flag tags were fused in-frame
with the first (gene A) and second (gene B) cDNA, respectively.

(B) Flow cytometry analysis of Myc-tagged DNMT3A (left) and Flag-tagged NRAS®'®® or GFP (right)
expression to assess cell purify and gene transduction rates of murine HSPCs after viral infection and
drug selection. HSPCs were infected with retrovirus encoding a bicistronic vector of GFP alone (EV-
GFP), GFP with DNMT3A"T (WT-GFP) or DNMT3AR%?" (RH-GFP), NRAS®'?® alone (EV-RAS), or
NRAS®'? with DNMT3A"T (WT-RAS) or DNMT3AR®?" (RH-RAS). MOCK, non-infected HSPCs.

(C) Immunoblot of indicated proteins in murine HSPCs post-transduction of retrovirus as shown on top
of the blot. EV, empty; WT, DNMT3A""; RH, DNMT3AR®?" Tubulin was used as a protein loading
control.

(D) In vitro serial replating assays that score colony-forming units (CFU) of murine HSPCs post-
transduction of retrovirus carrying indicated coexpressed oncogenes.

(E-F) Representative microscopic image (panel E, top), Wright-Giemsa staining (panel E, bottom)
and flow cytometry analysis (panel F) of cells prepared from the 4™ replating of HSPC colonies
transduced with DNMT3AR®?"_|IRES-NRAS®'?" (RH-RAS). Scale bars in panel E represent 1 mm and
10 ym in top and bottom, respectively.

(G) Proliferation of RH-RAS-immortalized progenitors derived from CFU assays in liquid culture
medium with indicated cytokines. SCF, stem cell factor; FIt3L, FIt3 ligand; GM-SCF, granulocyte-
macrophage colony-stimulating factor; IL-6, interleukin 6.

(H) Flow cytometry analysis of indicated markers using spleen cell populations isolated from recipient
mice 3 months post-engraftment of HSPCs transduced with empty vector control (upper; EV-GFP) or
NRAS®'? alone (EV-RAS, bottom).

(I) Size of liver in indicated recipient cohorts (n = 4-9) 4 weeks post-engraftment of retrovirally
transduced HSPCs (refer to also panel A for the retrovirus-encoded genes).

(J) Hematoxylin and eosin (H&E) staining of liver (left) and bone marrow (middle and right) sections of
recipient cohorts 3-4 weeks post-engraftment of HSPCs transduced with EV-RAS (upper) or RH-RAS
(bottom). Scale bars in the left, middle and right represent 100, 100 and 10 ym, respectively.

(K-O) Summary of various examined peripheral blood counting parameters among indicated recipient
cohorts (n = 6-13) 4 weeks post-engraftment of retrovirally transduced HSPCs (refer to also panel A
for identity of the retrovirus-encoded genes).

(P) Flow cytometry analysis of bone marrow cells from mice 4 weeks post-engraftment of HSPCs
transduced with RH-RAS, in comparison to those transduced with EV-RAS.

(Q) Flow cytometry analysis of bone marrow cells from murine leukemias induced by RH-RAS. Non-
specific IgG (no ab; black) was used as antibody control.

(R) Summary of somatic nucleotide polymorphisms, insertion and deletions (SNP/Indels) from 3
independent RH-RAS-induced murine AMLs as determined by whole exome capture sequencing. Ref,
reference nucleotide; Alt, alternate nucleotide; Snp_Eff Effect, effect of this variant; Snp_Eff HGVS,
HGVS notation of this variant; AA_Change, effect of this variant on amino acid change; Normal_Alt,
alternate counts in normal; Normal_Total, total counts in normal; Tumor_Alt, alternate counts in tumor;
Tumor_Total, total counts in tumor; del, deletion.

Error bar, +/- SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.



Table S1, related to Figure 1. Summary of phenotypic analysis of murine AMLs induced by
coexpression of DNMT3AR82H and NRAS®'?° (RH-RAS).

Mouse WBC* Hematocrit Spleen Lymph nodeLiver FACS: bone marrow (positive %)** FACS: Spleen (positive %)

ID (kiul) (%) (mg) (mg) (mg) Mac1* c-Kitt Cd19+ Cd3et CD34* Maci* c-Kitt Cd19* Cd3e* CD34*
1 35.44 20.2 358 44 1436 58.5 16.1 3.6 0.9 18.4 70.9 10.4 N/D*** N/D N/D

2 58.8 249 521 54 1890 52.1 108 4.7 0.9 13.0 58.9 10.9 25 1.1 41.5

3 75.82 26 478 75 2250 69.7 209 34 1.0 18.9 78.7 19.5 2.2 1.2 40.7

4 59.36 23.4 561 97 1567 78.5 215 8.0 1.6 20.9 61.7 15.7 25 2.5 31.5

5 56.72 16.5 382 77 1546 51.9 195 5.0 1.1 19.2 70.9 144 44 1.8 39.2

6 76.2 23.8 432 47 1742 554 124 54 1.2 16.8 74.6 13.2 3.3 1.6 38.4

*, WBC (1,000/pl), white blood cell count in one microliter of peripheral circulating blood
**, FACS analysis of leukemic mice showing the percentage of cells scored as positive signals using antigen-specific antibodies
*** N/D, not determined
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Figure S2, related to Figure 2. R882-mutated DNMT3A establishes leukemia-initiating stem
cells (LSCs) ex vivo in the presence of activated RAS.

(A) Proliferation kinetics of murine HSPCs post-transduction of indicated genes.

(B-C) FACS analysis of indicated antigens of RH-RAS immortalized progenitors. Non-specific IgG (no
ab) was used as antibody control.

(D) Typical microscopic images (upper) and FACS analysis of Mac-1 (bottom; purple) two weeks post-
cultivation of RH-RAS immortalized progenitors in liquid medium with indicated cytokines. Non-
specific IgG (open) was used as antibody control in FACS. Scale bar, 10 um.

(E) Kaplan-Meier survival curve of mice (n = 6 for each progenitor line) engrafted with each of 3
independent RH-RAS immortalized progenitor lines demonstrates a LSC property of these cells.

(F-G) Enlarged spleen (panel F) and increased counts in peripheral white blood cells (WBC, panel G,
n = 12; relative to normal WBC counts of ~10,000 per pyL) among mice that developed AML post-
engraftment of the ex vivo derived LSCR*™4S lines.

(H) Flow cytometry analysis of murine AMLs produced by LSCs
(I) Heatmap showing hierarchical clustering of samples based on their similarities of genome-wide
H3K4me1 ChIP-Seq profiles. A non-overlapping 5-kb window was used to count histone ChIP-Seq
reads across the mouse genome. The colors represent the scaled Pearson correlation coefficients of
the resultant vectors for individual cell lines. The used H3K4me1 ChIP-Seq datasets are those we
produced in this current study for LSCs®""*$ (RH-RAS; red font) and for a murine AML line
established by leukemic TFs HOXA9 plus MEIS1 (HOXA9-MEIS1; orange) (Wang et al., 2005), as
well as the publicly available datasets of various normal blood cell types (black) as defined in a
previous study (Lara-Astiaso et al., 2014). LT-HSC, long-term HSC; ST-HSC, short-term HSC; MPP,
multipotent progenitor; CMP, common myeloid progenitor; CLP, common lymphoid progenitor; GMP,
granulocyte-monocyte progenitor; MEP, megakaryocyte-erythroid progenitor; Mac, macrophage;
Mono, monocyte; GN, granulocyte; B, B220"/CD19" B-cell; CD4/8, CD4/8" T-cell; NK, natural killer
cell; EryA and EryB, Ter119"/CD71" erythroid cell with high and low forward scatter (FSC),
respectively.

(J) Hierarchical clustering of samples based on similarity of genome-wide gene expression profiling.
The used microarray data are those we generated in this current study for LSCs®*"S and murine
leukemogenic (AML) lines carrying MLL-fusion proteins (such as MLL-AF9 or MLL-ENL), as well as
publicly available datasets of either normal blood cell types (Bock et al., 2012; Ji et al., 2010; Konuma
et al., 2011) or murine leukemogenic (AML) lines established by TF mutations, such as HOXA9 plus
MEIS1 (Wang et al., 2005) and AML-ETO (Lo et al., 2012), or by a deregulated chromatin regulator,
such as MLL-AF6 (Deshpande et al., 2013), NUP98-JARID1A/KDM5A (Wang et al., 2009) or NUP98-
NSD1 (Wang et al., 2007). Besides what is described in panel I, CD34°KLS represents Cd34
/cKit*/Lineage/Scal® HSC; MPP1, Flk2" multipotent progenitor; MPP2, FIk2" multipotent progenitor;
NKT, natural killer T-cell; Ery, erythroid cell.
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Figure S3, related to Figure 3. DNMT3AR®" potentiates activation of ‘stemness’ genes
including a critical Meis71-Mn1-Hoxa regulatory node

(A) Heatmap showing relative expression of 598 gene probes (464 genes) uniquely expressed among
primitive self-renewing HSPCs (orange font; i.e., HSC, Cd34-/KLS and MPP; also refer to Figures S2I-
J for details of cell identity and data source) relative to differentiating (purple) and mature (green)
blood cell types (from GMP to Ery), followed by ranking based on higher gene expression in LSCs™"
RAS (red) relative to differentiating and mature blood cell types.

(B-C) GSEA analysis with different datasets from a previous study (Chambers et al., 2007) verifies
differential expression of the 598 ‘stemness’ probes identified as specific to primitive self-renewing
HSPCs (panel B), as well as the 61 probes identified as unique to both self-renewing HSPC and
LSCs™* R4S (panel C), in LT-HSCs relative to differentiated blood cells.

(D) Heatmap showing expression levels of indicated gene probes using genome-wide gene
expression data generated by this current or previously published study for LSCs™®*S and various
murine leukemogenic (AML) progenitor lines established by MLL-AF6 (Deshpande et al., 2013), MLL-
AF9, MLL-ENL, NUP98-JARID1A/KDMS5A (Wang et al., 2009), NUP98-NSD1 (Wang et al., 2007), or
AML-ETO (Lo et al.,, 2012). The scale bar shows color-coded values for microarray hybridization
signals.

(E) RT-gPCR of Meis1, Hoxa, Mn1 and Mycn in murine leukemogenic progenitor lines transformed by
various mutated epigenetic regulators such as RH-RAS, MLL fusion proteins (MLL-AF9 and MLL-
ENL), NUP98-JARID1A/KDM5A (Wang et al., 2009) or NUP98-NSD1 (Wang et al., 2007). Y-axis
represents mean = SD of relative gene expression from at least 2-4 independent lines after
normalization. In vitro cultured lineage-negative (Lin’; cultured for > 2 weeks) bone marrow (BM) cells
serve as control.

(F) Venn diagram shows part of the identified 54 LSCR"FAS ‘stemness’ genes consistently upregulated
among murine HSPCs at both day 12 and 16 post-transduction of RH-RAS, relative to EV-RAS (also
refer to Figure 3B).

(G) RT-gPCR analysis of Hoxa9, Meis1 and Mn1 expression with samples from the 2nd serial
replating of murine HSPCs transduced with EV-RAS or RH-RAS.

(H) RT-gPCR of Hoxa expression in murine leukemias induced by RH-RAS (n = 8) or EV-RAS (n = 6).
(I) Scheme of cell competition assays used to assess effects of shRNA-mediated gene knockdown on
cell growth. GFP-positive (shRNA-expressing) cells were mixed at a 1:1 ratio with un-transduced
(GFP-negative) control cells, followed by in vitro cultivation and measurement of percentage of GFP-
positive cells every 2 days.

(J-K) Percentage of GFP-positive cells in bone marrow (panel J) and peripheral WBC counts (panel
K) in recipient mice 3 weeks post-transplantation of LSCs™™" 4 carrying the stably expressed vector
control or shRNA specific to either Meis1 or Mn1.

Error bar, +/- SD.

Table S2, related to Figure 3 (provided as a separate Excel file). Microarray analysis for genes
showing a unique high expression among primitive self-renewing HSPCs in comparison to
non-self-renewing differentiating and mature blood cell subtypes, as well as genes showing a
unique high expression among both normal self-renewing HSPCs and LSCs®"RAS,
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Figure S4, related to Figure 4. ChiP-Seq reveals chromatin context-dependent binding of R882-
mutated DNMT3A to genomic regions, including ‘stemness’ genes such as a Meis1-Mn1-Hoxa
node.

(A) Anti-Myc immunofluorescence of Myc-tagged DNMT3 and DAPI staining after transduction
of either empty control (EV), DNMT3AYT (WT) or DNMT3AR®2" (RH). Scale bar, 10 pm.

(B) Average signal densities from anti-Myc ChlP-Seq experiments using EV-RAS-transduced HSPCs,
which do not express Myc-DNMT3AR®2" show no enrichment across genes at all expression levels.
(C) Pie-chart showing distribution of the identified 13,705 DNMT3AR®?" ChIP-Seq peaks among
indicated genomic regions in LSCs™"RAS,

(D) Distribution plot of DNMT3AR®2" ChIP-Seq peaks identified in LSCs™ S based on the peak width
(x-axis, log scale) shows a generally broad binding pattern on chromatin, with a mean size of ~17 kb.
(E) ChIP-Seq peaks of DNMT3AR®?" (top), H3K4me1 (middle) and H3K4me3 (bottom) at an
intragenic region close to Vegfa in LSCs®"*™S, Boxed areas highlight close proximity and significant
overlap of DNMT3AR®" pinding and H3K4me1 peaks.

(F) Functional annotation of DNMT3AR®?" ChIP-Seq peaks by GREAT tools (with a setting of “single
nearest gene, 200.0 kb max extension”). Shown are the top over-represented categories belonging to
Gene Ontology (GO) biological processes.

(G-H) ChIP-Seq profiles of DNMT3AR®"  H3K4me1 and H3K4me3 at the LSCF"™*S ‘stemness’
genes Hoxa cluster (panel G) and Mycn (panel H) in LSCs™*®*S_ Shown in y-axis is ChIP-Seq read
coverage normalized to a read depth of 1 million reads. Shown on top (purple) is position of the called
DNMT3AR®2 ChIP-Seq peaks.
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Table S3, related to Figure 4 (provided as a separate Excel file). Summary of DNMT3AR%82H

ChIP-Seq peaks identified in murine LSCsRHRAS,
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Figure S5, related to Figure 5. DNMT3AR®? jnduces focal CpG hypomethylations enriched at
H3K4me1-demarcated gene-regulatory sites in murine HSPCs.

(A-B) Distribution (panel A) and bar plots (panel B) of absolute methylation levels for a total of ~6.5
million CpG sites detected by eRRBS with >10x coverage among indicated HSPC samples.

(C) Violin plots showing distribution of absolute methylation levels at CpG sites within indicated
genomic features among EV-RAS, RH-RAS or WT-RAS HSPCs. White dots are the median and box
lines are the first and third quartile of the data. Repeats, repetitive sequence.

(D-E) Pie charts showing distribution of indicated DMCs among various genomic regions.

(F) Distribution of indicated DMRs among chromosomes. Each vertical line represents a DMR.

(G) GREAT annotation of DNMT3AR®?"_gssociated hypo-DMRs. Shown are the top over-represented
categories belonging to GO Molecular Function and GO Biological Process.

(H) DNMT3AR® ChIP-Seq profiles at DNMT3AR®*_associated hypo-DMRs (left), hyper-DMRs
(right) and their background controls (grey).

(I) DNA methylation profiles of Hoxa (left) and Mn1 (right) in murine HSPCs (upper panel), as well as
those of the human gene homologue (bottom panel) among AML patient samples carrying either WT
or R882-mutated DNMT3A based on the TCGA dataset (Cancer Genome Atlas Research, 2013;
Russler-Germain et al., 2014). Faded points represent individual CpG methylation beta values (WT, n
=50; R882, n = 20). Grey box, DMR detected by both mouse and human studies.

(J) Individual bisulfite sequencing verifies two hypo-DMRs at LSC?*R4S ‘stemness’ genes Hoxa7 and
Mn1 (as indicated with asterisks in panel I) in murine HSPCs after indicated gene transduction.

(K) Box plots of methylation beta values of pooled CpGs from grey marked regions at HOXA7-
HOXA10 and MN1 in human AMLs carrying WT (n = 50), R882-mutated (n = 20) or non-R882-
mutated (n = 15) DNMT3A based on the TCGA studies. Horizontal line, median; box, interquartile
range; whiskers extend to 1.5x the interquartile range. The p values were calculated by Mann-
Whitney U test.

Table S4, related to Figures 5 and 6 (provided as a separate Excel file). Summary of
DNMT3AR®?. and DNMT3A" -associated DMRs identified by eRRBS studies in murine HSPCs.



Table S5, related to Figure 5. List of genes having DNMT3AR8#2H.associated DMRs identified in
murine HSPCs, as well as those associated with hypo-DMRs identified among human normal-
karyotype (NK) AML patients carrying R882-mutated DNMT3A in comparison to WT DNMT3A.

ABCC4 DLG4 LHX9 RSPO1
ABLIM1 EBF1 LRRC8D RTKN
ACOXL EDNRB MAN1C1 RUSC1
ADAMTSL5 EFHD1 MARVELD2 SBNO2
ADARB1 ELK3 MBNL1 SCARF2
ADCY4 F3 MEGF11 SCRT2
AHDC1 FAM171A2 MEIS1 SCUBET1
ALDH7A1 FOXK1 MN1 SEMA4B
AMIGO3 FSCN1 MSRB3 Sept9
APC2 FZD5 NAV2 SIK3
APLP1 GABBR1 NCKAP5L SIPA1L3
ATF6B GATA4 NCOR2 SIX3
ATP9A GBX2 NFATC1 SLC11A2
AXL GLTP NFIA SLC23A2
B4GALNT1 HLCS NGB SLC38A1
BAHCC1 HLF NKX2-5 SMAD3
CALCA HOXA7 NXPH4 SYNE2
CHN2 HOXB4 ONECUT1 TBX5
CIT HOXD13 PANX2 TFAP2A
CLCF1 HS3ST2 PAX3 TIAM1
CLDN5 HSF4 PBX1 TNKS1BP1
CTBP2 IRX4 PCDHGAT11 TRAF1
CXCL12 ITGB2 PCDHGA2 TRIM14
CYP1B1 ITPK1 PMEPA1 TRPS1
CYP26C1 KCNG3 POMC TSPAN4
DAB2IP KCNIP2 PRRT1 TTC7B
DHX35 KDM2B PTPRS UspP2
DLC1 KIFC2 RAI1 WWTR1
DLEUZ2 LASP1 RILP ZMIZA1
DLEU7 LEF1 RIN3
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Figure S6, related to Figure 6. DNMT3AR®_associated hypo-DMRs gain epigenetic alterations
associated with gene activation.

(A-B) Enrichment of H3K27ac (panel A) and H3K4me1 (panel B) ChIP-Seq signals at DNMT3ARS.
associated DMCs (with DMCs positioned at the center of x-axis). Plotted were average histone ChlP-
Seq read densities at 100-bp bins within +/-3 kb of DMCs in murine HSPCs co-transduced with
DNMT3AR® (RH-RAS, red) in comparison to mock transduction (EV-RAS, grey) or co-transduced
with DNMT3AYT (WT-RAS, blue).

(C-H) Histone ChIP-Seq profiles of indicated genes among HSPCs post-transduction of EV-RAS, RH-
RAS or WT-RAS. Green bars indicate gained hypo-DMRs upon DNMT3AR®# transduction (RH-RAS)
relative to control (EV-RAS) as identified by eRRBS.

(I) ChIP-gPCR of H3K4me1 binding at indicated genomic regions among HSPCs post-transduction of
EV-RAS, RH-RAS or WT-RAS.

(J) Enrichment of H3K27ac ChIP-Seq signals at DNMT3AR®"_associated hypo-DMRs (shown in bold
on x-axis) associated with three gene subgroups showing either up-regulation (n = 144), down-
regulation (n = 89) or no significant changes (n = 821) in their expression levels in murine HSPCs 16
days post-transduction of RH-RAS, relative to EV-RAS (with significant gene expression change
defined by fold-of-change > 1.3 and p value < 0.05). Plotted were averaged H3K27ac ChlIP-Seq read
densities across hypo-DMRs in murine HSPCs post-transduction of EV-RAS, RH-RAS or WT-RAS.
(K-L) H3K4me1 and H3K27ac ChIP-Seq profiles at Kdm2b and Sirt4 (panel K), as well as Pax5
(panel L) in murine HSPCs post-transduction of EV-RAS, RH-RAS or WT-RAS. Green bars indicate
gained hypo-DMRs upon DNMT3AR®#* transduction (RH-RAS), relative to control (EV-RAS), as
identified by eRRBS.

(M) Microarray analysis shows no expression up-regulation of Kdm2b, Sirt4 and Pax5, the genes with
significant gain of H3K27ac at their hypo-DMR as shown in the panels K and L.

(N) Sequencing results verified CRISPR/Cas9-induced genomic deletion of a hypo-DMR found at the
Meis1 intron 6 in LSC*"®AS lines. The genomic PCR products were generated with the two DMR-
flanking primers (i.e. F2 and R2 as shown in Figures 6L-M) followed by direct sequencing.

Error bar, +/- SD.



Table S6, related to Figures 6 and 7. List of DNMT3AR2H signature genes (defined as genes
carrying DNMT3ARH.induced epigenetic changes [CpG hypomethylation and H3K27ac gain]
and up-regulated by DNMT3AR2H in HSPCs with RH-RAS, relative to EV-RAS).
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Figure S7, related to Figure 7. Dot1l inhibition reverses DNMT3AR®%?!.mediated aberrant trans-
activation of stem cell genes, thereby suppressing acute leukemogenicity.

(A) Plots (left) and summary table (right) of the half maximal inhibition of cell proliferation (Glso) of
indicated compounds in suppressing in vitro growth of LSCs""™S and a control line without
DNMT3AR®? j e LSCs established by coexpression of NRAS®'? and Hoxa9 plus Meis1. Data were
collected 12 days post-treatment. Compounds include bromodomain inhibitor iBET-151, a DNA
demethylating agent 5-Aza, topoisomerase inhibitor Doxorubincin, LSD1 inhibitor GSK-LSD1,
CBP/p300 inhibitor I-CBP112, Dot1l inhibitor SGC0946, and the jumonji H3K27 demethylase inhibitor
GSK-J4.

(B) H3K79me2 ChlIP-Seq profiles at indicated LSCR"™*S ‘stemness’ genes in murine HSPCs
transduced with EV-RAS or RH-RAS.

(C) ChIP-gPCR of H3K79me2 levels at indicated genomic sites in murine HSPCs post-transduction of
EV-RAS or RH-RAS.

(D) Immunoblot of H3K79me2 and total histone H3 in LSCs™" ™% 4 days post-treatment with DMSO or
1 uM SGC0946.

(E) GSEA analysis reveals a significant enrichment of myeloid differentiation gene programs in
LSCs™*RAS 4 days post-treatment with 1 yM SGC0948, relative to DMSO.

(F) Boxplots showing relative expression of DNMT3AR% signature genes (n = 54), MLL-AF9 target
genes (n = 129), and all genes in the genome among MLL-AF9-transformed leukemic lines post-
treatment with the Dot1l inhibitor EPZ4777 (3 uM) for 6 days, relative to DMSO. Expression data were
obtained from GEO datasets GSE61013 (Chen et al., 2015). Horizontal line, median; box, interquartile
range; whiskers, 10 to 90 percentiles. The p values were calculated by Mann-Whitney U test.

(G) RT-gPCR shows a dose-dependent suppression of Hoxa7 and Hoxa10, but not Hoxa13 (an
already repressed Hoxa gene), in LSCs™" A5 6 days post-treatment with indicated concentrations of
SGC0946, relative to DMSO.

(H-1) RT-gPCR detects relative expression of Dot1/ (panel H) and Hoxa genes (panel ) in LS
lines stably transduced with either of the two tested Dot7/-specific shRNAs, in comparison to pLKO
vector control. Actb serves as a control for gene expression.

(J) Relative in vitro growth of LSC™"®*° lines after stable transduction with either of the two tested
Dot1l-specific shRNAs in comparison to pLKO vector control.

(K) Relative growth of two DNMT3A-mutated human AML cell lines, OCI-AML2 and OCI-AML3, and
two human leukemia lines with no DNMT3A mutation, TF-1 (carrying an activating NRAS mutation)
and 697 (a pre-B ALL line with translocation of a HOX/MEIS1 cofactor gene, E2A-PBX1) 12 days
post-treatment with various concentrations of SGC0946 in comparison to DMSO.

(L-M) FACS analysis for c-Kit and Mac-1 (panel L) and Wright—Giemsa staining (panel M; scale bar, 5
um) of LSCR™*®AS ines after stable transduction with Dot1/-specific shRNAs, relative to pLKO vector
control.

(N) FACS analysis for GR1 and MAC-1 expression in the OCI-AML2 and OCI-AML3 human AML cell
lines 6 days post-treatment with 1 uM of SGC0946 in comparison to DMSO.

(O) RT-gPCR of MEIS1 in OCI-AML2 or OCI-AML3 human AML cells 6 days post-treatment with
indicated concentrations of SGC0946, relative to DMSO.

(P) RT-gPCR of HOXA expression in OCI-AML2 human AML cells 6 days post-treatment with
indicated concentrations of SGC0946, relative to DMSO.

Error bar, +/- SD. NS, not significant.
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Supplemental Experimental Procedures

Plasmid Construction

MYC-tagged human DNMT3A isoform 1 (also known as DNMT3A1, NCBI accession NP_783328)
was generated by PCR-mediated ligation of a MYC tag to N-terminus of DNMT3A1 and then cloned to
a MSCV retroviral expression vector (Clontech). For gene co-expression, DNMT3A1 cDNA was
inserted to upstream of an internal ribosome entry site (IRES) sequence, followed by either GFP,
NRAS®'?® IDH1R™?H or NPM1c, in a home-made MSCV-based bicistronic system. DNMT3A1,
NRAS®'?® and NPM1 plasmids were obtained from Addgene and IDH1%"**" was kindly provided by
Dr. Yue Xiong (UNC at Chapel Hill). Point mutation was generated by site-directed mutagenesis and
all used plasmids were confirmed by sequencing. MSCV expression plasmids for Hoxa9 alone or in
combination with co-expressed Meis1 were used as previously described (Wang et al., 2005). All
plasmids used were confirmed by sequencing.

Cell lines and Tissue Culture

Cell lines of HEK293, NIH3T3, and TF-1 were obtained from ATCC and maintained using
recommended culture conditions. Maintenance and cultivation in vitro of murine leukemogenic
progenitor lines established by various leukemic factors such as HOXA9 plus MEIS1 (Wang et al.,
2006; Wang et al., 2005), MLL-AF9 (Xu et al., 2015), NUP98-NSD1 (Wang et al., 2007) or NUP98-
JARID1A/KDM5A (Wang et al., 2009) were described before. A WEHI3B murine AML line that shows
high Hoxb8 and Meis2 coexpression (Fujino et al., 2001) and a human pre-B ALL cell line, 697
(Kamps et al., 1991), are obtained from Dr. Mark Kamps (UCSD). Two DNMT3A-mutated human AML
lines OCI-AML2 and OCI-AML3 (Tiacci et al., 2012) are kind gifts of Dr. Mark Minden (Princess
Margaret Hospital).

Retroviral Production
MSCV-based retrovirus was packaged and produced in HEK293 followed by retroviral titration with
NIH3T3 cell infection as previously described (Wang et al., 2006).

Purification, Retroviral Transduction, and Cultivation of Primary Murine Hematopoietic
Stem/Progenitor Cells (HSPCs)

Bone marrow cells are harvested from femur and tibia of wild-type balb/C mice pre-treated with 5-
Fluorouracil (5-FU), followed by a lineage-negative (Lin") enrichment protocol to remove cells
expressing differentiation antigens as we described before (Wang et al., 2006; Wang et al., 2009).
Briefly, 500,000 of Lin enriched hematopoietic stem/progenitor cells (HSPCs) were obtained per
mouse with ~10% of them c-Kit'Lin'Sca1” (KLS) HSPCs. Before retroviral infection, Lin™-enriched
HSPCs were pre-stimulated in the base medium OptiMEM (Invitrogen, 31985), 15% of FBS
(Invitrogen, 16000-044), 1% of antibiotics and 50 pyM of B-mercaptoethanol) complemented with a
cytokine cocktail that contains 10 ng/mL each of SCF (Miltenyi), FIt3 ligand (FIt3L; Sigma), IL3
(Peprotech) and IL6 (Peprotech) for three days as described (Wang et al., 2007; Wang et al., 2006;
Wang et al., 2009). Post-infection with the concentrated retrovirus (Retro-X concentrator, Clontech)
and drug selection (2 pg/mL puromycin for the first 2-4 days followed by an extended seven-day
selection using 1 pg/mL puromycin for the MSCV-puro vector used in the study), rates of purity and
exogenous oncogene expression in those retrovirus-transduced, drug-selected murine HSPCs were
assessed by flow cytometry of MYC and/or FLAG-tagged proteins, followed by subsequent functional
readout assays such as CFU assays in the semi-solid culture system or the growth assay in the liquid



culture medium. For the latter, the above base medium is added with either recombinant murine SCF
alone or together with FIt3L; alternatively, we also routinely use home-made cell culture supernatants
of mSCF-producer (mSCF-CHO cells, gift of Dr. Mark Kamps, UCSD) and mFIt3-producer (SP2.0-
mFIt3L cells, gift of Dr. Robert Rottapel, University of Toronto) cell lines as source of murine SCF and
FIt3L, respectively. To test differentiation potency in the presence of myeloid-promoting cytokines
such as GM-SCF or IL6 (Peprotech), progenitor cells were rinsed with PBS and seeded in the same
base medium that contains 10 ng/mL of each tested cytokine. Cell splitting and replating with fresh
medium were carried out every 3-4 days to keep cell number <1.5 million per mL (in a 6- or 12-well
plate). In vitro cultured HSPCs were routinely monitored under microscopy and cellular morphology
examined by Wright-Giemsa staining and FACS as described (Wang et al., 2006).

In vivo Leukemogenic Assay

To determine potential leukemia-initiating stem cell (LSC) properties possessed by ex vivo
immortalized progenitor lines, 0.1 million of these cells were engrafted to syngeneic mice via tail vein
injection (The UNC Cancer Center Animal Studies Core). Mice were monitored with complete blood
counting (CBC) of the obtained peripheral blood samples and abdomen palpation for early signs of
early leukemia such as lethargy, increased white blood cell (WBC) counts and enlarged spleen (Xu et
al., 2015). Mice exhibiting full-blown leukemic phenotypes were euthanized followed by pathological
and histological analyses as described (Wang et al., 2007; Wang et al., 2006; Wang et al., 2005; Xu
et al., 2015). LSCs established ex vivo were used for primary (1%) transplantation assays, and the
produced primary leukemias in independent mice were used for secondary (2“") transplantation.

Flow Cytometry (FACS) Analysis

Cells were blocked with BD FcBlock (2.4G2) and stained on ice with fluro-conjugated antibodies
(1:100 dilution of c-Kit"T®PC Sca-IPE%Y" Cd34*°“FTC Mac-12"¢, Gr1PEFTC Cd19PFFTC  Ccd3e™™e,
Ter1197'™¢, Cd4™'™® Cd8™™; purchased from BD Biosciences and eBioscience Inc.) and analyzed on
the Beckman Coulter CyAn ADP or Becton Dickinson LSR Il machine (UNC Flow Cytometry Core
Facility) as described before (Wang et al., 2009; Xu et al., 2015). For intracellular staining of FLAG- or
MYC-tagged proteins, cells were first prefixed by the fixation/permeability buffer (BD Biosciences) or
100% methanol, respectively, and stained with Fluor-conjugated, DYKDDDDK or c-Myc Alexa
antibodies (1:100 dilution, R&D Systems), respectively. Data were analyzed using FlowJo software.

Microarray Analysis

Total RNA was extract using RNeasy Plus Mini Kit (Qiagen) followed by quality check with
Bioanalyzer; subsequent sample preparation and hybridization to either Mouse Genome 430 2.0
Arrays (Affymetrix) or Mouse Gene 2.0 ST Arrays (Affymetrix) were carried out according to
manufacturer's instruction and by UNC Functional Genomics Core as described before (Wang et al.,
2007; Xu et al.,, 2015). Raw CEL data from Mouse Gene 2.0 ST Arrays were processed with
GeneSpring software X12.6 (Agilent Technologies, Inc.) as described before (Xu et al., 2015).

Raw Data of Mouse Genome 430 2.0 Array studies — Gene expression data generated by this current
study included those of four independently derived RH-RAS LSC lines (termed as LSCRHRAS #1, #2,
#3 and #4), two RH-RAS LSC lines (LSCR"R4S #1 and # 3) treated with 1 yM SGC0946 for 4 days and
one MLL-AF9-transformed progenitor line. The other datasets in the same Mouse Genome 430 2.0
platform for various normal and leukemogenic hematopoietic cell lines are listed in the following list.




Published Expression Data Used In This Study GSE datasets Reference

HSC and MEP GSE38557 (Bock et al., 2012)
MPP1, MPP2, CLP, CMP and GMP GSE20244 (Jietal., 2010)
Cd34°KLS, Ery, GN, Mono/Mac, B, CD4, CD8 and NKT GSE27787 (Konuma et al., 2011)
LT-HSC and various differentiated lineages GSE6506 (Chambers et al., 2007)
MLL-AF6 AML GSE43067 (Deshpande et al., 2013)
AML1-ETO AML GSE15195 (Lo et al., 2012)
NUP98-JARID1A AML This study (Wang et al., 2009)
NUP98-NSD1, HOXA9/MEIS1 and MLL-ENL AML GSE10071 (Wang et al., 2007)

Data Preprocessing, Hierarchical clustering and Principal component analysis (PCA) — Raw CEL files
were subjected to a series of normalization and quality control procedures, similar to a previously
described method (Bock et al., 2012). First, CEL files from all experiments were jointly normalized
through the Robust Multi-array Average (RMA) method (Irizarry et al., 2003) to remove systematic
variations. RMA normalization was performed using the ‘affy’ package of the Bioconductor suite
(http://www.bioconductor.org/). Second, for most cell types, the two replicates with the highest
pairwise correlation were selected and used. Third, we performed RMA normalization with these used
CEL files to generate final datasets for further analysis. Normalized data were then processed and
filtered by floor = 20, ceiling = 20000, min fold change = 3, min delta = 100 for hierarchical clustering
and PCA analysis. Hierarchical clustering was performed by average linkage using uncentered
Pearson correlation on GenePattern platform (Reich et al., 2006). PCA analysis was performed using
the 'prcomp’ package in R (www.r-project.org).

Identification of ‘stemness gene’ signatures — Base on hierarchical clustering and PCA analysis, we
used gene expression data of HSC, MPP1 and CD34KLS from different sources (see the list above;
defined as “self-renewing group”) to minimize potential unwanted batch effects; gene expression
datasets of differentiating or mature blood cell types (i.e., GMP, MEP, B, CD4, CD8, NKT, GN,
Mono/Mac, and Ery) represent the “non-self-renewing group”. HSC “stemness” genes were defined by
two standards: (1) by comparing “self-renewing group” with each category in the “non-self-renewing
group”, a gene probe should have at least two-fold overexpression and p < 0.05 with standard two
sample t-test, and (2) by comparing “self-renewing” vs. “non-self-renewing” groups, a gene probe
should meet statistical significance p < 0.001 with standard two sample t-test. From these, we
identified 598 gene probes as HSC “stemness” genes. Next, those 598 HSC “stemness” gene probes
that meet the same criteria by comparing RH-RAS LSCs to the “non-self-renewing group” will then be
defined as “LSCR"F*S ‘stemness’ genes/programs”.

Gene Set Enrichment Analysis (GSEA)
GSEA analysis was performed using GSEA2-2.2.0 software (Subramanian et al., 2005) for testing
enrichment of curated gene sets (C2) or customized gene sets as performed before (Xu et al., 2015).

RT-gPCR Analysis

Reverse transcription of RNA was performed using the random hexamer and High Capacity cDNA
Reverse Transcription Kits (Applied Biosystems). Usually the PCR amplicon (size ~75-150 bp) is
designed to span over large intron regions using NCBI Primer-BLAST. Quantitative PCR was
performed in triplicate using SYBR green master mix reagent (Applied Biosystem) on an ABI 7900HT
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fast real-time PCR system. The detailed primer sequences for RT-qPCR are provided in the following

lists.

Mouse Genes Forward Reverse Reference

Actb ACCAACTGGGACGACATGGA GGTCTCAAACATGATCTGGGTCAT

Hoxa5 GCAAGCTGCACATTAGTCAC GCATGAGCTATTTCGATCCT (Wang et al., 2009)
Hoxa7 CGGGCTTATACAATGTCAACAG AAATGGAATTCCTTCTCCAGTTC (Wang et al., 2009)
Hoxa9 ACAATGCCGAGAATGAGAGC CAGCGTCTGGTGTTTTGTGT

Hoxa10 CTCCAGCCCCTTCAGAAAAC TGTAAGGGCAGCGTTTCTTC

Hoxa13 CCAAATGTACTGCCCCAAAG CCTATAGGAGCTGGCGTCTG

Meis1 AAGGTGATGGCTTGGACAAC TGTGCCAACTGCTTTTTCTG

Mn1 TGATGGCAGAACACAGCACT CTTGTTGGTGGGGTGGTCAT

Mycn CGGAGAGGATACCTTGAGCG AGTGGTTACCGCCTTGTTGT

Dot1! GCGGAACCGTTGGAGGTAAT TTCACAGTGGCTCCATGTCC

Human Genes Forward Reverse Reference

GAPDH AACATCATCCCTGCCTCTACTGG GTTTTTCTAGACGGCAGGTCAGG

HOXAS TCTACCCCTGGATGCGCAAG AATCCTCCTTCTGCGGGTCA

HOXA7 TCTGCAGTGACCTCGCCAAA AGCGTCTGGTAGCGCGTGTA

HOXA9 AAAAACAACCCAGCGAAGGC ACCGCTTTTTCCGAGTGGAG

HOXA10 CCTTCCGAGAGCAGCAAAGC CAGCGCTTCTTCCGACCACT

MEIS1 TGACCGTCCATTACGAAACCT CCAGTCCAACCGAGCAGTAAG (Abdel-Wahab et al., 2012)

Antibodies and Immunoblotting

Antibodies used for immunoblotting were a-Flag (Sigma; M2), a-MYC (Sigma, 9E10), a-Hoxa9 (Wang
et al., 2007; Wang et al.,, 2005), a-Meis1 (a gift of Dr. Miguel Torres, Centro Nacional de
Investigaciones Cardiovasculares, Spain), a-H3K79me2 (Abcam, ab3594) and a-Tubulin (Sigma).
Total protein samples were prepared by cell lysis with either SDS-containing Laemmli sample buffer
or RIPA lysis buffer as described (Wang et al., 2007; Wang et al., 2005) followed by brief sonication;
extracted samples equivalent to 100,000 cells were loaded to SDS-PAGE gels for immunoblotting
analysis.

Chromatin immunoprecipitation (ChIP) Followed by Deep Sequencing (ChIP-Seq)

Chromatin samples used for ChIP-Seq were prepared using a previously described protocol
(Goldberg et al., 2010; Lee et al., 2006), followed by antibody enrichment, library generation, and
parallel sequencing using an lllumina HiSeq-2500 Sequencer (UNC High-throughput Sequencing
Facility). Chromatin samples extracted from ~100 million of cells were used for ChlP-Seq of Myc-
tagged DNMT3A with the 9E10 anti-Myc antibody (Sigma); other antibodies used for ChlP-Seq were
a-H3K4me1 (Abcam, 8895), a-H3K4me3 (Abcam, 8580), a-H3K27me3 (Upstate, 07-449), a-H3K27ac
(Abcam, 4729), and a-H3K79me2 (Abcam, 3594). ChIP-Seq data for various normal blood cell
subtypes (Lara-Astiaso et al., 2014) were obtained from GEO database (GSE60103).

ChIP-Seq Data Analysis

Briefly, all sequencing reads were mapped to the mouse genome (mm9) using the BWA alignment
software (Li and Durbin, 2009), and unique reads mapped to a single best-matching location with no
more than two mismatches were kept for data analysis. Duplicated reads, likely generated by PCRs,
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were removed using SAMtools (Xu et al.,, 2015). Bedgraph signal track files for each ChIP-Seq
experiment were generated using MACS2 software (Zhang et al., 2008), followed by displaying in the
Integrative Genomics Viewer (IGV, Broad Institute) (Robinson et al., 2011). The MACS2 software was
also used for peak identification with data from input as controls. DNMT3AR®2" ChIP-Seq peaks were
called by a window approach as described previously (Goldberg et al., 2010; Xu et al., 2015). In-
house scripts were used to assign peaks to annotated genomic features, defined as “promoter
proximal” (+2kb of transcription start site, TSS), “promoter distal” or “upstream” (-50kb to -2kb of TSS),
introns and exons, using the mouse RefSeq annotation as reference (both coding and non-coding
were considered). In the case of broad peaks, we assigned a peak as “gene” if it extends beyond the
start and end of an annotated gene. The CpG island annotation from the UCSC browser was used to
associate peaks to CpG islands (CGls), and the 1kb regions flanking CGls were defined as CpG
shores. In all analyses, 1-bp intersection was considered as peak overlapping. In the generation of
profiles of ChlP-Seq read densities, a 100-bp window was used to determine ChIP-Seq read counts
unless specified otherwise. To account for different peak (or DMR) sizes, peaks (or DMRs) were
broken into 10-equal size bins and ChlP-Seq reads in individual bins were summed and normalized to
yield reads per 100-bp. All ChiP-Seq profiles were normalized to a read depth of 10 millions for
comparison, if necessary. The mapping information of the ChIP-Seq studies is provided in the
following list.

Sample / Epitope Total reads Uniquely mapped reads
LSCRRAS [ Input 18,324,401 15,535,177
LSCRRAS | Myc-DNMT3AR® (9E10) 29,195,863 21,976,593
LSCR*RAS | H3K4me1 32,441,556 29,241,182
LSCR*R4S | H3K4me3 37,160,636 24,298,214
HOXA9-MEIS1 / Input 13,813,627 8,567,831
HOXA9-MEIS1 / H3K4me1 26,034,975 24,547,306
EV-RAS / Input 24,486,819 21,306,596
EV-RAS / H3K4me1 12,754,638 11,736,817
EV-RAS / H3K27ac 23,362,273 21,913,284
EV-RAS / H3K79me2 65,883,113 58,669,486
EV-RAS / Input (matched for H3K79me?2) 63,142,797 56,204,919
WT-RAS / Input 19,919,007 17,486,043
WT-RAS / H3K4me1 25,580,239 23,773,579
WT-RAS / H3K27ac 12,547,468 11,497,378
RH-RAS / Input 36,252,235 31,338,073
RH-RAS / H3K4me1 67,194,048 59,841,459
RH-RAS / H3K27ac 13,021,014 11,684,066
RH-RAS / H3K79me2 64,436,265 56,961,688
RH-RAS / Input (matched for H3K79me?2) 62,786,927 56,304,371

ChIP Followed by qPCR (ChIP-qPCR)

The detailed procedure for ChIP-gPCR was described before (Wang et al., 2007; Wang et al., 2009),
and the primer sequences used for ChIP-gPCR are provided in the following list. ChlIP signals were
produced from 3 independent experiments followed by normalization to input signals and presented
as mean * SD.
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Mouse Genes Primer location Forward Reverse Reference

Hoxa7 upstream/DMR TGGTGGGCTTCAGCTATTGG TTCGGGTAGGAATTGGTGGC

Hoxb1 promoter GGGACTGCCAAACTCTGGC CATGTGATCTCTCCCAGGCC (Bernt et al., 2011)
Meis1 intron 6/DMR ATCTCTGCTCTCTCCCCGAG CTTCCCGGGCATATCTGGTC

Mn1 exon 1/DMR GAGGGTGACGAACCAAGGAG  GCTGCCCTTCAGAGTCAGAG

Mycn intron 2/DMR ACTGCCAGGCTAGGAGAGAA CAATTGTTCCGCTTTCCGGT

Genomic Regions Enrichment of Annotations Tool (GREAT) Analysis

GREAT analysis (McLean et al., 2010) for DNMT3AR%# ChIP-Seq peaks and DNMT3AR
associated hypo-DMRs was performed at its website (http://great.stanford.edu) using a setting of
single nearest gene (200.0 kb max extension) with curated regulatory domains included.

Enhanced Reduced Representation Bisulfite Sequencing (¢eRRBS)

eRRBS was carried out with a previously described protocol with slight modification (Garrett-
Bakelman et al., 2015). Briefly, ~300 ng of genomic DNA were digested with three different enzymes
(80 units of Mspl, 40 units of Bfal and 40 units of Msel) to enhance genomic fragmentation and
coverage. The produced fragments were ligated to pre-annealed adapters containing 5-methyl-
cytosine instead of cytosine, followed by overhang fill-in, 3’-terminal-A extension and purification.
Bisulfite treatment of the fragments was done using the EZ DNA Methylation—Lightning kit (Zymo
Research). Amplified eRRBS libraries was quality checked with Agilent 2200 TapeStation, followed by
deep sequencing on the lllumina HiSeq-2000 genome analyzer with 50 bp SE parameters. Differential
methylation of CpGs was determined by the methylKit software (Akalin et al., 2012). A cut-off of q <
0.05 was used to define differentially methylation CpGs (DMCs). A slight window approach was used
to call differentially methylated regions (DMRs), similar to the previously described method (Russler-
Germain et al., 2014). Adjacent Cs within 300 bp apart were merged to form genomic regions and
genomic regions < 400 bp were discarded. For the rest, we determined the % of hypo- or hyper-Cs
within the regions. If a region contained at least 10 Cs and at least 20% of its Cs exhibited hypo- or
hyper-methylation, we performed paired t-test to compute the statistics of methylation difference
between samples. At the end, a cutoff of p value < 0.0005 was used to define DMRs. The overlapping
of DMRs with genomic features was computed by treating DMRs as ChlP-Seq peaks. The
sequencing and mapping information of eRRBS studies is provided in the following list.

eRRBS Sample Total Read # Mapped Read # Unique CpGs
EV-RAS 511,071,807 328,254,404 17,169,526
RH-RAS 493,228,644 324,267,522 16,635,379
WT-RAS 523,165,129 320,339,494 16,190,740

Motif Analysis of DMCs

For enrichment of transcription factor binding motifs, 50-bp sequences centered on individual CpGs
were used for predicting transcription factor binding sites presented in the Jaspar database
(vertebrate TFs only) (Mathelier et al., 2014) by the software FIMO with default parameter (Grant et
al., 2011). The number of Cs matching to a TF in all Cs tested by eRRBS and the corresponding
numbers in DMCs were compared by Chi-square test for significant difference.

Analysis of Human Methylome Data and Cross-Comparisons with Mouse eRRBS Data
Human AML patient DNA methylation data are downloaded from The Cancer Genome Atlas (TCGA)
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(http://cancergenome.nih.gov/cancersselected/acutemyeloidleukemia). To compare DNA methylation
data between human cancer samples and our mouse data, we used the tool liftover from the UCSC
genome browser to find the conserved mouse regions of each individual probe (extended to 100 bp)
on the Infinium HumanMethylation450 BeadChip platform used in the human/TCGA study.
Conserved regions smaller than 150 bp in the mouse genome were kept and the average methylation
level of CpGs in the regions were used to compare the human and mouse methylation. In addition,
the conserved regions were intersected with mouse DMRs. For a gene having hypo-DMRs identified
among murine HSPCs post transduction of RH-RAS relative to EV-RAS and among human normal-
karyotype (NK) AML patients carrying R882-mutated DNMT3A relative to WT DNMT3A ones, we
consider the gene with a common DMR in both human and mouse data sets.

Bisulfite Sequencing

Genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen) and bisulfite-conversion
carried out using EZ DNA methylation gold kit (Zymo Research) according to manufacturer's
instructions. Purified DNA (50 ng) was used as template for PCRs with region-specific primers
designed by Methprimer software (Li and Dahiya, 2002). PCR product was gel purified and cloned
into pCR4-TOPO vector (Invitrogen), followed by transformation and mini-preps. Plasmids isolated
from at least 10 colonies for each sample were sequenced. The detailed primer sequences for
bisulfite sequencing are provided in the following list.

Gene LocationForward Reverse

Meis1intron 6 TTTTGGAGTTTAAATTGTTTAGATT AAATCCCCTAACCATACCTAATAAC
Hoxa7promoter GGGGATTTTGAATTTTTTTAGTTTT TAACTAAACCAACAACCTCCCTTAC
Mn1 exon1 GGTTAGGGTTTTGGTTTAGAGGTAGACCCCCACTTTAAAAACAACTTC

Chromosome Conformation Capture (3C) Followed by qPCR

3C DNA samples were prepared as described previously (Hagege et al., 2007). Briefly, 10 millions
cells were cross-linked with 2% formaldehyde for 5 min at room temperature followed by quench in
0.125 M glycine for 5 min. Cells were then washed with ice-cold PBS and lysed in 3C lysis buffer (10
mM Tris-HCI, pH 8.0; 10 mM NaCl; 0.2% NP-40; and 1X Roche Complete Protease Inhibitor Cocktail)
for 30 min at 4°C. Nuclei were pelleted by centrifugation at 1000 x g and digested with 600U of high
concentration Bglll (New England Biolabs) in 1x NEB buffer 3 plus 0.3% SDS and 1.8% Triton-X at
37°C for overnight. After enzyme inactivation with 1.6% SDS at 65°C, samples were brought up to a
final volume of 7 ml in 1x NEB T4 ligase buffer plus 1% Triton-X, and added with 6000U of T4 DNA
ligase (New England Biolabs). Samples were incubated at 16°C for 4 hr followed by 30-min incubation
at room temperature. After ligation, samples were treated with RNase A and proteinase K, extracted
with a phenol-chloroform protocol, and precipitated by ethanol. About 100 ng of 3C DNA sample was
used as template with a primer pair (one test primer and the constant primer) for gPCR analysis. For
testing Meis1 enhancer-promoter ‘looping’ in the RH-RAS LSC cells, we employed a negative control
cell line, HOXA9/MEIS1-coexpressing AML lines (Wang et al., 2005) that are known to have a
repressed endogenous Meis1 gene locus (Wang et al., 2007; Wang et al., 2009). The gPCR signal
was first normalized with that of Gapdh for input normalization, followed by a second normalization to
that of negative cell control (i.e., cells with a silenced endogenous Meis1) for calculating relative
crosslinking frequency to demonstrate ‘looping’ specificity. The detailed primer sequences for 3C-
gPCR at Meis1 locus are provided in the following list.
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Primer Location Sequence (5' to 3')

PO (constant)chr11:18,925,586-18,925,605CCTTGGTGCAAGGACTCTTC
P1 (test) chr11:18,900,080-18,900,101 TGTTGTCTCCAAGAATTTCCAA
P2 (test) chr11:18,900,816-18,900,835GGCAGAGGAACTTGGAAAAA
P3 (test) chr11:18,904,495-18,904,514TGGCTATCCTGGCACTTTCT
P4 (test) chr11:18,907,527-18,907,545AAAGTTCCCAGGCCCATTT

P5 (test) chr11:18,909,825-18,909,844GACTCTCCCGCTGACACTTC

Whole Exome Sequencing and Data Analysis

Genomic DNA was extracted from bone marrow of murine leukemic and normal mice. Whole-exome
captures and 50 X sequencing experiments were carried out by Otogenetics (Norcross, GA). The
sequencing reads were aligned to mm10 reference genome by using BWA (Li and Durbin, 2009),
PCR-produced tag duplicates removed by Picard Tools, and base quality score recalibration and Indel
(insert/deletion) realignment using the Genome Analysis Toolkit GATK (McKenna et al., 2010). SNP
and Indel discovery and genotyping were performed on all samples simultaneously with GATK Lite
2.3.9 using mm10 reference genome as reference. The called SNP/Indels were further filtered for
high-quality variants (total counts = 20, alternate counts = 8). Known SNPs from dbSNP137 and
variants present in the normal control samples were removed for identifying tumor-specific variants.
Lastly, identified variants matching sequences of transduced human DNMT3A or NRAS cDNA were
discarded. The SNP/Indels were annotated with snpEff v3.6 (Cingolani et al., 2012).

Luciferase Reporter Analysis

pCpGL-CMV/EF1a, a CpG-free, luciferase-containing reporter vector designed for assessing
regulatory effects of CpG methylations on the introduced cis-element, was kindly provided by Dr.
Rehli (University Hospital Regensburg University Hospital Regensburg, Regensburg, Germany). To
specifically assess their putative enhancer activity, the hypo-DMR genomic regions were obtained by
genomic PCR followed by cloning into the Pstl and Spel sites of pCpGL-CMV/EF1a vector to replace
the CMV enhancer with the hypo-DMR sequences. These generated reporter plasmids were either
mock-treated or methylated in vitro with recombinant CpG methyltransferase M.Sssl (New England
Biolabs) for 4 h at 37°C, followed by plasmid purification with QIAquick PCR Purification Kit (Qiagen).
3 X 10°Hela cells were transfected with 1.0 pg of each reporter plasmid and 0.2 pg of pRL-TK Renilla
luciferase control reporter using the standard Lipofectamine 2000 transfection protocol (Invitrogen).
Triplicate transfections were harvested 36 hr post-transfection. Cell lysates were assayed for firefly
and Renilla luciferase activities using the Dual-Luciferase Reporter Assay System (Promega). The
firefly luciferase activity for each transfection was normalized to that of Renilla luciferase. Relative
luciferase units are generated by normalization to those of Renilla and then to empty vector controls.
The detailed primer sequences for cloning of each tested DMR are provided in the following list.

Gene DMR location  Forward Primer (with Pstl site) Reverse Primer (with Spel site)

Hoxa7 Upstream ATCGctgcagGCTCAGAGGCCTGGTGAAAT ATCGactagtCCAACGCTGTCCCAGAACTA
Meis1 Intron 7 ATCGctgcagTCTATGGCTGGGTTGTGCTG ATCGactagtTGAAGAAAACGCCTCCTGCT

Meis1 Intron 6 ATCGctgcagTCCTAGGGGTTCACGGTCTT ATCGactagtCATTAGGTTGTCCCCGCCTT

Runx3 Upstream ATCGctgcagAGGAGAGCCAGGTGTAGAGG ATCGactagtGGTTAGACCACAGGCTGGAC
Mycn Intron 2 ATCGctgcagTGTCTGTGCCTTGACAGCTT ATCGactagtCCAGTCTGCCCCATGGATTT

Filip1 Intron 1 ATCGctgcagTACACTTGGTCCAGCAAGGC ATCGactagtGAGGCAAGAGCTGATGCAGA
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CRISPR/Cas9-mediated genomic editing of putative enhancers

LentiCas9-Venus and LentiGuide-Crimson plasmids were kindly provided by Drs. Daniel Bauer
(Harvard Medical School) and Feng Zhang (MIT and Broad Institute). CRISPR/Cas9-mediated
deletion of a specific genomic region was performed as previously described (Canver et al., 2015).
Briefly, two sgRNA sequences that specifically target the boundary sequences of a putative Meis1
enhancer located in intron 6 were designed using an online CRISPR design tool (crispr.mit.edu). Top
ranked sgRNAs (with minimal predicted off-targets) at either side of target region (sgRNA-5" or
sgRNA-3’; see also a list below) were selected and cloned into a BsmBI site of LentiGuide-Crimson
vector. To generate a single vector with tandem sgRNA expression cassette (i.e., sgRNA-5" plus
sgRNA-3’), LentiGuide-Crimson carrying sgRNA-5" was first digested with PspXI and Xmal, and then
inserted with PspXl/Xmal-digested PCR products (which contain sgRNA-3’) amplified by using
LentiGuide-Crimson with sgRNA-3' as the template and specific primers (5-GGCCGGCC-
gctcgaggGAGGGCCTATTTCC-3' and 5-CCGGCCGGceccgggTTGTGGATGAATACTGCCATTT-3).
The detailed sgRNA sequences are provided below.

sgRNA Position Target sequence
sgRNA-5’ 5’ of Meis1 DMR at intron 6 TTAGGTTGTCCCCGCCTTAC
sgRNA-3’ 3’ of Meis1 DMR at intron 6 AATAGGATTACAGCTTCTAC

Stable LentiCas9-Venus expressing cell lines were produced by infection with LentiCas9-Venus
lentivirus, followed by Venus sorting on FACSAria Il (BD Biosciences). Lentivirus carrying either the
LentiGuide-Crimson empty vector or that with a tandem sgRNA expression cassette was prepared
and used for infecting cell lines with stable LentiCas9-Venus expression, followed by sorting of cells
expressing both Venus and E2-Crimson 48 hr post-infection. The sorted single cells (200-300 in total)
were plated into 96-well plates. After growth for 1-2 weeks, single-cell colonies carrying the desired
CRISPR/cas9-induced genomic targeting/deletion were first screened out by PCR using primer pairs
either flanking or located within target genomic region (which serves positive or negative selection
primers), and further confirmed by direct sequencing of genomic PCR products flanking target
genomic region. The detailed genotyping PCR primer sequences are provided below.

Primer Location Forward Primer Reverse Primer Product Size
Within DMR GTTCCCAGGCCCATTTGAGA CACTACCGGATGTCGCCTTT 579 bp
Outside of DMR ACCCACTGCTGGTTGTATCC AAGACACCGAGGTTGCCATT ~ 382 bp

Compound Treatment
SGC0946 and other used compounds in the study was kindly provided by Drs. Matthieu Schapira and
Cheryl Arrowsmith at Structural Genomics Consortium (SGC) in Toronto and used as described
before (Yu et al., 2012).

shRNA Knockdown

The pLKO.1 lentiviral shRNA plasmids for Dot1/ knockdown were obtained from Sigma. Lentivirus
production and infection was performed using provider's protocols. An LSCR*F4S cell line (#1)
generated using a puromycin-free MSCV vector similar to the one shown in Figure S1A was used for
Dot1l knockdown. Stable shRNA-expressing cell lines were established by puromycin (1-2 pug/mL)
selection. The detailed target sequences for Dot1/-specific shRNAs are provided below.
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shRNA Clone ID Target sequence Vector
shDot1] #1 TRCN0000125102 CGGCAGAATCGTATCCTCAAA pLKO.1
shDot1l #2 TRCN0000125100 GCTGACCTACAATGACCTGAT pLKO.1

The lentivirus-based shRNA plasmids for knocking down Meis1 or Mn1 were generated by cloning a
19-mer shRNA sequence into Hpal and Xhol sites in LentiLox 5.0 vector (kind gift from Dr. James
Bear, UNC at Chapel Hill). Stable shRNA-expressing cell lines were obtained by GFP sorting on
FACSAria Il (BD Biosciences). The detailed target sequences for Meis1 or Mn1-specific sShRNAs are

provided below.

shRNA Target sequence Vector Reference

shMeis1 #1 GGATAACAGCAGTGAGCAA LentiLox 5.0 (Kumar et al., 2009)
shMeis1 #2 GCGTGGCATCTTTCCCAAA LentiLox 5.0

shMn1 #1 GGTACATGCCACCTGACAA LentiLox 5.0

shMn1 #2 GCTTGAACATGGAGCCCTA LentiLox 5.0
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Enhancer of zeste homolog 2 (EZH2) and related EZH1 control gene expression and promote
tumorigenesis via methylating histone H3 at lysine 27 (H3K27). These methyltransferases
are ideal therapeutic targets due to their frequent hyperactive mutations and overexpression
found in cancer, including hematopoietic malignancies. Here, we characterized a set of small
molecules that allow pharmacologic manipulation of EZH2 and EZH1, which include
UNC1999, a selective inhibitor of both enzymes, and UNC2400, an inactive analog com-
pound useful for assessment of off-target effect. UNC1999 suppresses global H3K27
trimethylation/dimethylation (H3K27me3/2) and inhibits growth of mixed lineage leu-
kemia (MLL)-rearranged leukemia cells. UNC1999-induced transcriptome alterations
overlap those following knockdown of embryonic ectoderm development, a common
cofactor of EZH2 and EZH1, demonstrating UNC1999’s on-target inhibition. Mechanis-
tically, UNC1999 preferentially affects distal regulatory elements such as enhancers,
leading to derepression of polycomb targets including Cdkn2a. Gene derepression corre-
lates with a decrease in H3K27me3 and concurrent gain in H3K27 acetylation. UNC2400
does not induce such effects. Oral administration of UNC1999 prolongs survival of a well-defined murine leukemia model bearing MLL-
AF9. Collectively, our study provides the detailed profiling for a set of chemicals to manipulate EZH2 and EZH1 and establishes specific
enzymatic inhibition of polycomb repressive complex 2 (PRC2)-EZH2 and PRC2-EZH1 by small-molecule compounds as a novel
therapeutics for MLL-rearranged leukemia. (Blood. 2015;125(2):346-357)

Key Points

e We characterize active vs
inactive analog compounds
suitable for inhibition of both
PRC2-EZH2 and PRC2-
EZH1 ex vivo and in vivo.

e This study is the first to show
oral delivery of an EZH2 and
EZH1 dual inhibitor as
promising therapeutics for
MLL-rearranged leukemia.

Introduction

Covalent histone modification provides a fundamental means to
control gene expression and define cellular identities.'* Dysregulation
of histone modification represents a central oncogenic pathway in
human cancers."** As the regulatory factors involved in the instal-
lation, removal, or recognition of histone modification (often termed
as epigenetic “writers,” “erasers,” and “readers”") are increasingly
considered to be “druggable,”s'7 development of epigenetic mod-
ulators holds promise for novel therapeutic interventions.”®
Polycomb repressive complex 2 (PRC2), the sole enzymatic ma-
chinery that uses either enhancer of zeste homolog 2 (EZH2) or related
EZH1 as a catalytic subunit to induce trimethylation of histone H3 at
lysine 27 (H3K27me3), has been shown to play critical roles in gene
silencing” and in hematopoietic lineage specification at various

developmental stages.'®!® Extensive evidence has linked PRC2
deregulation to malignant hematopoiesis. Recurrent EZH2 gain-of-
function mutations were found in germinal center B-cell lymphoma
patients,m’]5 and constitutive expression of wild-type or lymphoma-
associated mutant EZH2 in hematopoietic lineages induced myelo-
proliferative diseases'® and lymphomagenesis, "> respectively, in murine
models. Furthermore, EZH1 compensates the function of EZH2*'8 and
emerges as regulator of myeloid neoplasms.'®**° Inhibitors selective
to EZH2 have recently been developed and shown to be effective in
killing lymphoma cells with EZH2 mutation,? > however, these inhibi-
tors demonstrated minimal effects on proliferation or gene transcription
among lymphomas carrying the wild-type EZH2*'*** and are expected
to be ineffective for tumors that rely on both wild-type EZH2 and EZH1.
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Figure 1. A small-molecule UNC1999, and not its inactive analog UNC2400, selectively and potently suppresses H3K27 methylation. (A) Chemical structure of
UNC1999 and UNC2400, with the positions R1 and R2 modified with 2 N-methyl groups (CH3z) in UNC2400. (B) Summary of modification at R1 and R2 in UNC1999
and derivatives, and their ICso measured by in vitro methyltransferase assay. (C) Quantitative mass spectrometry analysis detects the change in relative
abundance of various peptide species covering histone H3 amino acids 27-40 after treatment with 3 uM UNC1999 (blue) or UNC2400 (red) for 4 days. Y-axis
represents fold-change in relative abundances normalized to DMSO-treated samples; the sequence and modification of H3 peptide are shown on top. (D) Overall
percentages of histone H3 with the lysine 27 either unmodified, monomethylated, dimethylated, or trimethylated (H3K27me1/2/3) following compound treatments.
(E) Immunoblot of the indicated histone modifications in MLL-AF9-transformed leukemia progenitor cells after treatment with DMSO, or 3 uM UNC1999 or
UNC2400. (F-G) Flow cytometry with H3K27me3-specific antibodies revealing time-dependent (F, 2 uM UNC1999) and dose-dependent suppression of H3K27me3
by UNC1999 (G, 7-day treatment) in MLL-AF9—transformed murine leukemia cells and EOL-1 human leukemia cells, respectively. DMSO and nonspecific IgG are
used as control. (H) Immunoblots detecting the chromatin-bound and nucleoplasmic fraction of EZH2 or EZH1 after treatment with 2 uM of the indicated compounds
for 5 days. (I) Co-IP of PRC2 complex components following Flag IP with extracts of a Flag-PHF1 stable expression cell line®* in the presence of 2 uM of the indicated
compounds. ac, acetylation; Co-IP, coimmunoprecipitation; FACS, fluorescence-activated cell sorter; lg, immunoglobulin; IP, immunoprecipitation; me1/2/3, mono/di/

trimethylation.

Recently, we have discovered a series of small-molecule com-
pounds for specific targeting of both EZH2 and EZH]1, including
UNC1999, an EZH2 and EZH1 dual inhibitor, and UNC2400, an
inactive analog compound useful for assessment of off-target
effect.”> Here, we characterized molecular and cellular effects by
these translational tools and aim to establish novel therapeutics
for cancer types that rely on PRC2-EZH?2 and PRC2-EZH1 both.
We choose to focus on leukemia bearing chromosomal rearrange-
ment of mixed lineage leukemia (MLL), a gene encoding histone
H3 lysine 4 (H3K4)—specific methyltransferase.'*® MLL rearrange-
ments are responsible for ~70% of infant acute myeloid or lymphoid
leukemia and ~7% to 10% of adult cases,26 and leukemia with MLL
rearrangement displays poor prognosis with low survival rates,
highlighting a special need for new interventions.””*® Oncoproteins
produced by MLL rearrangements inappropriately recruit epige-
netic factors and/or transcriptional elongation machineries to enforce
abnormal gene expression." 2% Recent studies show that PRC2 acts in
parallel with MLL rearrangements by controlling a distinctive gene pro-
gram to sustain leukemogenicity.'?**?° Specifically, EZH2 and

EZH1 compensate one another to promote acute leukemogenesis,
and genetic disruption of both enzymes was required to inhibit
growth of leukemia carrying MLL-AF9, a common form of MLL
rearrangements.'*?° Therefore, chemical agents that can target both
PRC2-EZH?2 and PRC2-EZH1 shall represent a new way for treating
MLL-rearranged leukemia.

In this study, we use a series of proteomics, genomics, and
tumorigenic assays to profile the effects of our unique EZH2
and EZH1 dual inhibitor, UNC1999, and its inactive analog,
UNC2400, among MLL-rearranged leukemia. UNC1999, and
not UNC2400, specifically suppressed H3K27me3/2 and induced
a range of anti-leukemia effects including anti-proliferation, differen-
tiation, and apoptosis. The UNC1999-responsive gene signatures
include Cdkn2a and developmental genes, and significantly over-
lapped those induced by knockdown of EED, an essential subunit of
PRC2-EZH2 and PRC2-EZH1. Mechanistically, we unveiled prefer-
ential “erasure” of H3K27me3 associated with distal regulatory
elements such as enhancers following UNC1999 treatment, whereas
H3K27me3 peaks at proximal promoters are largely retained,
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Figure 2. UNC1999, but not GSK126, efficiently suppresses H3K27me3 in MLL-rearranged leukemia cells and inhibits their growth. (A) Immunoblots of the global
H3K27me3 level after treatment of DB lymphoma cells (top) or MLL-AF9—transformed murine leukemia progenitors (bottom) with 2 uM of the indicated compounds for
5 days. General H3 serves as control. (B) Relative proliferation of DB cells treated with a range of concentrations of GSK126 (top) or UNC1999 (bottom) for the
indicated duration. Y-axis represents the relative percentage of accumulative cell numbers normalized to DMSO treatment, and is presented as the mean of triplicates
+ SD. (C) Flow cytometry analysis of H3K27me3 in MLL-AF9-transformed murine leukemia progenitors following treatment with various concentrations of GSK126
(top) or UNC1999 (bottom) for 4 days. DMSO serves as control. (D) Relative proliferation of MLL-AF9—-transformed leukemia progenitors treated with a range of
concentrations of GSK126 (top) or UNC1999 (bottom) for the indicated duration. Y-axis represents the relative percentage of cell numbers after normalization to
DMSO treatment, and is presented as the mean of triplicates = SD. (E) Relative proliferation of a panel of leukemia or lymphoma cell lines treated with various
concentrations of UNC1999 for 16 days. Y-axis, presented as the mean of triplicates = SD, represents the relative percentage of accumulative cell numbers after
normalization to DMSO treatment. Shown as a dashed line is DB, an EZH2-mutated (Y641N) lymphoma line known to be sensitive to EZH2 inhibition.?? (F) Summary
of ECsq of a panel of cell lines in response to UNC1999. m-MLL-AF9 and m-MLL-ENL represent murine leukemia lines established by MLL-AF9 and MLL-ENL,
respectively. (G-1) Relative proliferation of murine MLL-ENL-bearing leukemia cells (G) and EOL-1 (H) and LOUCY (I) human leukemia cells treated with a range of
UNC1999 concentrations for the indicated duration. Y-axis represents relative percentage of accumulative cell numbers after normalization to DMSO treatment, and is
presented as the mean of triplicates = SD. (J) Immunoblot of H3K27me3 and general H3 in EOL-1, LOUCY, and DB cells. (K) Relative proliferation of murine leukemia

cells bearing MLL-AF9 or MLL-ENL after treatment with UNC1999 or UNC2400 and normalization to DMSO treatment. *P < .05; **P < .01; ***P < .001; ns, not
significant.

despite a shrinking in their average peak size. Gene derepression  one to establish chemical inhibition of both EZH2 and EZH1 as a
correlates with decrease in H3K27me3 and concurrent gain in  promising therapeutics for MLL-rearranged leukemia.

H3K?27 acetylation (H3K27ac). None of these effects were seen
following UNC2400 treatment, further verifying on-target effect
by UNC1999. Cdkn2a is a crucial mediator for UNC1999-induced
growth inhibition. Importantly, oral dosing of UNC1999 prolongs Methods

survival of MLL-AF9-induced murine leukemia models. Thus, .

our study provides a detailed characterization of a pair of small- Compound synthesis and usage

molecule compounds available to the community for studying EZH2 ~ UNC1999 and UNC2400 were synthesized as previously described.>> Syn-
and EZH1 in health and disease. This study also represents the first  thesis of UNC1756 and UNC3142 is described in supplemental Materials
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Figure 3. UNC1999, and not UNC2400, promotes differentiation, suppresses colony formation, and induces apoptosis of MLL-rearranged leukemia cells. (A)
Representative light micrographs show Wright-Giemsa staining of MLL-AF9-transformed leukemic progenitors after treatment with the indicated concentration of UNC1999
for 8 days. Black bar, 10 um. (B-C) Flow cytometry analysis of c-Kit and Gr-1 after treatment with 3 uM of the indicated compounds for 8 days. (D-E) Quantification of colony-
forming units from MLL-AF9— (D) or MLL-ENL—transformed leukemia progenitors (E) after serial replating into the cytokine-rich, methylcellulose medium containing DMSO or
3 M UNC2400 or UNC1999. Data are shown as the mean = SD of experiments in duplicate. *P < .05; **P < .01; ***P < .001. (F) Light micrographs show typical morphology
of the single-cell colonies derived from MLL-AF9—-transformed leukemia progenitors following serial replating in the presence of DMSO or 3 uM UNC2400 or UNC1999. Black
bar, 1 mm. (G) Percentage of live and apoptotic subpopulations of EOL-1 leukemia cells after the indicated compound treatments for 6 days. (H) Typical profiles of staining
with Pl and annexin V after treatment of EOL-1 cells with DMSO or the indicated concentration of UNC1999 for 6 days. P, propidium iodide.

(available on the Blood Web site). UNC1999 and derivatives were dissolved
in dimethylsulfoxide (DMSO) as 5 mM stocks before use.

Mass spectrometry-based quantification

Total histones were prepared and subject to mass spectrometry analysis as
previously described.*

Purification, culture, and leukemia transformation of primary
hematopoietic stem and progenitor cells

Wild-type Balb/C mice and p16Ink4a ™"~ ;p19Arf '~ knockout mice (strain
number 01XB2) were purchased from the NCI at Frederick Mouse Repos-
itory. Bone marrow isolated from femur and tibia of mice was subject to
lineage-negative enrichment, followed by cytokine stimulation and retro-
viral transduction of oncogenes (MLL-AF9) as described.?'*? Freshly im-
mortalized leukemia progenitor cell lines were generated, characterized,
and maintained with the previously described procedures.?'** The detailed
procedures for flow cytometry, antibody and immunoblot, and various assays
of cell proliferation, Wright-Giemsa staining, colony-forming units by serial
replating, cell-cycle profiling, and apoptosis are described in supplemental
Materials.

Microarray analysis

Total RNA was isolated followed by quantification of the transcript ex-
pression levels with Affymetrix GeneChip MOGene_2.1_ST. After RNA
hybridization, scanning, and signal quantification (UNC Genomics Core),
hybridization signals were retrieved, followed by normalization, differential
expression analysis, gene ontology (GO) analysis, gene set enrichment anal-
ysis (GSEA), and statistical analysis using GeneSpring Analysis Platform
GX12.6 (Agilent Technologies) as described.** GSEA was also carried out

with the downloaded GSEA software (www.broadinstitute.org/gsea) by ex-
ploring the Molecular Signatures Database (www.broadinstitute.org/gsea/
msigdb/annotate.jsp).

ChIP followed by deep sequencing

Chromatin samples used for chromatin immunoprecipitation (ChIP) followed
by deep sequencing (ChIP-Seq) were prepared using a previously described
protocol,®® followed by antibody enrichment, library generation, and parallel
sequencing using an Illumina HiSeq-2000 Sequencer (UNC High-throughput
Sequencing Facility) as described before.*® The detailed procedures of ChIP-
Seq data alignment, filtration, peak calling and assignment, and cross-sample
comparison and analysis are described in supplemental Materials.

Real-time PCR

The quantitative polymerase chain reaction (QPCR) following reverse
transcription (RT-qPCR) or ChIP (ChIP-qPCR) was carried out as previ-
ously described.>* Information on primers used is described in supple-
mental Table 6.

In vivo leukemogenic assay and compound treatment

MLL-AF9-induced murine leukemia was generated as previously described,*!3?

followed by compound treatment. The powder of UNC1999 (verified by high-
performance liquid chromatography and mass spectrometry) was slowly
dissolved and incorporated in vehicle (0.5% of sodium carboxymethylcel-
lulose and 0.1% of Tween 80 in sterile water) with continuous trituration by
a pestle in a mortar. UNC1999 or vehicle was administered by oral gavage
twice daily at a dose of 50 mg/kg. The detailed descriptions of murine leu-
kemia generation, compound usage and delivery, animal care and dissection,
and pathological analysis are described in supplemental Materials.


http://www.broadinstitute.org/gsea
http://www.broadinstitute.org/gsea/msigdb/annotate.jsp
http://www.broadinstitute.org/gsea/msigdb/annotate.jsp
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on January 9, 2015. For personal use only.

350 XU etal BLOOD, 8 JANUARY 2015 + VOLUME 125, NUMBER 2
Aeoo-” Up FC >1.5; p < 0.01 B = <
*g & Down 501 % g z
‘S 500 1 o = 5
a 384 < 0 - A .
S 400 - =i R 5
= 306 > ..
& 300 4 S .
o e . Ezh2
8 200 D o A 2.\ "Suz12
[S 72 91 G -~ Hoxa9
100 - |
3 0 0 0 2 \ » Eaht
0 - < 0 Eed
UNC2400 UNC1999 UNC1999 shEED > oy UNGT999
vs Vs vs vs 5 S =
DMSO DMSO UNC2400 shRen 7] . 'év“"
8 o~ . e ®a
g R C 2% Jomso po
UNC1999 >3 L 2= 2 o] 1
UNC1999 5 & £9 =
\L] VS = # -, S (S g
: .. e 5 =
DMSQ, UNC2400 2 w | ; o] =
o «— o "
8 y
-
15 2 2.5 3 3.5 4
ShEED Log10 [Expression Value of DMSO-treated]
%
shRen BRACKEN_PRC2_EZH2_UP.V1_DN
F O 040 NES =1.513
[e] =
MSIgDB Gene Set pvalue qvalue NES S e
0.20 q =0.072
BRACKEN_PRC2_EZH2_UP.V1_DN 0.000 0.072 1513 = }‘
BENPORATH_PRC2_TARGETS 0.020 0.129  1.395 g y
BRACKEN_PRC2_EED_UP.V1_DN 0.000 0.086  1.394 < 000 j
BRACKEN_PRC2_EED_UP.V1_UP 0.135 0.151  -1.221 g
BRACKEN_PRC2_EZH2_UP.V1_UP 0.000 0.000 -1.666 | WW“IN”"H"NH” Hm |H |
MIKKELSEN_NPC_HCP_WITH_H3K4ME3_AND_H3K27ME3 0.064 0.245 1.412 IEliiEil
MEISSNER_NPC_HCP_WITH_H3K4ME3_AND_H3K27ME3 0.180 0.263  1.381 UNC1999 control
MEISSNER_BRAIN_HCP_WITH_H3K4ME3_AND_H3K27ME3 0.000 0.160 1.570 —— enrichment profile  —— hits
BENPORATH_ES_WITH_H3K27ME3 0.020 0.244  1.452 BRACKEN_PRC2_EED UP.V1_DN
ACEVEDO_LIVER_CANCER_WITH_H3K27ME3_UP 0.000 0.235 1.357 G ® 040 NES = 1.394
IVANOVA_HEMATOPOIESIS_MATURE_CELL 0.085 0.065 1.573 3 p= 0.000
JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 0.100 0.146  1.435 N 020 FDR q = 0.086
IVANOVA_HEMATOPOIESIS_EARLY_PROGENITOR 0.109 0.344  -1.387 ‘g f
IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PROGENITOR 0.082 0.372 -1.466 £ 000! |
g value stands for false discovery rate; NES, normlized enrichment score. § 010 :
| & " WL
12 4 z (LI
T B =owso UNC1999 control
cO i — BUNC2400 H — enrichment profile ~ —— hits
.g% 9 1 OUNC1999 JAATINEN_HEMATOPOIETIC_STEM_CELL_DN
86 ” BsShREN o
S BshEED 5 NES = 1.412
éﬁ 6 & oa0 p =0.064
_gﬁ | *8- 0.20 ;f FDR q =0.245
= © 7 'l
TE 3 £ 0.00!
¥ o g
£ c
0 S (RN I T
.3 6 o) 2> N il
& F & XN > X UNC1999 control
A N S QO o ) )
Q\‘b Q \J: 2 —— enrichment profile ~ —— hits

Figure 4. UNC1999, and not UNC2400, derepresses the PRC2 gene targets. (A) Summary of the upregulated (blue) and downregulated (red) transcripts in 2 independent
MLL-AF9-transformed leukemia lines after a 5-day treatment with 3 M of compounds or after knockdown of EED vs Renilla, as identified by microarray analysis with a cutoff
of FC of >1.5 and a P value of <.01. (B) Scatter plot to compare the global gene expression pattern in MLL-AF9—transformed leukemia cells following DMSO (x-axis) vs
UNC1999 treatment (y-axis). Plotted are Log10 values of the signal intensities of all transcripts on gene microarrays after normalization. The flanking lines in green indicate
1.5-fold change in gene expression. (C) Boxplots showing the expression levels of upregulated transcripts in the compound- vs DMSO-treated samples. Y-axis represents the
Log10 value of signal intensities detected by microarray. (D) Venn diagram of the upregulated transcripts shown in panel A. (E) Summary of GSEA using the MSIgDB. Green
and red indicate the positive and negative correlation to UNC1999-treated cells, respectively. (F-H) GSEA revealing significant enrichment of the EZH2-repressed (F) or EED-
repressed gene signatures (G) and those negatively associated with hematopoietic stem cells (H) in the UNC1999- vs DMSO-treated cells. (I) RT-gPCR detects relative
expression levels of the indicated genes in MLL-AF9—transformed leukemia cells following treatment with 3 uM of compounds or EED knockdown (shEED) for 5 days. Y-axis
represents fold-change after normalization to GAPDH and to control (DMSO treatment or Renilla knockdown [shRen]), and error bars represent SD of triplicates. *P < .05;
**P < .01; ***P < .001. FC, fold-change; FDR, false discovery rate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MSIgDB, Molecular Signatures Database; NES,
normalized enrichment score; Ren, Renilla; shEED, shRNA against EED; shREN, shRNA against Renilla.
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Figure 5. Cdkn2a reactivation plays a critical role in UNC1999-mediated growth inhibition. (A) Change in p16ink4a and p19Arf gene expression following a 3-day
treatment with 3 pM UNC1999 among 6 independent murine leukemia lines, either freshly immortalized by MLL-AF9 or MLL-ENL (left) or derived from MLL-AF9-induced
primary murine leukemia (right). Y-axis represents fold-change in gene expression after normalization to GAPDH and DMSO treatment, and error bars represent SD of
triplicates. *P < .05; **P < .01; ***P < .001. (B) RT-qPCR shows time-dependent derepression of p16/ink4a and p19Arf by UNC1999 in a leukemia line derived from MLL-
AF9-induced primary tumors. *P < .05; **P < .01; ***P < .001. (C) Summary of cell-cycle status of MLL-AF9-transformed murine leukemia progenitors following 2-day or
7-day treatment with DMSO, or 3 pM UNC2400 or UNC1999. (D) Representative histograms showing DNA contents measured by Pl staining of MLL-AF9-transformed
leukemia cells after treatment with 3 pM of compounds for 2 days. (E) Relative proliferation of MLL-AF9-transformed murine leukemia cells, either wild-type (red) or
p16inkda""/p19Arf’~ (purple), after treatment with various concentrations of UNC1999 for 12 days. Y-axis, presented as the mean of triplicates = SD, represents the
relative percentage of cell numbers after normalization to DMSO treatment. (F) Summary of apoptotic induction in MLL-AF9—transformed murine leukemia progenitors, either

wild-type (WT) or p16Ink4a/p19Arf-deficient, following a 6-day treatment with 3 WM of compounds as assayed by PI staining. **P < .01; ***P < .005. WT, wild type.

Statistical analysis

Data are presented as the mean * standard deviation (SD) for 3 independent
experiments unless otherwise noted. Statistical analysis was performed with
the Student ¢ test, except for nonparametric analysis that used the log-rank
(Mantel-Cox) test.

Results

A small-molecule UNC1999, and not its inactive analog
UNC2400, selectively and potently suppresses H3K27me3/2

Previously, using an in vitro methyltransferase assay, we have shown
that UNC1999 (Figure 1A) exhibits highly selective and potent
inhibition of EZH2 and EZH1 over other unrelated methyltransferases
with half-maximal inhibitory concentration (ICsg) for EZH2 and
EZH1 measured at <10 nM (Figure 1B) and 45 nM, respectively.>
UNC2400, an inactive analog compound (with ICs, of >13 000 nM),
was generated by modifying UNC1999 with 2 N-methyl groups
(Figure 1A-B). Via docking studies with the recently solved apo
structure of the EZH2 SET domain,*”*® we found that the 2 N-methyl
modifications presumably disrupt the critical hydrogen bonds formed
by UNC1999 with the side-chain carbonyl of Asn688 and the N-terminal
nitrogen of His689 of EZH2 (supplemental Figure 1A). Modifying
UNC1999 with both N-methyl groups is required to abrogate its
potency because UNC3142 and UNC1756 (supplemental Figure 1B),
2 compounds with a single N-methyl modification at either posi-
tion, merely modestly interfered with EZH2-mediated methylation
(Figure 1B).

To assess the effect of our active vs inactive compounds on the
landscape of histone modifications, we used mass spectrometry
proteomic techniques to quantify histone modification levels fol-
lowing compound treatment of a murine leukemia line established
by MLL-ENL,** a common form of MLL rearrangements.”*?” Of 55
detected histone peptides carrying the single or combinatorial mod-
ification, only peptides covering the H3 residues 27-40 were found
altered in relative abundance with fold-change of >2 following
UNC1999 vs DMSO treatment (Figure 1C, blue; supplemental
Table 1). Peptides with a single H3K27me3 or H3K27me2 mod-
ification showed the greatest decreases. H3(27-40) peptide can also
be modified by H3K36 methylation and, indeed, following UNC1999
treatment, several peptides with dual methylations of H3K27 and
H3K36 were either undetectable (H3K27me3-K36me2) or found
decreased (H3K27me3-K36mel and H3K27me2-K36me2/1)
(Figure 1C, blue; supplemental Table 1). Due to H3K27 “demethyl-
ation” by UNC1999 on these dually methylated peptides, the relative
abundance of certain peptide species bearing H3K36mel/2 (supple-
mental Figure 1C-D, see increases in blue in bar graph, UNC1999 vs
mock) was found increased accordingly (Figure 1C; supplemental
Table 1), a phenomenon also seen in cells deficient in Suz/2, an
essential subunit of PRC2 (supplemental Figure 1E, blue in bar
graph).>® Overall, global H3K36me1/2 does not show significant
change as examined by mass spectrometry (supplemental Figure 1F)
and immunoblot (supplemental Figure 1G); indeed, at the concentrations
applied to cells (<3 wM), UNC1999 had no effect on all 4 known
H3K36-specific methyltransferases (supplemental Figure 1H-K). These
findings collectively demonstrated specific targeting of PRC2 by
UNC1999. As a result, the overall percentage of H3K27me3 and
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Figure 6. ChiIP-Seq reveals UNC1999-induced loss of H3K27me3 and concurrent gain of H3K27ac in MLL-AF9-transformed leukemia progenitors. (A) Summary
of H3K27me3 peaks showing loss in the UNC1999- (red) vs mock-treated (blue) samples. X-axis indicates all H3K27me3 peaks (left) or those associated with promoters,
enhancers, or intergenic regions. (B) The fractions of H3K27me3 peaks showing reduction in ChIP-Seq signals by 1.5-fold or more in UNC1999-treated (red circle) or
UNC2400-treated (cross) samples in comparison with mock treatment. The H3K27me3 peaks and their densities shown on x-axis were first defined and then grouped by the
number of ChIP-Seq reads identified in the mock-treated sample; y-axis represents the fraction in each group of H3K27me3 peaks that show reduction by >1.5-fold in the
compound- vs mock-treated samples, after normalization of ChIP-Seq reads to the sequencing depths and peak sizes. (C) ChIP-qPCR detects H3K27me3 at the TSS of
several Hox-A genes in MLL-AF9—transformed leukemia progenitors after treatment with 3 wuM UNC2400 or UNC1999 for 4 days. ChIP signals (y-axis) were normalized to 5%
of input and presented as mean + SD. TSS of B-actin was used as negative control. *P < .05; **P < .01; ***P < .001. (D) Plot showing a global reduction in the H3K27me3
peak sizes following UNC1999 treatment (red). X-axis shows the ratios (in their Log2 values) of peak sizes following UNC1999 (red) or UNC2400 (black) treatment in
comparison with mock; y-axis shows the relative fraction of peaks at each individual ratio. The dashed vertical lines mark the mean value of peak size ratios. (E) IGB view
showing the distribution of input (black), H3K27me3 (red) and H3K27ac (blue) ChIP-Seq read densities (normalized by the ChlIP-seq read depths) at the Smoothened (Smo)
gene in MLL-AF9 leukemia progenitors after treatment with 3 uM UNC2400 or UNC1999 for 4 days. (F) Boxplots showing a significantly greater reduction of ChIP-Seq
enrichment at the non-CpG- than the CpG-contained promoter associated H3K27me3 peaks after UNC1999 treatment in comparison with mock treatment. (G) Plot showing
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H3K27me2 was reduced from 8.5% and 30.9% of total H3 in mock-
treated cells, respectively, to 1.3% and 7.1% in UNC1999-treated
cells, H3K27mel slightly altered from 45.6% to 30.7%, whereas the
nonmethylated H3K27 increased accordingly from 14.8% to 60.4%
(Figure 1D). Consistent with antagonism between PRC2 and H3K27
acetylation (H3K27ac),*® we detected significantly increased H3K27ac
after UNC1999 treatment (Figure 1C; supplemental Table 1).

None of these alterations were seen following UNC2400 treat-
ment (Figure 1C, red; supplemental Table 1). By immunoblot (Figure 1E)
and flow cytometry (Figure 1F-G; supplemental Figure 1L-N), we
verified “erasure” of H3K27me3/2 and concurrent elevation of
H3K27ac by UNC1999, its negligible effects on other histone
methylations, and undetectable effects by UNC2400. UNC1999-
mediated suppression of H3K27me3 was time- and concentration-
dependent (Figure 1F-G; supplemental Figure 1L-N). UNC1999
did not alter total levels of PRC2 (supplemental Figure 10-P) or
chromatin-bound EZH2 and EZH1 (Figure 1H), and did not af-
fect the stability or assembly of PRC2 (Figure 11), indicating that
UNC1999 acts primarily via enzymatic inhibition of EZH2 and
EZH1 on chromatin.

Taken together, UNC1999 induces potent and selective suppres-
sion of H3K27me3/2, whereas UNC2400 does not, highlighting
them as a pair of compounds useful to manipulate both PRC2-EZH2
and PRC2-EZH1.

An EZH2 and EZH1 dual inhibitor UNC1999, but not an
EZH2-selective inhibitor GSK126, effectively inhibits growth of
MLL-rearranged leukemia

Recent studies have shown that genetic disruption of both EZH2 and
EZH]1 is required to inhibit growth of MLL-rearranged leukemia,'**°
which prompted us to ask whether UNC1999 provides a unique way
for treating MLL-rearranged leukemia. First, we compared the effect
of UNC1999 to GSK126, a recently disclosed EZH2-selective in-
hibitor (with ~150-fold selectivity of EZH2 over EZH1).?? As ex-
pected, both GSK126 and UNC1999 efficiently inhibited the global
H3K27me3 in DB cells, a lymphoma line bearing the EZH27**'N
mutation,?>? as measured by both immunoblot (Figure 2A, top) and
quantitative flow cytometry (supplemental Figure 2A), and effi-
ciently suppressed DB cell proliferation (Figure 2B). However, using
3 independent MLL-AF9—transformed murine leukemia lines, we found
that only UNC1999, and not GSK126, efficiently inhibited their
H3K27me3 (Figure 2A, bottom and 2C) and suppressed cell
proliferation (Figure 2D; supplemental Figure 2B-E). MLL-AF9—
transformed murine leukemia cells coexpress EZH2 and EZH1
(supplemental Figure 2F). These data indicate uniqueness of
UNC1999 in treating cancers that rely on PRC2-EZH2 and
PRC2-EZH1 both.

Next, we applied UNC1999 to a larger panel of leukemia cell
lines. All of the 10 lines bearing MLL rearrangements including
MLL-AF9, MLL-ENL, MLL-PTD, or MLL-AF4 showed sensitivity
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to UNC1999 (Figure 2E-H; supplemental Figure 2G-I) with half-
maximal effective concentration (ECso) ranging from 102 nM to
1.96 uM (Figure 2F). Notably, multiple MLL-rearranged lines dem-
onstrated a comparable UNC1999 sensitivity to DB (Figure 2E-F).
UNC1999 did not induce nonspecific toxicity, for it did not affect
proliferation of LOUCY (Figure 2I), a T-cell acute lymphoblastic
leukemia line without detectable H3K27me3 due to EZH2 genomic
deletion*' (Figure 2J). Moreover, K562, a BCR-ABL-bearing myeloid
leukemia line, also did not respond to UNC1999 (Figure 2E-F).
UNC1999-mediated growth suppression was time-dependent and
dose-dependent (Figure 2D-H). UNC2400 had no detectable ef-
fect on cell growth (Figure 2K).

Collectively, UNC1999, an EZH2 and EZH]1 dual inhibitor, effici-
ently suppresses proliferation of MLL-rearranged leukemia cells
that coexpress EZH2 and EZH1.

UNC1999, and not UNC2400, suppresses colony-forming
abilities of MLL-rearranged leukemia cells and promotes their
differentiation and apoptosis

Wright-Giemsa staining revealed dose-dependent alterations by
UNC1999 in cell morphology from leukemic myeloblasts to dif-
ferentiated cells (Figure 3A; supplemental Figure 3A), which was
concurrent with the increased differentiation markers and decreased
c-Kit, a hematopoietic stem/progenitor marker (Figure 3B-C; sup-
plemental Figure 3B). We used serial replating assays to assess the
repopulating ability of clonogenic cells, an ex vivo indicator of
leukemia stem cells.*? Following treatment with UNC1999, and not
DMSO or UNC2400, MLL-AF9— or MLL-ENL—transformed leu-
kemia cells exhibited a dramatic reduction in the number of out-
growing colonies (Figure 3D-E) and morphologic alterations from
the primarily large and compact colonies to the small and diffuse
ones characteristic of differentiated cell clusters (Figure 3F). We
also examined cell viability and found time- and concentration-
dependent induction of apoptosis in several tested lines after treat-
ment with UNC1999, and not UNC2400 (Figure 3G-H; supplemental
Figure 3C). Taken together, UNC1999, but not UNC2400, sup-
presses growth of MLL-rearranged leukemia by inhibiting repopu-
lating ability and promoting cell differentiation and apoptosis.

Identification of UNC1999-responsive gene signatures in
MLL-rearranged leukemia

To dissect the underlying mechanisms for the UNC1999-induced
anti-leukemia effect, we performed microarray analysis with 2 in-
dependent MLL-AF9—transformed murine leukemia lines follow-
ing compound treatments. UNC1999 altered the expression of a few
hundred transcripts (Figure 4A-B; supplemental Figure 4A, supple-
mental Table 2), and consistent with the silencing role of PRC2,%
significantly more genes showed upregulation than downregulation
after UNC1999 treatment (Figure 4A-B; supplemental Figure 4A).
In contrast, UNC2400 induced little changes (Figure 4A,C;

Figure 6 (continued) the relative size of SUZ12 peaks after compound treatments. X-axis shows the ratios (in their Log2 values) of peak sizes following UNC1999 (red) or
UNC2400 (black) treatment in comparison with mock; y-axis shows the relative fraction of peaks at each individual ratio. The dashed vertical lines mark the mean value of
peak size ratios. (H) Heatmap showing the ChIP-Seq read densities of H3K27me3 (red), H3K27ac (blue), and SUZ12 (brown) across the TSS (=20 kb) of upregulated genes
following UNC1999 vs mock treatment (Figure 4A). Color represents the degree of ChIP-Seq signal enrichment, with the lowest set to white. The data indicate that a large
majority (top of the heatmaps) of the UNC1999-derepressed genes contains H3K27me3 across TSS prior to compound treatment, and following UNC1999 treatment,
H3K27me3 peaks become narrower and sharper. (I) IGB profiles showing the distribution of ChIP-Seq read densities (normalized by the ChIP-seq read depths) for input
(black), H3K27me3 (red), and H3K27ac (blue) at p16/ink4a and p19Arf. Black bars under the track of H3K27me3 (UNC1999) mark the regulatory regions showing loss or
reduction of H3K27me3 after UNC1999 treatment in comparison with mock or UNC2400. (J-K) ChIP-gPCR of H3K27me3 (J) and H3K27ac (K) across the CdknZ2a locus in
MLL-AF9-transformed leukemia progenitors after treatment with 3 .M UNC2400 (blue) or UNC1999 (red) for 4 days. The genomic organization of p16/nk4a and p19Arf and
positions of each ChIP PCR amplicon (labeled alphabetically, not drawn to scale) are depicted at the bottom of panel I. ChIP signals (y-axis) from independent experiments
were normalized to input and presented as mean * SD. *P < .05; **P < .01; ***P < .001. IGB, Integrated Genome Browser.
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supplemental Table 2), demonstrating its overall inactivity in tran-
scriptional modulation. Importantly, the transcripts upregulated by
UNC1999 largely overlapped those after knockdown of EED,
acommon cofactor of EZH2 and EZH1, demonstrating on-target effects
of UNC1999 (Figure 4D; supplemental Figure 4A-C, supplemen-
tal Table 2-3). GSEA revealed significant enrichment of PRC2-
repressed genes (Figure 4E-G) and those associated with H3K27me3
(supplemental Figure 4D-E) or myeloid differentiation (Figure
4E.H) in UNC1999- vs DMSO-treated cells. GO analysis showed
UNC1999-derepressed genes enriched with pathways related to
development, myeloid differentiation, and proliferation (supple-
mental Figure 4F), which are the hallmark of polycomb targets.**
For example, similar to EED knockdown (supplemental Table 3),
UNC1999 treatment derepressed the differentiation-associated (Epx),
proliferation-associated (Cdkn2a), and development-associated genes
(Bcllla, Ikzf2, Gatal, Tetl, Kdm5b, Smo, Fzd3), whereas expression of
all PRC2-encoding genes were unaltered (Figure 4B). By RT-qPCR,
we verified the gene expression changes following UNC1999 vs
UNC2400 treatments or after EED knockdown (Figure 41).

Taken together, treatment of MLL-rearranged leukemias with
UNC1999, an EZH2 and EZH]1 dual inhibitor, derepresses their PRC2
gene targets.

Cdkn2a reactivation is crucial for UNC1999-induced
growth suppression

We performed similar gene array analysis either with milder com-
pound treatment or with MLL-ENL—transformed leukemia cells and
identified a common UNC1999-responsive signature, which in-
cluded Cdkn2a (supplemental Table 4). We closely examined
Cdkn2a because this polycomb target encodes 2 crucial cell-cycle
regulators, pl6Ink4a and pl9Arf. UNC1999 consistently induced
reactivation of pl6Ink4a and p19Arfin multiple lines bearing MLL-
AF9 or MLL-ENL, and such derepression was concentration- and
time-dependent (Figure 5A-B; supplemental Figure 5A). Cdkn2a
reactivation was modest after 2-day treatment and dramatic 7 days
posttreatment, with >150-fold and >60-fold upregulation of p16Ink4a
and p19Arf observed in sensitive lines, respectively (Figure SA-B).
UNC1999 induced cell-cycle arrest at the Gl-to-S transition
(Figure 5C-D; supplemental Figure 5B). In contrast, UNC2400 did
not alter the expression of Cdkn2a (Figure 4C,I) or cell-cycle pro-
gression (Figure 5C-D; supplemental Figure 5B). To examine whether
UNC1999-induced phenotypes depend on Cdkn2a, we derived
several MLL-AF9—transformed leukemia lines with bone marrow
from mice deficient in pl6Ink4a and pl19Arf (supplemental
Figure 5C). Compared with their wild-type counterparts, these
pl6Ink4a™""/p19Arf~~ leukemia cells no longer responded to
UNC1999 with no detectable change in their proliferation (Figure SE)
or apoptosis (Figure SF) following treatment. Collectively, Cdkn2a
is a critical downstream mediator of UNC1999-induced growth
inhibition.

ChIP-Seq reveals UNC1999-induced local suppression of
H3K27me3 and concurrent gain of H3K27ac in
MLL-rearranged leukemia

To further dissect how UNC1999 alters the chromatin landscape of
MLL-AF9-transformed leukemia progenitors, we used ChIP-Seq to
profile distribution of H3K27me3 and its antagonizing H3K27ac.
We found a global reduction of H3K27me3 following UNC1999
treatment: ~66% of a total of 8894 H3K27me3 peaks showed
complete loss (Figure 6A) whereas 8% showed increases (>1.5-fold,
data not shown). ChIP-Seq also unveiled preferential removal of
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H3K27me3 by UNC1999 at loci containing a relatively lower level
of H3K27me3 whereas those harboring the highest H3K27me3 re-
mained generally intact (Figure 6B). For example, UNC1999 completely
“erased” a domain with lower H3K27me3 upstream of HoxAI whereas
a domain with higher H3K27me3 covering HoxA11-Al3 was un-
altered (supplemental Figure 6A red); using ChIP followed by qPCR,
we verified such site-specific “demethylation” by UNC1999 at Hox-A
genes (Figure 6C). Furthermore, H3K27me3 peaks associated with
distal nonpromoter regulatory elements, including enhancers and in-
tergenic regions, often demonstrate complete loss, whereas H3K27me3
peaks associated with proximal promoters are largely retained
(Figure 6A; supplemental Figure 6D), despite a shrinking in their
average peak size (Figure 6D) or signal reduction at peak shoulders,
as exemplified by developmental genes Smo (Figure 6E, red), Evxl,
Bcllla, and Fzd3 (supplemental Figure 6A-C, red). In addition,
we found UNC1999 preferentially affected non-CpG promoters
compared with CpG promoters (Figure 6F). We also performed
ChIP-Seq of SUZ12, an essential cofactor of EZH2 and EZH1, and
did not observe significant decreases in SUZ12 binding following
compound treatments (Figure 6G; supplemental Figure 6E), which
is consistent with our finding that UNC1999 does not affect PRC2
complex stability (Figure 1I). To correlate the transcriptome alteration
with ChIP-Seq, we examined UNC1999-derepressed genes. Indeed,
following UNC1999 vs mock or UNC2400 treatment, these genes
displayed either loss or shrinking of H3K27me3 centered on tran-
scriptional start sites (TSSs) (Figure 6H, red) and concurrent gain in
H3K27ac (Figure 6H, blue), whereas the associated SUZ12 was not
decreased (Figure 6H, brown). We then closely examined Cdkn2a, a
crucial UNC1999-responsive gene. Again, ChIP-Seq revealed
preferential “erasure” of H3K27me3 by UNC1999 at multiple
regulatory elements (Figure 61, black lines under the track of
“H3K27me3-UNC1999”) of pl6Ink4a or p19Arf without altering
Cdkn2a-associated SUZ12 (supplemental Figure 6F); TSS-associated
H3K27ac was significantly increased (Figure 61, blue). By
ChIP-qPCR, we verified site-specific decreases in H3K27me3
(Figure 6J) and increases in H3K27ac (Figure 6K) across Cdkn2a
after UNC1999 vs UNC2400 treatment.

Collectively, UNC1999, but not UNC2400, preferentially “erases”
H3K27me3 associated with distal regulatory regions such as en-
hancers and reshapes the landscape of H3K27me3 vs H3K27ac at
proximal promoters in MLL-AF9—transformed leukemia cells, lead-
ing to gene derepression.

UNC1999 prolongs survival of an MLL-AF9-induced murine
leukemia model in vivo

We generated murine leukemia with MLL-AF9 followed by bone
marrow transplantation of primary tumors to syngeneic recipients,
which developed aggressive leukemia with a consistent latency of
20 to 35 days (Figure 7A, blue). To examine the effect of UNC1999
on in vivo leukemogenesis, we administered either vehicle or 50 mg/kg
UNC1999 by oral gavage to mice twice per day and starting from
7 days posttransplantation when the white blood cell (WBC) counts
in peripheral blood started to accumulate when compared with
nonengrafted controls. We then monitored leukemia progression
by periodic assessment of peripheral blood samples and found
that, despite steady accumulation of WBCs in both vehicle- and
UNC1999-treated cohorts, UNC1999-treated animals displayed sig-
nificant reduction in WBC counts (Figure 7B-D), indicating a
delayed leukemic progression. Indeed, UNC1999-treated leuke-
mic mice exhibited a significantly prolonged survival, with a latency
of 36.6 = 11.7 days in contrast to 24 * 6.7 days for vehicle-treated
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Figure 7. UNC1999 prolongs survival of MLL-AF9-induced murine leukemia models in vivo. (A) Kaplan-Meier curve showing leukemia kinetics after transplantation of
MLL-AF9-induced primary murine leukemia into syngeneic mice. Starting from day 7 posttransplantation, mice received oral administration of either vehicle (blue) or 50 mg/kg
UNC1999 (red) twice per day. Black lines (top) represent nontransplanted normal mice treated with vehicle or UNC1999. Cohort size, 6 to 7 mice. (B) Typical Wright-Giemsa
staining images of the peripheral blood smears prepared from the vehicle- (top) and UNC1999-treated (bottom) leukemia mice 25 days posttransplantation. (C-E) Summary of
counts of the WBCs (C), neutrophils (D), and RBCs (E) in the peripheral blood of vehicle- (white) or UNC1999-treated (black) leukemia mice at the indicated date
posttransplantation. *P < .05; **P < .01; ***P < .001. (F) Summary of H3K27me3 levels in cells isolated from bone marrow or spleen of vehicle- (LV) and UNC1999-treated (LT)
leukemia mice as quantified by flow cytometry. *P < .05; **P < .01. (G) Fold-change in p16ink4a and p19Arf gene expression in cells isolated from bone marrow or spleen of the
UNC1999-treated (black) leukemia mice in comparison with vehicle-treated (white). *P < .05; **P < .01. (H-) Summary of cell-cycle status of cells isolated from bone marrow (H) or
spleen (1) of vehicle- (white) and UNC1999-treated (black) leukemia mice 25 days posttransplantation. *P < .05; **P < .01. (J) Flow cytometry (performed 25 days posttransplantation)
detects leukemia cells (labeled by bicistronic GFP expression in x-axis) and their c-Kit expression (y-axis) in the bone marrow or spleen after treating mice with either vehicle or 50 mg/kg
UNC1999. (K) Comparison of sizes of lymph nodes isolated from the MLL-AF9—induced leukemia mice after treatment with either vehicle or 50 mg/kg UNC1999. BM, bone marrow;
GFP, green fluorescent protein; LT, UNC1999-treated leukemia mice; LV, vehicle-treated leukemia mice; RBC, red blood cell; SP, spleen.

mice (Figure 7A, P = .0033). UNC1999 treatment did not affect cells (labeled by bicistronic GFP expression) or c-Kit—positive
the counts of red blood cells (Figure 7E) or platelets (supplemen-  leukemia progenitors (c-Kit"/GFP™) in bone marrow and spleen
tal Figure 7A). We closely examined leukemia cells collected (Figure 7J; supplemental Figure 7C-D). Furthermore, the size of
from moribund mice. Compared with vehicle, UNC1999 treatment  lymph nodes was significantly smaller in UNC1999- vs vehicle-
significantly decreased H3K27me3 in cells isolated from bone treated mice (Figure 7K); both cohorts showed similar severity of
marrow and spleen (Figure 7F), significantly elevated their p/6Ink4a  splenomegaly.

or pl9Arf expression (Figure 7G), and caused the G1-to-S cell- Collectively, oral administration of UNC1999 delays MLL-AF9—
cycle arrest (Figure 7H-I; supplemental Figure 7B). UNC1999 induced leukemogenicity in vivo and our EZH2 and EZH1 dual in-
treatment also significantly reduced the total number of leukemia  hibitor provides a new therapeutics for MLL-rearranged leukemia.
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Discussion

Our study represents the first to show specific enzymatic inhibition of
EZH2 and EZH]1 by oral delivery of a small-molecule compound as
a promising therapeutic intervention for MLL-rearranged leukemia,
a genetically defined malignancy with poor prognosis. Previously,
several methods were reported to disrupt PRC2 function in cancer.
3-Deazaneplanocin A (DZNep), an inhibitor of S-adenosylhomocysteine
hydrolase that depletes PRC2 via an unclear mechanism,** dem-
onstrated a tumor-suppressive effect in cancers including MLL-
rearranged leukemia*’; however, increasing evidence has indicated
that DZNep lacks specificity.*®*’ Inhibitors highly selective to
EZH2?'"% or to EZH2 and EZH1?**® have been discovered, some of
which demonstrated early success in treating EZH2-mutated lymphoma®
and SNF5-inactivated malignant rhabdoid tumors.*® Furthermore,
a hydrocarbon-stapled peptide (SAH-EZH2) has recently been de-
veloped to disrupt interaction of EED with EZH2 and EZH1, leading
to degradation of PRC2.%° Prior to our study, an orally bioavailable
inhibitor of PRC2 remains to be established in both in vitro and in
vivo settings to treat cancer that relies on PRC2-EZH2 and PRC2-
EZHI1 both. Here, we used a series of proteomics, genomics, and
leukemogenic approaches to show that UNC1999, an EZH?2 and
EZH1 dual inhibitor, suppresses growth of MLL-rearranged leukemia
ex vivo and in vivo, whereas an EZH2-selective inhibitor GSK126
failed to efficiently inhibit H3K27me3 or proliferation of MLL-
rearranged leukemia cells. Our translational tool may represent novel
therapeutics for cancer types that coexpress EZH2 and EZH].

UNC1999-responsive genes largely overlapped the defined PRC2
targets. Derepression of PRC2 target genes associates with sup-
pression of H3K27me3 and concurrent gain in H3K27ac. Unlike
DZNep** or SAH-EZH2,%° UNC1999 does not degrade PRC2 and,
thus, the UNC1999-derepressed genes are likely to be silenced by
PRC?2 via its methyltransferase activity per se, and not via silencing
factors recruited by PRC2. This difference may partly explain why
a subset of genes were upregulated by EED knockdown and not by
UNC1999 (Figure 4D). We also show that deletion of Cdkn2a largely
reversed the UNC1999-induced antiproliferation effect in vitro,
suggesting that the status of CDKN2A might be a useful predictor
for drug resistance vs efficacy of PRC2 inhibitors. It would be also
interesting to investigate into the status of CDKN2A among certain
non-MLL-rearranged myeloid malignancies and T-cell acute lym-
phoblastic leukemia where PRC2 inactivation occurs due to the
damaging mutation of EZH2, EED, or SUZ12.%"-> Furthermore, we
demonstrated overall inactivity of an analog compound UNC2400
in modulation of H3K27me3 or gene expression, making it an ideal
chemical control for UNC1999. Thus, this study provides the first
detailed molecular characterization of a pair of active vs inactive
small-molecule compounds suitable for studying EZH2 and EZH1 in
the in vitro and in vivo settings.

Mechanistically, UNC1999 preferentially “erases” H3K27me3
peaks associated with distal regulatory elements such as enhancers
and remodels the landscape of H3K27me3 vs H3K27ac at proxi-
mal promoters and TSSs. We speculate that the local concentration
and/or composition of PRC2 and associated factors may influence
the efficacy of UNC1999, as we observed a higher level of SUZ12
at TSS where H3K27me3 tends to be retained following UNC1999
treatment (Figure 6H). However, the causal relationship remains
to be defined. Furthermore, we noticed that UNC1999 had a
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weaker effect in vivo and only modestly delayed MLL-AF9—induced
leukemogenesis. Partial in vivo efficacy has previously been seen
for specific inhibitors of BRD4™*** and DOTIL.> Further opti-
mization of potency, selectivity, and drug metabolism and phar-
macokinetics are needed to enhance their in vivo antitumor effect.
With accumulating evidence demonstrating a general “druggability”
of many cancer-associated epigenetic “writers,” “erasers,” and “read-
ers,”! development of epigenetic modulators shall provide novel
therapeutic interventions in the near future.
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Distinctive patterns of chromatin modification control gene expression and define
cellular identity during development and cell differentiation. Polycomb repressive complex
2 (PRC2), the sole mammalian enzymatic complex capable of establishing gene-repressive
high-degree methylation of histone H3 at lysine 27 (H3K27), plays crucial roles in regulation
of normal and malignant hematopoiesis. Recently, increasing evidence has indicated that
recurrent gain-of-function mutation and overexpression of EZH2, the catalytic subunit of
PRC2, drive and promote malignant transformation such as B-cell lymphomagenesis,
providing a rationale for PRC2 inhibition as a novel anticancer strategy. Here, we summarize
the recently developed strategies for inhibition of PRC2, which include a series of highly spe-
cific, highly potent, small-molecule inhibitors of EZH2 and EZH1, an EZH2-related methyl-
transferase. PRC2 establishes functional crosstalk with numerous epigenetic machineries
during dynamic regulation of gene transcription. Perturbation of such functional crosstalk
caused by genetic events observed in various hematologic cancers, such as inactivation of
SNF5 and somatic mutation of UTX, confers PRC2 dependence, thus rendering an increased
sensitivity to PRC2 inhibition. We discuss our current understanding of EZH2 somatic muta-
tions frequently found in B-cell lymphomas and recurrent mutations in various other
epigenetic regulators as novel molecular predictors and determinants of PRC2 sensitivity.
As recent advances have indicated a critical developmental or tumor-suppressive role
for PRC2 and EZH2 in various tissue types, we discuss concerns over potentially toxic or
even adverse effects associated with EZH2/1 inhibition in certain biological contexts or on
cancer genetic background. Collectively, inhibition of PRC2 catalytic activity has emerged
as a promising therapeutic intervention for the precise treatment of a range of genetically
defined hematologic malignancies and can be potentially applied to a broader spectrum of
human cancers that bear similar genetic and epigenetic characteristics. Copyright © 2015
ISEH - International Society for Experimental Hematology. Published by Elsevier Inc.

Chromatin modification provides a fundamental means for
regulating DNA accessibility in a wide range of DNA-
templated processes such as gene transcription and DNA
damage repair [1]. At the very least, the regulatory mecha-
nisms for defining distinctive chromatin states include DNA
methylation [2], posttranslational modification of histones
[3], ATP-dependent chromatin remodeling [4], and utility
of histone variants [5]. Deregulation of these chromatin reg-
ulatory mechanisms is directly involved in oncogenesis,
including hematopoietic malignancies [3.4,6-9].
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Polycomb repressive complex 2 (PRC2) probably repre-
sents the only enzymatic machinery capable of catalyzing
the high-level methylation of histone H3 at lysine 27
(H3K27me3/2) in mammalian cells [10,11]. H3K27 trime-
thylation (H3K27me3) strongly associates with transcrip-
tional repression [10,11]. Extensive studies have indicated
that PRC2 and, by extension, H3K27me3 play critical roles
in cell fate determination during development including
hematopoietic lineage specification [12-15]. Biochemi-
cally, PRC2 uses either enhancer of zeste homologue 2
(EZH2) or a related homolog (EZH1) as the catalytic
subunit, and other core components such as EED and
SUZ12 are requisite for forming a stable and enzymatically
active methyltransferase complex [10,11]. The DNA- and
histone-binding properties harbored by PRC2 core compo-
nents [10,11] and several PRC2-associated proteins [16-20]
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or noncoding RNAs [21] have been found to regulate
PRC2’s target specificity and mediate its chromatin associ-
ation and/or spreading on chromatin. Hyperactivation of
PRC2 caused by mutation or overexpression of EZH2 has
been identified as a frequent genetic event among B-cell
lymphomas [22-24]. In the next sections, we focus on
our current understanding of the lymphoma-associated
EZH2 mutations and recent exciting advances in devel-
oping EZH?2/1-specific inhibitors as a novel molecularly
targeted therapy. Because of the high degree of crosstalk
between PRC2 and other chromatin regulatory machineries,
we also cover recent findings of novel molecular determi-
nants yielding sensitivity to PRC2 inhibition and discuss
the potential applications for small-molecule PRC2 inhibi-
tors as therapies in several genetically defined hematologic
cancers.

Lymphoma-associated gain-of-function mutation of
EZH2

During germinal-center (GC) B-cell development, EZH2
exhibits a dynamic expression pattern: it is massively
upregulated when B cells undergo rapid proliferation and
immunoglobulin affinity maturation on immune activation,
and decreased after completion of these processes [14,25],
suggesting a key role for EZH2 in GC development.
EZH2 is expressed in a wide range of B-cell neoplasms
including Burkitt’s lymphoma, mantle cell lymphomas
(MCLs), follicular lymphoma (FL), and diffuse large
B-cell lymphomas (DLBCLs) [26,27]. It is upregulated
in MCLs as compared with the normal tissue counterparts
from which the lymphoma derived [28]. EZH2 deregula-
tion indeed associates with B-cell lymphomagenesis
[26], with its expression levels positively correlated with
aggressiveness and unfavorable prognosis [29,30]. The
importance of PRC2 in lymphomagenesis is further
strengthened by the recent identification of recurrent, het-
erozygous missense mutations of EZH2 in B-cell lym-
phomas of GC origin such as DLBCLs and FLs. These
mutations specifically target the catalytic SET domain of
EZH2. The most prevalent is a point mutation of the
Tyr641 residue found mutated to either Asn, Phe, Cys,
Ser, or His (Fig. 1A, the numeration of EZH2 amino acids
based on a short isoform [NCBI Accession No.
Q15910.2]) in ~10%-20% of DLBCLs and FLs
[22,31,32]; two other rare EZH2 mutations, A677G and
A687V (Fig. 1A), were reported in about ~1%-3% of
B-cell lymphoma cases [23,31-33].

Biochemically, lymphoma-associated EZH2 mutations
alter substrate specificity of the PRC2 complex
[31,34,35]. EZH2 can induce mono-, di-, and trimethylation
of H3K27 (i.e., H3K27mel/2/3), with H3K27me3/2 most
strongly associated with gene silencing. Kinetic studies
in vitro indicate that PRC2 complexes assembled by the
wild-type EZH2 (i.e., PRC2-EZH2VT) have the greatest
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Figure 1. Gain-of-function EZH2 mutations affect substrate specificity of
the PRC2 complex. (A) Depiction of EZH2 and EZH1 domain structure
with the site of gain-of-function mutations (either the hotspot Y641 muta-
tion, A667G, or A687V) in the catalytic SET domain of EZH2 highlighted
with a yellow asterisk. (B) Wild-type EZH2 is more efficient at catalyzing
the turnover of H3K27me0O and H3K27mel than H3K27me2 (shown in
inset, black line). Y64IN (blue bars) and A677G (green bars) exhibit
the opposite trend. A687V (purple bars) is equipotent at catalyzing the
turnover of H3K27mel and H3K27me2, relative to WT EZH2.
WT = wild-type.

catalytic efficiency for converting nonmethylated H3K27
(H3K27me0) to monomethylated H3K27 (H3K27mel)
and exhibit diminished efficiency for subsequent
(H3K27mel to H3K27me2 and H3K27me2 to
H3K27me3) reactions [31,34,35] (Fig. 1B, inset). In
contrast, PRC2 complexes bearing a lymphoma-associated
EZH2 Tyr641 hotspot mutation such as Y64IN (i.e.,
PRC2-EZH2Y%*!N) display very limited ability to methylate
nonmethylated H3K27, but once H3K27 is monomethy-
lated, they can catalyze the turnover of H3K27mel to
H3K27me2 and, then, much more rapidly catalyze the
H3K27me2-to-H3K27me3 reaction [31,34,35] (Fig. 1B,
blue bars). The enzymatic differences between PRC2-
EZH2"T and PRC2-EZH2Y**'N require cooperation to pro-
duce the abnormally high level of H3K27me3 seen in the
lymphoma cells [31,34,35]; a similar phenomenon was
observed for other Tyr641 mutations such as Y641F
[31,34,35]. Two other rare EZH2 SET domain mutations,
A677G and A687V (Fig. 1A), also affect the substrate spec-
ificity of PRC2; however, they have kinetic properties that
differ from those of the Y641 mutants [31,32,36,37]. For
example, the A677G mutation leads to a form of EZH2
that is capable of efficiently methylating all the H3K27
substrates (Fig. 1B, green bars). Contrarily, the A687V
mutation yields a PRC2 complex that is equipotent at
methylating H3K27mel and H3K27me2, but like
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Figure 2. Mechanistic insights into substrate selectivity of EZH2 mutants. (A) Wild-type EZH2 uses Y641 to control the methylation state of H3K27 by
maintaining a hydrogen bond (dotted line, 2.9 A) with the dimethylated substrate (green). SAH (purple), the methylation product of cofactor SAM, and
the SAM-competitive EZH2 inhibitor UNC1999 (light blue) are also included in the model to illustrate their overlapped binding sites. (B) Mutation to
Y641N enlarges the pocket and reduces the propensity for a hydrogen bond between the asparagine and H3K27me?2 (dotted line, 5.6 A), promoting trime-
thylation of H3K27. (C) Mutation of A677 to the smaller glycine residue (A677G) leads to a slight conformational change, enlarging the pocket and weak-
ening the hydrogen bond between Y641 and H3K27me2 (dotted line, 4.2 A), which enhances the ability of EZH2%776 (o trimethylate H3K27. (D) Mutation
of A687 to valine (A687V) leads to a similar conformational change, which leads to a slightly larger pocket, and reduces the strength of the hydrogen bond
between Y641 and H3K27me?2 (dotted line, 3.2 A). SAM = S-adenosylmethionine.

PRC2-EZH2Y%*!N is incapable of methylating H3K27me0
[31,32,36,37] (Fig. 1B, purple bars). Collectively,
lymphoma-associated mutations of EZH2 are gain-of-
function mutations and induce PRC2 hyperactivity through
distinct molecular mechanisms, leading to a globally
elevated H3K27me3 phenotype seen in patient-derived
lymphoma cells [26]. The reduced ability to methylate
H3K27me0 by EZH?2 bearing the hotspot mutation provides
an explanation for the exclusively heterozygous mutation
pattern observed in lymphoma patients [22,31,32]. A poten-
tially additional aspect of this “cooperative” model is exis-
tence of EZH1 in vivo, to which we believe the model can
be extended. In the future, generation of a murine EZH2
Y641-mutated knockin model that faithfully recapitulates
the human disease would be very useful for proving the
“cooperative” model genetically.

Homology modeling [31,34] and the recently solved apo
structure of the EZH2 SET domain [38,39] have provided
mechanistic insights into the aforementioned trends in sub-
strate specificity that was seen with the EZH2 gain-of-
function mutants. Y641 is believed to be important for
both recognizing and limiting the H3K27 methylation
states. Specifically, the e-amino lysine nitrogen of the
H3K27 substrate is within proximity of the phenolic
oxygen of Y641 to create a hydrogen bond (Fig. 2A, dashed
line, 2.9 A) [31,34]. This hydrogen bond is maintained
through successive steps of mono- and dimethylation and
is believed to be part of the reason EZH2WT prefers to
stop methylation with an H3K27me2 product [31]. The
functional relevance of this hydrogen bond is manifold
[31]: first, it is important for engaging H3K27me0 as sub-
strate, because all Y641 mutants possess little catalytic
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activity with unmethylated substrates (Fig. 1B,
H3K27me0); second, Y641 helps create a constrained
“pocket” that reduces the ability of H3K27me?2 to rotate
and accept a third methyl group from the methyl donor
(Fig. 2A). A mutation that results in a smaller amino acid
at the Y641 position, such as EZH2YOIN (Fig. 2B), changes
both the hydrogen bonding ability and local geometry of
the substrate-binding pocket. EZH2Y**'N is not as profi-
cient at hydrogen bonding with H3K27, because the
mutated N641 form is no longer within the acceptable
range to form a hydrogen bond [31] (Fig. 2B, dashed
line, 5.6 A). Furthermore, as the pocket dimensions change,
the dimethylated lysine of the H3K27me2 substrate is able
to rotate more freely, which accelerates the transfer of an
additional methyl group. Similar effects were observed
for other EZH2 Y641 mutations (Y641 to F, C, S, or H),
but the most drastic effects were seen with EZH2Y64!N [31].

Structural modeling also provided an explanation for the
altered substrate preference associated with the EZH2
A677G and A687V mutations. A677 and A687 are two res-
idues that surround the substrate recognition groove and
appear to play no direct role in substrate recognition
(Fig. 2C, D); however, their mutation leads to a change in
geometry of the substrate binding groove, which alters
the kinetics of the corresponding PRC2 complex. This
change in geometry has two effects on substrate recognition
[31,37]: first, both mutations result in a slightly larger
pocket, which allows for more rotation of the lysine resi-
due; second, the phenolic oxygen of Y641 is shifted further
away from H3K27, resulting in a less stable hydrogen bond,
which reduces the ability of EZH2 to recognize the methyl-
ation state (Fig. 2C and D, 3.2 Aand4.2 A). Because of the
smaller effect on pocket dimensions seen in the A677G and
A687V mutants, they are less effective in generating
H3K27me3 than Y64IN mutants (Fig. 1B, H3K27me2
bars) [31], but EZH2%77C is as effective as EZH2WT at
methylating H3K27meO (Fig. 1B, green bars). A recent
electron microscopy analysis of PRC2 complexes has indi-
cated that the EZH2 SET domain can form intracomplex in-
teractions with other PRC2 components [40]. Therefore,
further investigations aimed at solving the structural details
of PRC2 complexes will allow a better understanding of
PRC2/EZH2 enzymology and its lymphoma-associated
mutations.

Development of PRC2 inhibitors

As EZH2 overexpression is frequently found in various
human cancers [3], EZH2 and PRC2 are proposed as attrac-
tive drug targets for cancer therapy, which has inspired
several pharmaceutical companies to endeavor on high-
throughput screening campaigns for inhibitors of EZH2. In-
dependent efforts by Epizyme, GlaxoSmithKline (GSK),
and Novartis have revealed a structurally similar,
cofactor-competitive, small molecule, which potently sup-

presses EZH2-catalyzed H3K27me3 [41-47] (Table 1).
These independent hits were then optimized via traditional
medicinal chemistry to enhance the drug-likeness of these
compounds.

The first two published EZH2 inhibitors are
EPZ005687 [42] and GSKI126 [41] (Table 1), which
potently inhibit wild-type and lymphoma-associated mu-
tants of EZH2 and are highly selective for EZH2 over a
range of unrelated methyltransferases.  Although
EPZ005687 from Epizyme was not suitable for in vivo
studies, it was an essential tool compound for target vali-
dation and overall study of EZH2 biology. GSK126 from
GSK exhibited in vivo potency via intraperitoneal adminis-
tration [41]. These compounds share very similar pharma-
cophoric features and are fairly selective for EZH2 versus
EZH1, the only EZH2-related enzyme (50- to 150-fold
selectivity [Table 1]), indicating the high specificity of
these compounds. Soon after the disclosure of GSK126,
GSK343 was published with similar potency against
EZH2, and differs from GSK126 in that it contains an in-
dazole core and several different substitutions such as the
piperazine-substituted pyridine (Table 1). Ell (Table 1) is
a compound that was optimized from a hit of a high-
throughput screening campaign at Novartis [43] and has
structural features and selectivity similar to those of
EPZ005687 and GSK126, but did not have any in vivo ac-
tivity. UNC1999 (Table 1) represents the first orally
bioavailable inhibitor of EZH2 and is the most panactive
EZH2/1 inhibitor to date [44]. UNC1999 is similar in
structure to GSK343, differing only in the substitution of
the pyridine and the capping group of the piperazine.
However, this small modification has a large effect on
the pharmacokinetic properties of the compound and
EZH2/1 selectivity. EZH1 compensates the function of
EZH2 [48,49] and emerges as a regulator of hematopoietic
neoplasms [50,51]. This EZH2/1 panactivity poses a po-
tential advantage for UNC1999 in cancer cells that rely
on both EZH enzymes such as MLL-rearranged acute leu-
kemia. Epizyme also released an orally bioavailable deriv-
ative of EPZ005687—EPZ-6438 [45] (Table 1). Unlike
previously published compounds that contain a bicyclic
core, EPZ-6438 has a phenyl core. The only non-
pyridone-containing inhibitor of EZH2 is Constellation
Pharmaceuticals compound 3 (Table 1) [46]. This com-
pound is not suitable for in vivo studies and has about
tenfold selectivity for EZH2 versus EZHI1. All of these
inhibitors exhibit high potency and high selectivity toward
wild-type EZH2 and its lymphoma-associated mutant
forms [41-47] (Table 1). In addition, enzymology assays
revealed that all of the EZH2/1 inhibitors block EZH2
enzymatic activity through a cofactor S-adenosylmethio-
nine (SAM)-competitive mechanism (Fig. 2A; inhibitor
in purple overlapped with SAM shown in cyan), rather
than disruption of PRC2 complex formation or alteration
of PRC2 protein stability.
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Table 1. Structures of the disclosed small-molecule inhibitors of EZH2, as well as their activity against EZH2, either wild-type (WT) or mutant, and
EZH1"

In vitro activity, ICsy (nmol/L)"

Orally Fold selectivity
Compound Structure WT Y641IN A677G  A687TV EZH1 In vivo activity?  bioavailable? for EZH2
EPZ005687 o N 54 41 10 ND 2713 No No 50
. L
U GRS
GSK126 10 29 24 441 680 Yes No 150
GSK343 i 4 ND ND ND 240 No No 60
,° Nl
Oy N X
SN 3
K/N 1 = N
N __# )\
Ell o B 9 ND ND ND 1340 No No 140
o AT
ee
s
UNC1999 o i 10 46 ND ND 45 Yes Yes 5
PN
| X r:
o
N
\r
EPZ6438 el 11 38 2 2 392 Yes Yes 35
0 O N>
e A
0’
Constellation 21 197 ND ND 213 No No 10
Compound 3 2 /@2
X
N
N~ 1l

ND = not determined.

“Compounds appear in the order they were disclosed in the literature. All compounds except Constellation compound 3 bear a dimethylpyridone motif that is
requisite for activity. Additionally, all compounds remain active against EZH2 gain-of-function mutants tested and are fairly selective for EZH2 over EZH1,
with UNC1999 displaying the most EZH1 inhibition. GSK126 exhibited the first activity in vivo, and UNC1999 was the first EZH2/1 inhibitor to exhibit oral
bioavailability.

°ICs, values were calculated on the basis of the Cheng—Prusoff equation for competitive inhibitors.
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Figure 3. EZH2 gain-of-function mutations in driving B-cell lymphomagenesis. H3K27me3 and H3K4me3 often coexist at multiple genomic loci in
germinal-center B cells, rendering these genes in a repressive but poised status. EZH2 gain-of-function mutants reinforce H3K27me3 occupancy and repres-
sion of the “bivalent genes” that are crucial for antiproliferation (such as CDKN2A) or terminal differentiation (such as PRDM1, IRF4, and BLIMP), pro-

moting hyperplasia or cancerous transformation of germinal-center B cells.

Targeting EZH2 hyperactivity for B-cell lymphoma
therapy

Recent studies have indicated that acquisition of EZH2
gain-of-function mutations indeed perturbs normal B-cell
development and promotes lymphomagenesis in animal
models [14,15,53,54]. Mechanistically, EZH2 gain-of-
function mutations cause increased H3K27me3 occupancy
and transcriptional repression of critical genes associated
with B-cell differentiation, such as BLIMPI, IRF4, and
PRDM]1, as well as the cell cycle regulator genes CDKN2A
and CDKNIA/IB [14,15,53,54] (Fig. 3). Thus, lymphoma-
associated EZH2 mutations are supposed to reinforce B
cells at an immature and proliferative state and represent
ideal molecular targets. Indeed, early success has been
achieved using highly selective EZH2 inhibitors for treat-
ment of GC-cell lymphomas bearing EZH2 gain-of-
function mutations [15,41-47]. Studies with GSK126
[41], EPZ005687, and EPZ-6438 [42,55] indicate their
preferential effectiveness in suppressing growth of EZH2-
mutated lymphomas in comparison to those with wild-
type EZH2. However, B-cell studies performed in DLBCLs
[15], MCLs, and Burkitt’s lymphoma [47,56] indicate that
overexpression of EZH2 may confer a similar PRC2 addic-
tion, arguing a general sensitivity to EZH2 inhibitors
regardless of EZH2 mutations. Besides cell-based studies,
early success with EZH2-selective inhibitors in vivo was
also achieved in treatment of xenografted DLBCL models
in which GSK126 was well tolerated [41]. It remains to
be evaluated by several ongoing clinical studies whether
the selective PRC2 inhibitors can provide clinical benefits
to lymphoma patients. It is, however, noteworthy that the
first two patients reported as responders in a recent Epi-
zyme clinical trial are actually EZH2 wild type, with a
mediastinal B-cell lymphoma patient reportedly bearing
no germinal center features [57]. These unexpected findings
raise questions regarding what genetic markers in these

responder cases render sensitivity to EZH?2 inhibitors clin-
ically or which of the molecular response predictors identi-
fied in preclinical mouse and cell line studies will actually
translate to the clinic.

Collectively, PRC2 inhibition represents a promising
way to treat B-cell lymphomas, especially those DLBCLs,
FLs, and MCLs that exhibit PRC2 dependency because of
EZH?2 somatic mutation or overexpression.

Crosstalk between PRC2 and other chromatin
regulatory pathways
Evidence from different cellular and organismal systems
has revealed complex crosstalk between PRC2 and other
chromatin machineries. PRC2 activity is influenced by a
myriad of cooperative and antagonistic interactions, allow-
ing dynamic regulation of PRC2 target genes and the land-
scape of H3K27me3. It can be anticipated that certain
genetic events during cancer development may affect these
crosstalk and genetic interactions, thus conferring a “syn-
thetic” or collateral sensitivity to PRC2 or EZH2 blockade.
Several mechanisms were found to reverse or interfere
with PRC2 enzymatic activity (Fig. 4). While PRC2 estab-
lishes or “writes” H3K27me3 on chromatin, the KDM6
family of H3K27 demethylases such as UTX removes or
“erases” the mark by converting H3K27me3 to the low-
or unmethylated H3K27 [58]. Furthermore, catalysis of
H3K27me3 is influenced by the surrounding chromatin
environment, such as the existence of other histone modifi-
cations [59,60] and nucleosomal density [61]. Methylation
of histone H3 Lys 4 (H3K4me) and methylation of histone
H3 Lys 36 (H3K36me) are two prominent histone marks
that demarcate the promoter and gene body regions, respec-
tively, of actively transcribed genes [3,62]. Pre-existence of
H3K4me3 or H3K36me2/3 on nucleosomes directly in-
hibits enzymatic activities of PRC2 [59,60]. In addition,
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mediated repression. Genetic alterations that affect such a myriad of epigenetic factors (red stars) are identified as the recurrent event in various hematopoietic

malignancies, causing global or focal perturbation of PRC2 activity and H3K27me3 and thereby rendering cancer cells sensitive to PRC2 inhibition.

because a single lysine cannot be simultaneously modified
by methylation and acetylation at the e-amino group, acet-
ylation of H3K27 (H3K27ac) by histone acetyltransferases
such as p300 and CBP also strongly suppresses addition of
H3K27me3 by PRC2 [63,64]. Thus, the existence of active
histone marks (H3K4me3, H3K36me3/2, H3K27ac) and
associated enzymatic machineries directly inhibits PRC2-
mediated H3K27me3 establishment (Fig. 4).

Furthermore, genetic studies in Drosophila have re-
vealed that the SWI/SNF family of chromatin remodeling
complexes antagonizes PRC2 (Fig. 4): mutation of
SWI/SNF suppressed developmental defects caused by mu-
tation of PRC2 homologues in flies [65]. Although the
exact underlying mechanism remains unclear, SWI/SNF
remodeling complexes modify DNA accessibility and
nucleosomal density [66], a factor known to influence
PRC2 enzymatic activity [61]. It has been hypothesized
that interplay between SWI/SNF and PRC2 complexes de-
fines a dynamic balance of the chromatin state [67].

Factors also exist that cooperate with PRC2 and promote
its function (Fig. 4). For instance, PRC2 physically inter-
acts with the histone deacetylases HDACI1-3 [68], which
remove the acetyl group from H3K27ac and thus make
the lysine available for methylation by PRC2. PRC2 also
associates with de novo DNA methyltransferases [69],

and it was reported that H3K27me3 and PRC2 targets are
positively correlated to DNA methylation [11,69-71].

Taken together, mounting data have indicated that PRC2
activity and functional outcomes are regulated by additional
chromatin contexts. Epigenetic factors that influence PRC2
activity or catalytic outcomes such as UTX [72,73] and
MMSET/NSD?2 [74,75] were recurrently found mutated in
a range of hematopoietic malignancies. We therefore antic-
ipate that these genetic lesions may potentially affect PRC2
and confer tumor cell sensitivity to PRC2 inhibition. In the
next sections, we summarize recent studies that have indi-
cated PRC2 inhibition as a promising therapeutic option
in several genetically defined hematologic malignancies.
These studies have expanded the potential applications of
PRC?2 inhibitors and will improve the personalized medi-
cine and treatment of hematologic cancers in future.

Genetic lesions that confer PRC2 dependence and
sensitivity to PRC2 inhibition

UTX mutation

UTX (also known as KDMO6A) is a ubiquitously expressed
H3K27 demethylase that antagonizes PRC2 in gene regula-
tion and development [76-78]. Localized on the X
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chromosome, UTX is one of a limited number of genes
known to escape X inactivation in females [79]. Somatic
mutations of UTX were frequently identified in a range of
tumors including hematologic cancers such as multiple
myeloma (MM), acute lymphoblastic leukemia (ALL),
and myeloid leukemia [72,73,80-83] (Fig. 5A). These
UTX mutations are often loss-of-function gene deletions,
truncations and frameshifts, or missense mutations found
centered in a hotspot region within the demethylase enzy-
matic domain [72,80,81]. UTX mutations coexist with the
hyperactivation mutation of NOTCHI, one of the most
common lesions associated with T-cell ALLs (T-ALLs)
[80]. Deletion of UTX significantly accelerated tumor pro-
gression in a NOTCHI mutation-induced T-ALL model
[80], whereas restoration of UTX expression in UTX-
mutated T-ALL cell lines induced apoptosis and suppressed
tumor growth [81]. These observations support a bona fide
tumor-suppressive role for UTX. Although UTX deficiency
did not change the global levels of H3K27me3 or
H3K4me3, it caused a genomewide redistribution of

H3K27me3 [72,80,81]. In the NOTCHI mutation-induced
T-ALL model, loss of Utx aberrantly repressed several
putative tumor suppressors such as Pcgf2 and Lzzs2, which
is concurrent with gain in H3K27me3 at their promoters
[80] (Fig. 5A). Conversely, gene derepression after UTX
restoration in UTX-null tumor lines was associated with a
decrease in H3K27me3 occupancy at target genes [72,80],
demonstrating direct involvement of UTX-mediated deme-
thylation in dynamic control of critical gene expression and
malignant transformation. Considering the aberrant
H3K27me3 accumulation and accompanying gene repres-
sion at critical location upon UTX mutation, it is reasonable
to postulate that UTX-mutated leukemia and lymphoma
would be more sensitive to PRC2 inhibition. Indeed, van
der Meulen et al. have recently reported that UTX-mutated
T-ALL lines are more sensitive to DZNep, a nonspecific
methyltransferase inhibitor that causes EZH2 degradation,
than UTX wild-type T-ALL lines, despite the similar reduc-
tion in H3K27me3 seen in tested lines after compound
treatment [80]. Similarly, Ezponda et al. recently reported
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Figure 5. Genetic mutations found in hematopoietic malignancies confer on cancer cells sensitivity to PRC2 or EZH?2 inhibition. (A) Although they do not
affect the global H3K27me3 level, UTX inactivating mutations cause focal H3K27me3 enrichment in genes involved in antiproliferation and cell adhesion to
promote cancerous transformation. *denotes mutation of the labeled gene found in hematological cancers. (B) Biallelic inactivation of a core component of
the SWI/SNF chromatin remodeling complex, SNF5 (also known as SMARCBI), enhances PRC2-mediated suppression of antiproliferation and lineage dif-
ferentiation signature genes; other subunits of the SWI/SNF complex also function as tumor suppressors and their mutations in malignancies may confer a
similar PRC2 dependence. Similarly, PRC2 is also required for acute leukemia caused by MLL rearrangements such as MLL-AF9. In addition to leukemia
stem cell programs, MLL-AF9 oncoproteins directly promote expression of EZH2. PRC2 complexes assembled by both EZH2 and EZH1 repress myeloid
differentiation and antiproliferation programs to promote acute leukemogenicity. (C) Because of the abnormal chromosomal translocation or gain-of-function
somatic mutation (E1099K) found in multiple myeloma patients, hyperactivation of MMSET/NSD2 causes a global increase in H3K36me2 and decrease in
H3K27me3. However, H3K27me3 is maintained and even enriched at certain critical regions protected by CTCF, an insulator factor. Focal enrichment of
EZH2 leads to an enhanced suppression of lymphoid signatures and miR126, a negative regulator of c-MYC, thus enhancing tumorigenesis. (D) Loss-of-
function mutation of W71 induces a DNA hypermethylation phenotype in patients with acute myeloid leukemia (AML). Methylated genes found specific
to WT'l-mutated AMLs largely overlap with PRC2 gene targets such as myeloid maturation signatures, indicating cooperation between DNMTs and
PRC2. WT/-mutated AMLs exhibit sensitivity to PRC2 inhibition.
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that GSK343 (Table 1) is more effective in treating UTX-
mutant MM lines in comparison to the UTX-wild-type lines
[84]. These findings provide rationale for treating UTX-
mutated hematopoietic tumors with the more specific
PRC?2 inhibitors.

Loss-of-function mutation of the SWI/SNF complex

The mammalian SWI/SNF complex is an ATP-dependent
chromatin remodeling complex that is critical for regulating
cell differentiation and proliferation [85]. Loss-of-function
mutations that “hit” various components of the SWI/SNF
complex have been reported in nearly 20% of human can-
cers, including hematologic cancers, indicating its tumor
suppressive role [86,87] (Figs. 4 [stars] and 5B). SNFS5 is
the first subunit of SWI/SNF functionally linked to PRC2
deregulation during tumorigenesis [88]. Biallelic inactiva-
tion of SNF5 exists in a majority of human malignant rhab-
doid tumors (MRTs) [89,90] and sporadic cases of T-cell
malignancies [91]. Conditional inactivation of Saf5 in
mouse peripheral T cells causes completely penetrant
CD8+ T-cell lymphomas [88]. It has been found that
Snf5 mutation drives tumor progression by disrupting
several key pathways related to tumor suppression, differ-
entiation, and cell cycle progression [66]. The mechanisms
that underlie functional antagonisms between SNF5 and
PRC2 are manifold: first, SNF5 directly downregulates
EZH2 gene expression in tumor cells [88]; in addition,
the SWI/SNF complex restricts the recruitment and/or
spreading of PRC2 at its critical target genes such as the
tumor-suppressive locus p/6™%* and numerous lineage
differentiation genes [67,88]. PRC2-mediated repression
of p16™%* is counteracted by SNF5, and occupancy of
H3K27me3 was elevated at pl6™5* in SNF5-deficient
lymphomas [67,88]; restoration of SNF5 in MRT cells
caused eviction of polycomb proteins and loss of
H3K27me3 at the pl6™%* gene, as well as concomitant
increased occupancy of transactivators, leading to its
elevated transcription [67] (Fig. 5B). A similar phenome-
non was seen at differentiation genes in these SNF5-defi-
cient lymphomas [88]. Therefore, in tumors carrying
SNF5 deficiency such as T-cell lymphomas, PRC2 com-
plexes abnormally enforce repression of genes critical for
tumor suppression and cell differentiation, keeping cancer
cells in a proliferative, undifferentiated state. Indeed,
knockdown or deletion of EZH?2 in the SNF5-deficient cells
reversed pl6™5* repression [88]. These findings indicate
PRC2 dependence in SNF5-deficient cancers. A recent
study found that blockade of PRC2 activity by an EZH2 in-
hibitor specifically suppressed growth of SNF5-deleted and
not wild-type MRTs, by inducing apoptosis and cell differ-
entiation in the mutant MRTs [45]. As mutations of other
SWI/SNF complex components such as BRG1, ARIDIA,
and PBRM1 (Figs. 4 and 5B, stars) were found in various
cancers and are generally less well understood, it would

be intriguing to examine if these mutations also confer
SWI/SNF loss-of-function and, thus, PRC2/EZH2 depen-
dence. Indeed, two recent studies have reported that
BRGI-mutated non—small-cell lung cancer (NSCLC) cells
[92] and ARID1A-mutated ovarian cancer cells [93] exhibit
sensitivity to GSK126 (Table 1), an EZH2-selective inhib-
itor, in comparison to cancer cells without such a lesion.
Hematopoietic cancers bearing the similar mutations might
be equally sensitive to PRC2 inhibition.

MLL gene rearrangement

The mammalian mixed lineage leukemia (MLL) gene en-
codes an H3K4-specific methyltransferase [3,94]. Rear-
rangement of MLL is responsible for ~70% of infant
acute myeloid, lymphoid, or mixed-lineage leukemias and
~T7%-10% of adult cases [94]. Acute leukemia with
MLL rearrangement has a poor prognosis with low survival
rates, highlighting the need for novel molecularly targeted
interventions [95,96]. It has been found that MLL fusion
oncoproteins produced by MLL gene rearrangements recruit
epigenetic factors and/or transcriptional elongation-
promoting complexes such as DOTIL and bromodomain
proteins (BRD4) to enforce abnormal activation of onco-
genes such as HOX, MEISI, and c-MYC [3,94-96]. In
addition, studies have also found that MLL fusion oncopro-
teins are recruited to the promoter of EZH2 and promote its
transcription [97] (Fig. 5B), indicating a role for PRC2 in
MLL-rearranged leukemia. Indeed, several works have
found that PRC2 acts in parallel with MLL rearrangements
by controlling a distinctive program to sustain leukemoge-
nicity [50,51,98]. In detail, PRC2 directly represses genes
that are critical for myeloid differentiation such as EGRI,
as well as genes that limit proliferation and self-renewal
of hematopoietic cells such as CDKN2A [50,51,98]. In
addition, EZH2 was also found to physically interact with
C/EBPua, a differentiation-promoting transcription factor,
and repressed the C/EBPa-mediated prodifferentiation pro-
gram [97]. In the MLL-rearranged acute leukemia, both
EZH? and EZH] are expressed and compensate one another
to promote acute leukemogenesis [50,51]. Disruption of
both enzymes is required to inhibit growth of leukemia car-
rying MLL-AF9, a common form of MLL rearrangements
[50,51]. UNC1999, the most panactive inhibitor of both
EZH1 and EZH2 to date (Table 1), indeed demonstrated a
unique growth-suppressing effect on a panel of MLL-
rearranged leukemia cells in vitro by inhibiting their repo-
pulating ability and promoting cell differentiation and
apoptosis, whereas GSK126, the EZH2-selective inhibitor
with much less activity against EZH1 (Table 1), failed to
efficiently inhibit H3K27me3 or suppress proliferation of
MLL-rearranged leukemia cells [52]. Genomic profiling
by ChIP-seq revealed the molecular events following
PRC2 enzymatic inhibition: UNC1999 preferentially
“erases” H3K27me3 associated with distal regulatory
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elements such as enhancers and remodels the landscape of
H3K27me3 versus H3K27ac at proximal promoters,
leading to derepression of numerous PRC2 target genes
that include CDKN2A and development/differentiation-
related genes [52]. Oral administration of UNC1999 pro-
longed survival of a well-defined murine leukemia model
bearing MLL-AF9, a common form of MLL rearrangement
[52]. Therefore, the targeting of both PRC2-EZH2 and
PRC2-EZH1 with small-molecule compounds such as
UNC1999 represents a new way of treating MLL-rear-
ranged leukemia; a similar tumor-suppressing phenomenon
was also observed in MLL-rearranged leukemia using a
hydrocarbon-stapled peptide recently developed to disrupt
physical interactions of EZH2 and EZH1 with its cofactor
EED, which leads to the proteasome-mediated degradation
of PRC2 complexes [99].

Translocation and activating mutation of MMSET/

NSD2

MMSET (also known as NSD2 or WHSC1) is a histone
methyltransferase that catalyzes dimethylation of histone
H3 at lysine 36 (H3K36me?2), a histone modification asso-
ciated with transcriptional initiation and/or elongation
[100]. Reciprocal t(4;14) translocation, which results in
MMSET fusion to the immunoglobulin heavy chain locus
and, hence, overexpression of MMSET, was reported in
15%-20% of multiple myeloma patients [101]. This genetic
event is believed to drive tumorigenesis of myeloma and is
associated with lower survival rates of myeloma patients
[102—105]. Consistently, a recurrent gain-of-function muta-
tion of MMSET (E1099 K) was also identified in a subset of
ALL patients [74,75] and specifically targets the catalytic
SET domain of MMSET. In both cases, the activated
MMSET reprograms the landscape of histone modifica-
tions, inducing a global increase in H3K36me2 and concur-
rent decrease in H3K27me3, caused by the antagonistic
effect of H3K36me2 on PRC2 and, thus, H3K27 methyl-
ation (Figs. 4 and 5C) [74,106,107]. However, despite a
genomewide net loss of H3K27me3, this silencing mark
is maintained and even enriched further at certain specific
loci [106]. Motif analysis suggested that CTCF, a known
genome organizer and insulator, is likely to be responsible
for preventing these PRC2/H3K27me3 domains from the
intrusion of MMSET [106]. This study indicates that
although the hyperactivated MMSET restricts the binding
and activity of PRC2 at H3K36me2-demarcated loci, it
also induces a collateral effect at putative “CTCF-pro-
tected” loci because the free pool of PRC2 has nowhere
else to bind [106]. As a result, the latter loci end up with
enhanced PRC2 binding and a concomitant elevated level
of H3K27me3, leading to abnormal repression of the
embedded genes [106] (Fig. 5C). Further genomic profiling
revealed that genes embedded within the retained PRC2
domains include the GC B cell-associated gene signatures,
as well as critical microRNAs such as miR-126, a negative

regulator of ¢-MYC [106] (Fig. 5C), suggesting a critical
role for certain newly acquired PRC2-binding sites in
promotion of growth and aggressiveness of myeloma cells
with MMSET hyperactivation. Indeed, myeloma cells car-
rying t(4;14) MMSET translocations exhibit more sensi-
tivity to GSK343 (Table 1) than t(4;14)-negative
myeloma cells [106]. GSK343 treatment also led to
elevated miR-126 levels and concomitant decreased MYC
levels. Therefore, although additional studies need to be
carried out, PRC2 inhibitors represent a promising thera-
peutic agent for treatment of myeloma patients with
MMSET hyperactivity.

Inactivating mutations of WT1

The Wilms’ tumor 1 (WTI) gene encodes a sequence-
specific zinc finger transcription factor that was originally
identified as a tumor suppressor in Wilms’ tumor, a rare
kidney cancer [108]. WT1 has been linked to regulation
of critical differentiation genes in various biological pro-
cesses, particularly nephrogenesis and hematopoiesis
[109]. Heterozygous somatic mutations of W'/ were iden-
tified in approximately 10% of cases of acute myeloid leu-
kemia (AML), with the hotspot mutations centered within
the DNA-binding zinc finger domains [110,111]. These
loss-of-function mutations of WT! correlate with poor
prognosis and chemotherapy resistance in AML patients,
but the role of WT1 and oncogenic mechanisms that under-
lie WT'I-mutated AMLs is unclear [111]. Recent studies
have linked WT'I mutations to regulation of DNA methyl-
ation [112-114] (Figs. 4 and 5D). WT1 physically interacts
with the methylcytosine dioxygenases TET2 and TET3,
and serves as one of the mechanisms responsible for
recruitment of TET2/3 to target loci (Fig. 4), where TET
proteins mediate DNA demethylation via conversion of 5-
methylcytosine (5 mC) to S-hydroxymethylcytosine
(5hmC) and subsequent oxidative derivatives [112,113]. In-
activated mutants of WT1 in AMLs lack the critical DNA
binding domains, leading to a DNA hypermethylation
phenotype in the affected AMLs [112-114]. Indeed, intro-
duction of mutant WT'I into WTI-wild-type AML cells is
sufficient in inducing DNA hypermethylation, indicating a
causal role for W7/ mutation in regulating DNA methyl-
ation [114]. Intriguingly, the DNA hypermethlylated loci
were found enriched with signature of known PRC2 targets
such as differentiation genes [114], indicating cooperation
between DNA hypermethylation and PRC2 (Fig. 5D).
Consistently, the mutant and not wild-type WT1 blocked
myeloid differentiation of hematopoietic stem cells [114].
Moreover, EZH2 is significantly overexpressed in WTI-
mutated AMLs compared with WTI[-wild-type cases
[114] (Fig. 5D). EZH2 knockdown or its blockade with
the inhibitor GSK126 promoted myeloid differentiation in
AML cells carrying WT1 mutations [114]. These studies
have provided rationale for using EZH?2 inhibitors in the
treatment of WT'/-mutated AMLs.
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Potential adverse, side, and toxic effects of PRC2 or
EZH2 inhibition

Despite enthusiasm shared by the community for EZH2/1
inhibitors as a future cancer therapy, recent studies have
raised concerns over the potentially side, toxic, or even
adverse effects caused by PRC2/EZH?2 blockade.

First, in contrast to the oncogenic function of PRC2 and
EZH2 described above, inactivating mutation of EZH2 and
other PRC2 components has emerged as a recurrent theme
in a range of human cancers, which demonstrates a dichot-
omous role for PRC2 in different biological contexts and
raises concerns over PRC2 and EZH2 inhibition in clinical
treatment. Specifically, various damaging mutations, such
as biallelic deletion and missense, frameshifting, or trunca-
tion mutations, that “hit” either the PRC2 core component
(EZH2, EED, and SUZI12) [115-117] or cofactor genes
(JARID2 [118] and ASXL1 [119]) are recurrent in a range
of myeloid neoplasms such as myelodysplastic syndromes
(MDSs), primary myelofibrosis (PMF), myeloproliferative
neoplasms (MPNs), and chronic myelomonocytic leukemia
(CMML); similar PRC2-inactivating somatic mutations also
occur frequently among human T-ALL [120-122] and solid
tumors such as malignant peripheral nerve sheath tumors
(MPNSTs) [123-126]. These PRC2-inactivating mutations
are associated with adverse prognostic outcomes of MDS
and PMF patients [127]. The tumor-suppressive role of
PRC?2 has been verified with several murine cancer models:
deletion of Ezh2 alone in hematopoietic systems is sufficient
to cause spontaneous T-ALL with an average latency of
150 days in mice [122]; Ezh2 loss also led to development
of an MDS/MPN-like phenotype following serial bone
marrow transplantation [128]; loss of PRC2 caused aberrant
gene transcription programs and significantly enhanced
in vivo tumorigenesis driven by mutant RAS signaling
[123-126]. These recent findings have collectively indicated
that EZH2 and PRC2 act as bona fide tumor suppressors in
certain cell lineages or biological contexts.

In addition, EZH2/1 or PRC2 was also reported to be
important in normal development. In particular, EZH] is
documented as a crucial factor in maintaining the self-
renewal capacity of adult HSCs by protecting them from
senescence [13]; similar developmental roles for EZH2 or
EZH1 were reported as well in other tissue-specific stem
and progenitor cells [129,130]. A dual EZH2 and EZH1 in-
hibitor may therefore cause greater toxicity by impairing
normal functions of the PRC2 assembled by both enzymes.

Collectively, these recent advances have urged the field
to re-evaluate the clinical application of PRC2 and EZH?2
inhibitors with more caution. A safe therapeutic window
needs to be determined to eradicate cancer cells over gen-
eration of the unwanted toxic or even adverse effect during
treatment. Furthermore, efforts are required to explore the
cancer genetic backgrounds that define either beneficial or
adverse effects of PRC2/EZH?2 inhibition. Indeed, a recent
study of NSCLCs indicated that usage of EZH?2 inhibitors

can cause differential or even opposite effects among
NSCLC patients carrying different genetic backgrounds:
although EZH?2 inhibition sensitizes the BRGI-mutated
NSCLC:s to etoposide, a topoisomerase II inhibitor, and im-
proves cancer treatment, the same EZH?2 inhibitor causes an
opposite effect by conferring BRGI wild-type NSCLC
resistance on topoisomerase II inhibitors [92].

Combination therapy and drug resistance

PRC?2 inhibitors can be potentially used with other Food
and Drug Administration-approved agents, either sequen-
tially or in a combinational therapeutic strategy, to further
enhance their therapeutic value. Indeed, pretreatment with
EZH?2 inhibitor sensitized BRGI-mutated NSCLCs to the
topoisomerase II inhibitors, and dual treatment with
EZH2 and topoisomerase II inhibitors provided synergy
in reversing oncogenicity [92]. A similar and dramatic
synergistic antitumor effect was observed when combining
EZH2 inhibitors with Food and Drug Administration-
approved glucocorticoid receptor agonists such as prednis-
olone and dexamethasone in the treatment of lymphomas,
regardless of EZH2 mutation status [131]. However, the
molecular basis for these described synergistic effects re-
mains unclear. Use of a PRC2 inhibitor in combination
therapy with other developed agents, for example, inhibitor
of histone deacetylase, will also be explored (Fig. 4),
because PRC2 and histone deacetylase are known to
interact physically in their coordinated action in mediating
gene silencing [26].

In addition, it is probably not of a total surprise that
tumor cells may develop strategies such as the acquired
additional mutations that confer resistance to EZH2/1 in-
hibitors, because clinically relevant and inhibitor-resistant
mutations were found during treatment with inhibitors of
oncogenic kinase such as BCR-ABL [132] and B-RAF
[133]. Indeed, a very recent cell line—based study identified
the two missense mutations of EZH?2 that affect compound
binding and therefore confer resistance to several tested
EZH2 inhibitors [134]. One of such acquired mutations,
Y661D, occurs cis in the EZH2 Y641-mutated allele and
is in the vicinity of the SAM pocket where these inhibitors
are believed to bind (Fig. 2A); however, the other mutation,
YI1IL, is found in the wild-type EZH2 allele, thus
providing additional support for the model of cooperativity
between wild-type and mutant EZH2 enzymes. The fact
that Y111L is far from the SAM-binding pocket (located
between the EED-binding domain and the SANT domain)
suggests a long-range interaction potentially via formation
of a high-order PRC2 complex for mediating regulation
or formation of an active methyltransferase domain of
EZH?2. Research is required to learn the structural details
of EZH2/1 inhibitors bound to EZH?2 or the PRC2 complex,
which will enable the rational design of new strategies for
inhibiting the inhibitor-resistant mutations that tumors can
acquire during treatment.
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Conclusions

Therapeutic targeting of PRC2 initially emerged from
studies reporting that overexpression or hyperactive muta-
tion of EZH?2 can initiate, promote, or maintain oncogen-
esis. The already developed small-molecule inhibitors of
PRC2 or EZH2/1 have achieved early success in the labo-
ratory and are currently under clinical evaluation for the
treatment of germinal-center B-cell lymphomas bearing
EZH? mutations, which account for about 15%-20% of
all cases. Studies have revealed the genetic interaction
and functional crosstalk (either cooperative or antagonistic)
of PRC2 with a variety of other chromatin modifiers and
epigenetic regulators such as SWI/SNF, UTX, and
MMSET. Somatic mutations that affect these epigenetic
factors have been identified as a recurrent genetic event
in a range of hematopoietic malignancies, which cause a
collateral dependence of PRC2 and an increased sensitivity
to pharmacologic inhibition of PRC2 or EZH2. In addition,
increasing evidence has started to reveal the PRC2-
independent roles of EZH?2/1 in various cancer and biolog-
ical contexts [135-137], and further investigations shall be
extended to studies of their nonhistone substrates [138] an-
d/or noncanonical gene-activation roles [139,140]. Thus,
we expect to see an increasing list of such PRC2 or
EZH2 dependencies in the future. For example, the tri-
thorax group proteins, such as the MLL family of H3K4-
specific methyltransferases and histone acetyltransferases
CBP/p300, are known to antagonize PRC2 (Fig. 4) [3],
and inactivating somatic mutations of MLL2, MLL4, CBP,
and p300 are frequent in lymphomas [23,24,141]. In addi-
tion to EZH2 gain-of-function mutations, identification of
collateral PRC2 or EZH2 dependency in various hemato-
poietic malignancies has expanded the potential application
of the already developed PRC2 inhibitors and will promote
the precision medicine and personalized therapy. However,
considering the fact that PRC2 or EZH2 has a tumor-
suppressive role with loss-of-function mutations recurrently
identified in various human cancers, we need to avoid treat-
ing cancer patients with certain genetic lesions and back-
grounds with EZH2 or PRC2 inhibitors because such
blockade could accelerate cancer progression, as reported
in recent studies [92,123-126]. Although ongoing efforts
continue to optimize the pharmacokinetic and pharmacody-
namic properties of the currently existing PRC2 and EZH2/
1 inhibitors, as well as development of second-generation
inhibitors to target additional mutations of EZH2 that
tumors acquire to produce inhibitor resistance, we remain
optimistic and excited about their future clinical applica-
tions in hematologic cancer, as well as a broader spectrum
of human cancers being unraveled to show PRC2 depen-
dency and, thus, PRC2 inhibitor sensitivity.
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Acute myeloid leukemia (AML), a common hematological cancer of myeloid lineage cells,
generally exhibits poor prognosis in the clinic and demands new treatment options.
Recently, direct sequencing of samples from human AMLs and pre-leukemic diseases
has unveiled their mutational landscapes and significantly advanced the molecular under-
standing of AML pathogenesis. The newly identified recurrent mutations frequently “hit”
genes encoding epigenetic modulators, a wide range of chromatin-modifying enzymes
and regulatory factors involved in gene expression regulation, supporting aberration
of chromatin structure and epigenetic modification as a main oncogenic mechanism
and cancer-initiating event. Increasing body of evidence demonstrates that chromatin
modification aberrations underlying the formation of blood cancer can be reversed by
pharmacological targeting of the responsible epigenetic modulators, thus providing
new mechanism-based treatment strategies. Here, we summarize recent advances
in development of small-molecule inhibitors specific to chromatin factors and their
potential applications in the treatment of genetically defined AMLs. These compounds
selectively inhibit various subclasses of “epigenetic writers” (such as histone methyl-
transferases MLL/KMT2A, GOA/KMT1C, EZH2/KMT6A, DOT1L/KMT4, and PRMT1),
“epigenetic readers” (such as BRD4 and plant homeodomain finger proteins), and “epi-
genetic erasers” (such as histone demethylases LSD1/KDM1A and JMJD2C/KDMA4C).
We also discuss about the molecular mechanisms underpinning therapeutic effect of
these epigenetic compounds in AML and favor their potential usage for combinational
therapy and treatment of pre-leukemia diseases.

Keywords: epigenetic modulator, small-molecule inhibitors, acute myeloid leukemia, bromodomain, MLL, EZH2,
DNMT3A, DOT1L

INTRODUCTION

Epigenetic modifications, including DNA methylation and a myriad of post-translational modifica-
tions of the DNA-packaging histone proteins, represent a fundamental means for regulating gene
expression and other DNA-templated processes (1-4). These modifications of DNA or histones
are increasingly appreciated to be dynamically regulated by epigenetic modulators, a broad class of
proteins that consist of “epigenetic writer” enzymes catalyzing chromatin modification, “epigenetic
eraser’ enzymes removing the modification, “epigenetic readers” or “effectors” recognizing the
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modification to elicit biological consequences, and various other
cellular regulators that indirectly influence the level or readout
of epigenetic modification (2, 5). While the dynamic regulation
of epigenetic modification enables cells to adapt and function
differently in response to developmental and environmental
cues, their mis-regulation often perturbs gene expression and
cellular function leading to pathogenesis of human disease such
as cancer. Indeed, recent deep sequencing of human cancer
patient samples has identified novel recurrent mutations in
genes encoding a wide range of epigenetic modulators and even
histones themselves (6-9).

Acute myeloid leukemia (AML), a common malignancy of
myeloid-lineage precursor cells in the blood, is characterized by
two hallmarks, uncontrolled cell proliferation and impaired dif-
ferentiation. Previously, progression and characteristics of AML
were linked to several key pathways (10, 11), including inactiva-
tion of tumor suppressors [such as TP53 and Wilm’s Tumor-1
(WT1)], gain-of-function mutation of oncogenic kinases (such
as FLT3, NRAS, and KRAS), and stem cell transcription factors
(TFs) [such as rearrangement and/or overexpression of HOX
cluster genes and their cofactors such as MEIS1 (12-14)], as
well as inactivating mutation of differentiation-promoting
TFs (such as PU.1 and CEBP/a). Recently, deep sequencing
of samples from human patients with AML and pre-leukemia
diseases such as myelodysplastic syndrome (MDS) and clonal
hematopoiesis of indeterminate potential (CHIP) addition-
ally revealed frequent somatic mutations of genes involved in
epigenetic modulation or RNA splicing (11, 15-26). Among
the various affected epigenetic pathway genes include the
DNA (cytosine-5)-methyltransferase 3 A (DNMT3A, a DNA
methylation “writer”), Tet Methylcytosine dioxygenase 2 (TET2,
a DNA methylation “eraser” or demethylase), Enhancer of zeste
homolog 2 [EZH2/KMTG6A, a “writer” mediating methylation of
histone H3, Lys27 (H3K27)], Additional Sex Combs Like 1 and
2 (ASXL1 and ASXL2, an EZH2-associated cofactor family),
the Cohesin complex (SMC3-SMC1-RAD21-STAG) genes, and
Isocitrate Dehydrogenase 1 and 2 (IDH1 and IDH2). These newly
identified somatic mutations of DNA/chromatin modifiers and
structural organizers are in agreement with previous karyotyp-
ing/FISH-based analyses of AML patients, which already identi-
fied recurrent chromosomal translocation or abnormality of
genes encoding various members of epigenetic “writers” (MLL/
KMT2A, NSD1/KMT3B, NSD3/WHSCI1L1/KMT3F) (27-31),
“erasers” (JARID1A/KDM5A) (32, 33), and “readers” (PHF23)
(32, 34). Importantly, mutations of DNMT3A, TET2, IDHI/2,
or ASXLI were frequently detected among apparently healthy
individuals with clonal hematopoiesis or CHIP (22, 24, 35, 36)
and in AML patients who received complete disease remission
after chemotherapy (26, 35, 37-39), supporting the pivotal roles
of epigenetic deregulation in initiation, clonal evolution and
relapse of AMLs.

In contrast to significant advances in molecular appreciation
of human AMLIs mutational landscape and putative “driving”
pathways, chemotherapy remains as the frontline treatment for
most AML patients, with an exception of all-trans retinoic acid
(ATRA) used as targeted therapy of the acute promyelocytic
leukemia (APL) subtype. AML patients still suffer from low

overall survival and a high rate of recurrence, demanding new
treatments to be developed. Recent studies of AML and other
tumors have increasingly shown that genetic lesion of epigenetic
modulator often induces a subsequent chain reaction leading
to aberrations in chromatin modification/remodeling, gene-
expression program, and cellular states during tumorigenesis
(2, 5, 29, 40-43). Thus, pharmacologic targeting of epigenetic
players responsible for the above chromatin/gene mis-regulation
shall represent new mechanism-based strategies for therapeutic
intervention. This review aims to summarize recent advances in
specific inhibition of histone-modifying enzymes and regula-
tory proteins as potential AML therapeutics, with the already
discovered inhibitors sub-grouped into the categories targeting
either the “writing,” “reading,” or “erasing” function of epigenetic
modulators (Table 1).

TARGETING CHROMATIN “WRITERS”

MLL Inhibitors (MLLi)

The Mixed-Lineage Leukemia gene (MLL/MLLI/KMT2A)
encodes one of the KMT2 family of methyltransferase enzymes
that contain multiple structural domains, including a C-terminal
SET domain catalyzing methylation of histone H3, Lys4
(H3K4) (44-46). MLL rearrangement and translocation, which
typically affect one allele, are responsible for about 70% of
infant leukemias and 5-10% of childhood and adult AML cases
(28, 29). Often, the leukemia-associated MLL gene rearrange-
ment produces the MLL fusion oncoprotein that loses MLLs
C-terminal SET domain and gains a partial sequence from its
fusion partner such as AF4, AF9, AF10, or ENL, which recruits
the DOT1L-associated transcription elongation complexes.
MLL fusion oncoproteins still retain MLLs N-terminal domains,
which mediate chromatin association and interaction with
functional cofactors such as Menin. Previously, the remaining
wild-type MLL allele in cancer cells was shown to be critical
for leukemogenesis induced by MLL fusion (47); however, a
recent study reported that MLL2/KMT2B, another trithorax
family methyltransferase that is most closely related to MLL/
KMT2A (48), sustains growth of MLL-rearranged leukemia and
represents a more relevant drug target (49). While the transcrip-
tion elongation activity acquired by MLL fusion remains as an
attractive targeting strategy (see the section of DOT1Li), these
studies have justified development of MLL1/2 inhibitors (MLLi)
for the treatment of MLL-rearranged leukemias.

Using the structure-guided design, Cao et al. developed an
MLLi termed MM-401 (Figure 1A, left and Table 1) to disrupt
direct interaction of MLL1 with WDR5, a cofactor associated
with the SET domain of MLL/KMT2 enzymes, and thus inhibit
MLL1’s methylase or “writer” function (50). In vitro biochemical
assays showed that MM-401 specifically targets WDR5 interac-
tion to MLL1, and not other MLL/KMT2 family enzymes.
Treatment with MM-401 blocked proliferation and induced
myeloid differentiation of MLL-rearranged leukemia cells while
not significantly affecting normal blood stem/progenitor cells
(50). A recent study reported that MLL2 represents a more rel-
evant therapeutic target in a range of MLL-rearranged leukemia
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TABLE 1 | Epigenetic therapies in acute myeloid leukemia (AML): targets, compounds, and clinical development.

Targets Role in epigenetic regulation = Representative compounds Indications Clinical development
Writers
MLL protein complex H3K4 methyltransferase MM-401 MLL-rearranged AML Preclinical
MIV-6R?
MI-5032
G9A H3K9 methyltransferase UNCO0648 HOXA9-overexpressed AML Preclinical
EZH2 H3K27 methyltransferase GSK126 MLL-rearranged AML Preclinical
UNC1999
EPZ005687
Tazemetostat
DOT1L H3K79 methyltransferase SGC0946 MLL-rearranged AML, and others Phase |
EPZ-5676
PRMTA H4R3 methyltransferase AMI-408 MLL-EEN/GAS7, MOZ-TIF2 and AML1-  Preclinical
ETO AML
Readers
Bromodomain proteins  Histone acetylation readers JQ1 MLL-rearranged AML, and others Phase | and Phase |l
[-BET151
I-BED762
CPI-0610 OTX015
TEN-01
FT-1101
GSK525762
NUP98-PHF23 or H3K4me3 readers Disulfiram AMLs with NUP98-PHF23 or Preclinical
NUP98-JARID1A NUP98-JARID1A
Erasers
Histone deacetylases Histone deacetylases Vorinostat AML Phase | and Phase Il for
Romidepsin AML; FDA approved for
Panobinostat T cell ymphoma and
Givinostat multiple myeloma
Mocetinostat
Ricolinostat
AR-42
CUDC-907
LSD1 H3K4 demethylase GSK2879552 MLL-rearranged AML, and others Phase |
ORY-1001
KDM4C H3K9 demethylase SD70 MLL-EEN/GAS7 and MOZ-TIF2 AML Preclinical

aMLL/Menin inhibitor is likely to act through inhibiting MLL fusion and not wild-type MLL proteins and probably should not be listed among the “writer” inhibitor category.

models and that MLL2 and MLLLI collaborate to maintain onco-
genesis via regulating distinctive gene-expression pathways (49).
Therefore, dual inhibitors of MLL2 and MLL1 or a specific one
against MLL2 need to be developed and may provide a more
effective treatment strategy.

Menin, a cofactor associated with the N-terminal region of
both MLL fusion and wild-type MLL1/2 proteins, is required
for MLL- and MLL fusion-mediated target gene activation and
for leukemic transformation caused by MLL rearrangement
(51-55). Menin is required for association and/or recruitment
of MLL and MLL fusion proteins to their gene targets and
represents a validated drug target of MLL-rearranged leukemia.
Recently, through high-throughput screening and structure-
based development, a series of MLLi, including MIV-6R (56),
MI-463, and MI-503 (57), were discovered and optimized to
disrupt MLL-Menin interaction, with some achieving in vitro
inhibition in the nanomole range (Figure 1A, right; Table 1).
These MLL-Menin inhibitors efficiently suppressed growth of
MLL-rearranged leukemia cells in vitro/vivo and did not affect
that of non-MLL-rearranged leukemias. Treatment with these

MLLi led to down-regulation of gene-expression programs
enforced by MLL fusion, such as HOXA9 and MEIS], in the leu-
kemia cells. The effect of MLL-Menin inhibitors on steady-state
normal hematopoiesis appears to be small (57), suggesting that
their anti-leukemia effect is mainly through inhibiting Menin
interaction to MLL fusion and not wild-type MLL1 proteins. For
this reason, MLL-Menin inhibitors should not be categorized as
the “writer” inhibitor. However, it is worthy noting that, besides
MLL1/KMT2A, Menin also interacts with MLL2/KMT2B
through conserved interfaces (46, 51, 53). It remains to be deter-
mined whether the above MLLI also targets MLL2, a recently
validated oncoprotein that sustains MLL-rearranged leukemias
(49). For convenience, we decide to list the MLL-Menin inhibi-
tors as MLLi and “writer” inhibitors (Table 1).

G9A Inhibitors (G9Ai)

Euchromatic histone lysine methyltransferase 2 (EHMT2, also
known as G9A/KMTIC) encodes a methyltransferase that cata-
lyzes mono/di-methylation of histone H3, Lys9 (H3K9mel/2),
a histone modification correlated with gene silencing. Knockout
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FIGURE 1 | Continued

Pharmacological inhibition of the epigenetic “writers,” “readers,” or “erasers” responsible for deregulation of chromatin modification and gene expression in AMLs.
(A) In leukemias with MLL rearrangement (MLL-r), protein complexes assembled by the wild-type MLL and aberrant MLL fusion proteins induce H3K4me3 and
H3K79me2, respectively, to cooperatively mediate activation of MLL targets such as “stemness” genes HOXA9 and MEIS1. Inhibitor of MLL (MLLI) disrupts physical
association of MLL (MLL1 or MLL2) and MLL-fusion to its interacting partner, either WDR5 (left) or Menin (right), thereby preventing target gene activation and AML
development. (B) HOXA9, a transcription factor (TF) found overexpressed in ~50-70% of AML patients, promotes leukemogenesis partly through recruiting G9A,
an H3K9me1/2-specific “writer” enzyme, to suppress gene-expression programs crucial for myeloid differentiation. Inhibitor of G9A (G9OAI) targets this differentiation-
arrest mechanism in AMLs with HOXA9 overexpression. (C) In AMLs, treatment with inhibitor of EZH2 and/or EZH1 (EZHi) results in suppression of H3K27me3 and
de-repression of polycomb repressive complex 2 (PRC2) target genes, which include tumor suppressor genes (such as CDKN2A/B) and myeloid differentiation-
associated genes. (D) Left panel: in MLL-rearranged leukemias, MLL fusion partners such as AF9 and ENL recruit DOT1L, an H3K79me2-specific “writer” enzyme,
to maintain high expression of target genes such as MEIST and HOXA9. Right panel: in normal-karyotype AMLs with DNMT3A mutation, focal decrease of DNA
methylation (i.e., hypo-methylation) results in increase of histone acetylation (K-ac) and binding of the YEAST domain-containing K-ac “reader” proteins AF9 and
ENL, which subsequently recruit DOT1L to promote H3K79me2 and transcriptional activation/elongation of “stemness” genes. In both genetically defined AML
subtypes, inhibitor of DOT1L (DOT1Li) blocks the above oncogenic program and leukemia progression. (E) In leukemias with aberrant fusion of MLL or MOZ-TIF2,
PRMT1, an H4R3-specific methyltransferase/“writer,” and KDM4C, an H3K9-specific demethylase/“eraser,” are recruited by leukemic fusion oncoproteins to
modulate histone methylation and promote target gene activation. Blockage of PRMT1 or KDM4C provides a new treatment strategy. (F) In AMLs, inhibitor of
bromodomain (BRD)-containing K-ac “readers” (BRDi) selectively blocks interaction of bromodomain proteins (BRD4 and related BRD2/3) with K-ac and represses
expression of vital oncogenes such as MYC and BCL2, thus suppressing leukemic growth. (G) In AML patients, aberrant rearrangement of the gene encoding the
H3K4me3-“reading” proteins JARID1A/KDM5A and PHF23 produces the leukemogenic fusion protein NUP98-JARID1A and NUP98-PHF23, respectively, which rely
on their H3K4me3-“reading” plant homeodomain (PHD) finger domains to maintain high expression of AML-associated genes. Inhibitor of PHD fingers (PHDi) shall
provide an attractive therapeutic method for these AML patients. (H) Left: in MLL-rearranged leukemia, inhibitor of LSD1 (LSD1i) downregulates MLL target genes

"o

differentiation thereby suppressing leukemogenesis.

and inhibits leukemia development. Right: in non-acute promyelocytic leukemia (APL) leukemia, LSD1i promotes all-trans retinoic acid (ATRA)-induced cell

of G9A in hematopoietic systems led to decreased proliferation
of myeloid progenitors without affecting the function of long-
term repopulating hematopoietic stem cells (58). In mouse
AMLs induced by HOXA9, a homeodomain TF gene found
over-expressed in about 50-70% of human AMLs, loss of G9A
suppressed leukemogenesis. Mechanistically, G9A physically
interacts with HOXA9. Inhibition of G9A led to de-repression of
HOXADY target genes (58). UNC0638 (59), a recently developed
G9Ai, demonstrated similar AML therapeutic effect (Figure 1B;
Table 1). While no method is currently available for directly
targeting HOXA9 oncoprotein, the above studies provide an
alternative strategy.

EZH Inhibitors (EZHi)

EZH2/KMT6A serves as the catalytic subunit of the polycomb
repressive complex 2 (PRC2) mediating transcriptional repres-
sion through tri-methylation of H3K27 (H3K27me3) (60).
EZHI, an EZH2-related methylase, can partially compensate
EZH2’s functions on a subset of gene targets when assembled
in a separate complex with the same set of PRC2 components
such as SUZ12 and EED (60, 61). Genomic deletion and loss-
of-function mutations of EZH2/KMT6A were frequently found
in MDS and other myeloid malignancies (62), whereas its gain-
of-function mutations occur in 10-20% of B-cell lymphoma
patients (63-65). Such EZH2/KMT6A somatic mutation is
rare among AMLs (66). Recent investigation of animal blood
cancer models, however, has shown that complete loss of EZH2
promotes MDS development but prevents AML transformation
(67). MDS induced by EZH2 loss requires EZH1 for disease
progression (68), indicating a context-dependent role of these
PRC2 enzymatic complexes in development of MDS and blood
malignancy. Furthermore, several studies demonstrated that the
MLL-rearranged leukemias require functionality of EZH2 and/
or EZH1 to maintain leukemogenecity (69-74). Mechanistically,

these PRC2 enzymes suppress genes related to tumor suppres-
sion (such as Cdkn2a/b) and cell differentiation (such as EgrI)
through inducing gene-repressive H3K27me3/2 (Figure 1C).
Additionally, PRC2 was found to promote expression of MYC-
associated gene signatures probably via an indirect mechanism.
Furthermore, about 5-10% of AML patients carry the inactivat-
ing mutation of the WTI gene, which was shown to induce a
DNA hyper-methylation phenotype through interfering with
WT1-mediated recruitment of TET DNA demethylases (75, 76).
The induced DNA hyper-methylation sites were found enriched
in myeloid differentiation genes and PRC2 targets, and EZH2 is
highly expressed in WT'I-mutated AMLs to maintain repression
of genes with DNA hyper-methylation, leading to cell differen-
tiation block (77). Importantly, in cellular and murine models
of MLL-rearranged (69, 70, 72) or WTI-mutated AMLs (77),
knockdown or knockout of PRC2 inhibited cell proliferation
and restored gene-expression programs involved in myeloid
differentiation. These studies unveiled the oncogenic function of
PRC2 and EZH2 in these genetically defined AMLs, supporting
PRC2 as a drug target of AML.

Due to frequent overexpression and gain-of-function mutation
of EZH?2 in solid cancer and lymphoma, several pharmaceutical
companies have embarked on high-throughput screening cam-
paigns leading to discovery of a series of small-molecule com-
pounds (Table 1) that compete binding of S-adenosyl-methionine
(SAM), the methyl donor of PRC2, thereby suppressing PRC2’s
methyltransferase activity (78-82). These EZHi compounds
demonstrate high selectivity and high potency toward EZH2
and/or EZH1. In MLL-rearranged AML models, dual inhibition
of EZH2 and EZH1 by an EZHi, UNC1999, derepressed PRC2
target genes and significantly suppressed AML malignant growth
in vitro and in vivo (74) (Figure 1C). Treatment of WT1-mutated
AML cells with GSK126 (79), an EZH2-selective inhibitor, had
similar anti-cancer effect (77). Currently, several EZHis show

Frontiers in Oncology | www.frontiersin.org

October 2017 | Volume 7 | Article 241


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Lu and Wang

Epigenetic Inhibitors for Treating AML

drug-like properties and are used in clinical trials of lymphoma
treatment. Their potential therapeutic effect in AMLs remains
to be determined in clinical settings.

DOT1L Inhibitors (DOT1Li)

Disruptor of telomeric silencing 1-like (DOT1L/KMT4) is
a histone H3 Lys79 (H3K79)-specific methyltransferase that
regulates gene transcriptional elongation, telomeric silencing,
and DNA damage response (83). Biochemical interaction
studies found that DOTIL interacts with transcriptional
elongation factors including AF4, AF9, AF10, and ENL, which
are also common fusion partners of MLL-rearrangement in
AMLs (29, 84-86). DOTIL loss-of-function studies in MLL-
rearranged leukemias support its crucial role in leukemoge-
neicity, possibly through maintaining expression of target
transcripts of MLL-fusion such as HOX cluster genes and MEISI
(84, 87-91).

Structure-based design has led to development of several
DOTI1Li (Table 1) that specifically targets the SAM-binding
pocket of DOTIL enzymes (92, 93). Consistent with DOT1L
loss-of-function studies, these DOT1Li also selectively inhibited
expression of MLL-fusion target genes such as HOXA9 and
MEIS]I and selectively killed MLL-rearranged leukemia cells and
xenografted tumors (90-92, 94). Furthermore, recent investiga-
tion supports that DOT1L can potentially serve as a therapeutic
target of other genetically defined AMLs, which include the
subtype with translocation of NUP98-NSDI (95), somatic
mutation of DNMT3A (96, 97), NPM1 (98) or IDH1/2 (99), or
overexpression of MNI (100). While NUP98-NSDI induced
leukemic transformation through direct targeting and epige-
netic modulation of AML-promoting “stemness” genes (HOX
gene clusters and MEISI) (30), a DNMT3A hotspot mutation
(DNMT3AR®H) was recently found to focally suppress DNA
methylation at cis-regulatory elements of these genes thereby
promoting their transcription activation (96). In addition,
aberrant over-expression of HOX cluster genes is a hallmark
of AMLs that harbor NPM1 mutation (98), and overexpression
of MN1 was found to induce an aggressive myeloid leukemia
that strictly relies on the same “stemness” genes-expression
program in the leukemia-initiating cells (100). Leukemia cells
from the above AML subtypes were found generally sensitive to
DOTILi, and DOT1Li treatments repressed “stemness” gene-
expression programs, supporting a broader role of DOTI1L and
“stemness” TF nodes in AML biology (Figure 1D). EPZ-5676
(94) represents the first DOT1Li used for clinical trials for
MLL-rearranged leukemia; however, drug-like properties of the
disclosed DOT1Li such as half-life in vivo are generally poor and
need to be improved.

PRMT1 Inhibitors (PRMT1i)

Protein arginine methyltransferase 1 (PRMTI) encodes a
methyltransferase for histone H4 arginine-3 (H4R3) and
associates with gene activation. PRMT1 was shown to interact
with AML1-ETO, a gene fusion product defining AML with
t(8;21) translocation, activate the downstream target genes
of AMLI-ETO, and promote progression of AML1-ETO-
asssociated leukemia (101). Recent studies have additionally

demonstrated specific requirement of PRMT1 in leukemogen-
esis induced by MLL-rearrangement (such as MLL-GAS7) or
the MOZ-TIF2 translocation (102, 103). Similar to what was
found in t(8;21) AMLs, PRMT1 physically associates with
these leukemic fusion oncoproteins and is required for high
expression of their target genes such as HOX and MEISI, sup-
porting targeting PRMT1 as new AML therapeutics. Indeed,
in various leukemia cell lines and animal models with MLL
fusion or MOZ-TIF2, AMI-408 (104), a PRMT1i, suppressed
AML growth (103) (Figure 1E; Table 1). These works have
established a foundation for further validation of PRMT1i’s
therapeutic effect in clinical settings.

TARGETING CHROMATIN “READERS”

Epigenetic or chromatin “readers” are a subclass of factors that
specifically recognize DNA or histone modification to induce
subsequent events and elicit functional readout of the modifica-
tion (1, 2, 105-107). Compared to a generally high druggability
of chromatin-modifying “writer” or “eraser” enzymes, that of
various epigenetic “reader” families varies (108). Despite chal-
lenges, targeting chromatin “reader” function is increasingly
considered as promising partly due to recent success in discovery
of bromodomain (BRD) protein inhibitors.

BRD Inhibitors (BRDi)

BRD-containing proteins BRD4 and related BRD2/3 recognize
histone lysine acetylations subsequently recruiting pTEFDb, a
CDKY/Cyclin-T kinase complex, to activate RNA polymerase
IT and target gene expression (109). Originally, these BRD genes
were found aberrantly rearranged in malignant NUT midline
carcinomas. A pioneering functional genomics screening of
chromatin regulators in MLL-rearranged leukemia unveiled
a role for BRD4 in maintenance of C-MYC expression and
leukemia oncogenicity (110). Since advent of JQI, the first
highly selective and highly potent BRDi (showing a nano-molar
range inhibition of BRDs) that competes BRD4 off acetylated
histone ligands (111), multiple BRDis have been developed and
their therapeutic effect seen in a wide range of human diseases
including AML and other cancers (109). Mechanistically, BRDi
such as JQ1 and I-BET151 repressed expression of a number
of key oncogenic nodes including C-MYC and BCL2 in mouse
and human leukemia models carrying MLL-rearrangement
(110,112) (Figure 1F). BRDi was also found effective in treating
non-MLL-rearranged AMLs such as those with NPM1 mutation
(113) or deletion of chromosome 7 and 7q [—7/del(7q)] (114),
supporting their broader application in AML therapeutics.
Even more potent BRDi, including a degrader derivative that
can both inhibit BRD’s “reading” function and induce its
proteasome-mediated degradation (115), have been developed,
with several currently under clinical evaluation for the treat-
ment of refractory AMLs (109). Following these encouraging
advances, inhibitors of other RNA Pol-II activators such as
the CDK7 and CDKO9 kinases are on the horizon becoming a
strategy to target transcriptional addiction to vital oncogenes
seen in cancer (116, 117).
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Plant Homeodomain (PHD) Finger
Inhibitors (PHDi)

The PHD finger-containing proteins comprise a large class of
chromatin-associated proteins, some of which harbor the “read-
ing” specificity toward H3K4 methylation (2, 106). In human
AMLs, genes encoding the PHD finger-containing protein
JARID1A (also known as KDM5A, a PHD finger-containing
histone demethylase) and PHF23 were altered due to chro-
mosomal abnormalities, resulting in in-frame fusion of their
C-terminal H3K4me3-“reading” PHD finger to NUP98, a pro-
miscuous gene translocation partner in human AMLs (32, 106).
Despite generally low frequency of these genetic abnormalities
in AMLs, the NUP98-JARIDIA/KDMS5A translocation was
reported to be recurrent and detected in ~10% of the pediatric
acute megakaryoblastic leukemia subtype (33). The produced
NUP98-JARID1A or NUP98-PHF23 oncoproteins were highly
potent in inducing AML transformation in vitro/vivo and rely
on their H3K4me3-“reading” PHD finger domain to maintain
high expression of “stemness” nodes, notably HOX and MEISI
(32, 118). Disulfiram, a previously FDA-approved drug, was
found to carry the ability to inhibit binding of these PHD fingers
to H3K4me3 possibly through structural alteration (119) and to
selectively kill the leukemic cells transformed by NUP98-PHF23
or NUP98-JARIDIA/KDM5A (118) (Figure 1G). However,
the potency and selectivity of disulfiram appear poor and the
ligand-competitive inhibitors still remain to be developed for
these PHD fusion oncoproteins.

TARGETING CHROMATIN “ERASERS”
HDAC Inhibitors (HDACi)

Histone deacetylases (HDACs) remove acetylation off his-
tones to influent gene expression. HDACi (Table 1) including
Vorinostat (also known as SAHA) and Panobinostat are the
earliest inhibitors of epigenetic “erasers” approved by FDA for
treatment of cutaneous T cell lymphoma and, recently, multiple
myeloma. Currently, HDACi is under phase I/1I trials of relapsed
AML patients. As HDACs also deacetylate numerous non-
histone substrates, effect of HDACi remains controversial as of
the detailed mechanisms, especially through targeting histone
versus non-histone proteins.

LSD1 Inhibitors (LSD1i)

Lysine-specific demethylase 1 (LSD1/KDMI1A) is the first
identified histone demethylase with specificity toward H3K4
mono/di-methylation (H3K4mel/2) (120). Several LSD1i have
been developed. In the MLL-rearranged leukemias, terminal
differentiation arrest was partially enforced by LSD1, and LSD1i
treatment induced myeloid differentiation and suppressed leu-
kemogenesis in vivo (Figure 1H) (121). Mechanistically, LSD1i
may perturb the H3K4me3/H3K4me?2 ratio at MLL target genes
thus reducing their transcription (121). Also, therapeutic effect of
LSD1i was reported in AMLs without PML-RARA (i.e., non-APL
AML), where LSD1i sensitized the pro-differentiation effect of
ATRA, an agent only for PML-RARA-positive APLs (Figure 1H)
(122). Here, combinational treatment of non-APL human AMLs

with ATRA and LSD1i showed a potent anti-leukemic effect,
with increased H3K4me2 and expression found at the myeloid
differentiation genes (122). Several LSD1i are now in clinical
trials in refractory AMLs.

KDMA4C Inhibitors

KDM4C (also known as JMJD2C/GASC1) encodes an “eraser”
carrying the H3K9-demethylating and gene-activating activities.
Like PRMT1, KDM4C was also found to interact with various
AML oncoproteins including MLL-GAS7 and MOZ-TIF2 (103).
Knockdown of KDM4C partially reversed target gene activation
mediated by these AML fusion proteins. Moreover, pharmaco-
logical inhibition of KDM4C can be achieved by an inhibitor
SD70 and proposed to be a potentially new AML treatment
strategy (103) (Figure 1E).

PERSPECTIVES

In short, epigenetic modulators emerge rapidly as potential drug
targets for the treatment of currently incurable AMLs. With
many showing high selectivity, high potency and/or promising
drug-like properties, the already developed epigenetic inhibi-
tors shall provide potential alternatives or adjuvants to current
therapeutic arsenal that frequently relies on non-specific cyto-
toxic agents. While the area is in its infancy, we wish to pinpoint
several directions that may broaden application of epigenetic
inhibitors.

Newly Validated Epigenetic Factors and
Cancer Cell Dependency Pathways
Remain to Be Targeted

An existing advance in understanding the biology of gene activa-
tion is recent identification of a YEAT'S family of protein domains
as a new “reader” class of histone acylation such as acetylation
and crotonylation (123, 124). In the MLL-rearranged AML cells,
a YEATS domain harbored in ENL was recently shown to be
crucial for tethering/stabilizing the MLL fusion proteins at sites
with histone acetylation to induce downstream gene activa-
tion (125, 126). Similar mechanisms might be also functional
among DNMT3A-mutated leukemias (Figure 1D, right) where
DNMT3A mutations perturb efficient CpG methylation at
cis-regulatory sites leading to elevated histone acetylation and
increased binding of DOT1L-associated complexes that harbor
YEATS-containing AF9 and ENL (96). Furthermore, LEDGF
(lens epithelium-derived growth factor), a protein that mediates
chromatin association of the MLL complex, was previously found
to be essential for MLL-rearrangement-induced leukemic trans-
formation (55). A recent work reports that the PWWP domain
of LEDGF recognizes and “reads” H3K36 methylation added by
the ASH1L methyltransferase at proximal promoter chromatin,
and this event was found critical for recruiting/stabilizing MLL
fusions onto target sites to activate gene expression in leukemia
cells (127). Additionally, NSD1 and NSD3, two related H3K36
methyltransferases, were previously found to be aberrantly
rearranged in ~15% of pediatric AMLs (31) and their “writing”
SET domains represent the validated site that remains to be
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pharmacologically targeted (30). Thus, these discovered circuits
should offer additional therapeutic opportunities, both in the
“reading” domains (YEATS of AF9 or ENL; PWWP of LEDGF)
and the catalytic “writing” domains (SET of ASH1L and NSD1/3),
for AML treatment.

Identification of BRD4 as a novel AML dependency was
achieved through shRNA-based functional screening of epige-
netic factors (110). Small-guide RNA-based CRISPR/Cas9 tech-
nology has provided an alternative system to perform screening
in human AML cell lines, which recently led to identification
of the histone acetyltransferase KAT2A/GCN5 as an AML
dependency gene (128). In future, functional genomics studies
using a range of AML cell lines that represent various geneti-
cally defined AML subtypes, as well as validation with primary
human AML samples, are likely to produce useful information
for subtype-specific dependencies on epigenetic modulators,
which would guide drug discovery efforts aiming to developing
the personalized AML treatment.

Implication in the Treatment

of Pre-leukemic Disease

Somatic mutations of several epigenetic modulators (DNMT3A,
TET2, IDH1/2) occur frequently among patients with pre-leu-
kemia diseases such as MDS and apparently healthy individuals
with clonal hematopoiesis or CHIP, an aging-related phenotype
associated with increased risk of AML (21, 22, 25, 26). These
mutations and resultant epigenetic deregulations are likely to
be the “founder” lesion initiating pre-malignant disease and
shaping subsequent malignant formation. Identification of the
epigenetic vulnerabilities associated with these gene mutations
in the context of AML shall provide useful information on how to
treat premalignant diseases. For example, using a murine AML
model harboring the coexisting kinase and DNMT3A mutations,
a recent study demonstrated that DNMT3A mutation induced
epigenetic dysregulation to promote “stemness” gene-expression
programs, a process that can be reversed by DOT1L inhibitors
(Figure 1D, right) (96). We speculate that the same mechanism/
pathways act among premalignant diseases, and if so, the similar
epigenetic inhibitors could reverse the premalignant alterna-
tions thus preventing malignant development in individuals
with MDS or CHIP. In support, the epigenetic inhibitors and
hypomethyating agents such as 5-Aza delay malignant transfor-
mation of MDS and are FDA-approved drugs for its treatment.
However, as a life-threatening disease with a risk of conversion
into AML, MDS has additional immediate needs to treat other
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erative neoplasms warrants further investigation.

Potential Drug Resistance and
Combinational Therapy

Resistance to drug remains a challenge in achieving durable
remissions in cancer and epigenetically targeted drugs are
no exception. The molecular understanding of resistance
in epigenetic therapy is just at its beginning. For example,
MLL-rearranged leukemias with PRC2 loss, either pre-existing
or acquired, are resistant to BRDi presumably due to enhanced
transcription of oncogenes such as MYC (129); furthermore,
recent reports documented acquisition of somatic mutation
by blood cancer cells during resistance to BRDi or EZHi
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to further develop and optimize the existing leads into those
useful compounds for clinical trials.
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Polycomb genes, miRNA, and their deregulation in B-cell malignancies
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Posttranslational modifications of histone
proteins represent a fundamental means
to define distinctive epigenetic states and
regulate gene expression during develop-
ment and differentiation. Aberrations in
various chromatin-modulation pathways
are commonly used by tumors to initiate
and maintain oncogenesis, including lym-
phomagenesis. Recently, increasing evi-
dence has demonstrated that polycomb
group (PcG) proteins, a subset of histone-
modifying enzymes known to be crucial for
B-cell maturation and differentiation, play

a central role in malignant transformation
of B cells. PcG hyperactivity in B-cell lym-
phomas is caused by overexpression or
recurrent mutations of PcG genes and
deregulation of microRNAs (miRNAs) or
transcription factors such as c-MYC, which
regulate PcG expression. Interplays of PcG
and miRNA deregulations often establish
a vicious signal-amplification loop in lym-
phoma associated with adverse clinical
outcomes. Importantly, aberrantenzymatic
activities associated with polycomb de-
regulation, notably those caused by EZH2

gain-of-function mutations, have provided
a rationale for developing small-molecule
inhibitors as novel therapies. In this review,
we summarize our current understanding
of PcG-mediated gene silencing, interplays
of PcG with other epigenetic regulators
such as miRNAs during B-cell differentia-
tion and lymphomagenesis, and recent ad-
vancements in targeted strategies against
PcG as promising therapeutics for B-cell
malignancies. (Blood. 2015;125(8):1217-1225)

Introduction

Histone posttranslational modifications represent a fundamen-
tal mechanism for regulating DNA accessibility in various
DNA-templated processes such as gene transcription.' Dysregu-
lation of chromatin-modifying mechanisms is one of the cen-
tral oncogenic pathways in human cancer,' including B-cell
malignancies.*®

Among various chromatin-modifying factors, polycomb group
(PcG) proteins are critical for controlling gene expression, main-
taining repressive chromatin states, and defining cellular identities
during development.”® PcG proteins act in multimeric complexes
known as polycomb repressive complexes (PRCs). Two major PcG
complexes exist in mammalian cells: PRC1 and PRC2. Biochemi-
cally, PRC1 employs an E3 ligase, RING1A or RING1B, to induce
monoubiquitination of histone H2A, lysine 119 (H2AK119ubl)
(Figure 1), areaction that requires essential cofactors such as BMI1 8
PRC2 utilizes an enzymatic subunit, enhancer of zeste homolog
2 (EZH2) or related EZH1, to methylate histone H3, lysine 27
(H3K27; Figure 1)7; other PRC2 subunits (EED and SUZ12) and
accessory cofactors such as JARID2 and polycomb-like harbor
either DNA- or histone-binding activities to modulate PRC2 ac-
tivity and mediate its targeting or spreading on chromatin.””
H2AK119ubl and H3K27 trimethylation (H3K27me3) are prom-
inent histone markers associated with gene silencing, indicating a
causal role of PcG-mediated enzymatic activity in transcriptional
regulation.”® H3K27me3 also coexists with the gene-activation—
associated trimethylation of histone H3, lysine 4 (H3K4me3) at
“bivalent domain genes” to maintain genes in a repressed but poised
conformation, which can be subsequently activated or stably re-
pressed according to lineage-specific differentiation programs.'

In a simplistic hierarchical model, PRC2 acts upstream of PRC1
as H3K27me3 serves as a “docking” site for CBX, a chromodomain-
containing protein (Figure 1A), which then recruits PRC1 to induce
H2AK119ub1”® (Figure 1B). However, more recently, data have
demonstrated that PRC1 recruitment is both PRC2 dependent and
PRC2 independent. 10,11 Furthermore, recent studies show that PRC1
can act upstream of PRC2. In this case, a PRC1 variant utilizes
KDM2B, a CxxC-domain protein, to bind to the nonmethylated
cytosine guanine dinucleotide sequence where PRC1-induced
H2AK119ubl recruits PRC2 via an unknown mechanism'*"'*
(Figure 1C). EED, a PRC2 subunit, also physically interacts with
PRCI, thus linking PRC2 to PRC1."” Overall, PRC2 and PRC]
cooperate and enforce gene silencing via positive-feedback loops.

Increasing evidence has revealed crucial roles of PcG proteins
in myriad biological processes, including self-renewal, differen-
tiation, cell-cycle control, senescence, and gene expression and
imprinting,”®'®!7 all of which have been linked to oncogenesis when
deregulated. Notably, PcG genes were found mutated in B-cell
malignancies. B lymphoma Mo-MLYV insertion region 1 homolog
(BMI1, also known as polycomb group ring finger 4 or PCGF4
[Figure 1]) was originally isolated as a gene upregulated in murine B-cell
lymphomas'®; recurrent gain-of-function mutations of EZH2 were
identified in germinal center (GC) B-cell lymphomas.*'*** Here, we
focus on deregulations of PcG and cofactors during the initiation and
development of B-cell malignancies. We also discuss the interplays
between PcG and other epigenetic regulators such as microRNAs
(miRNAs), histone deacetylases (HDACs), and DNA methytransferases
(DNMTs). Finally, we summarize recent progress in development of
PcG-specific inhibitors as novel therapies of B-cell malignancies.
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Figure 1. Cooperation of PRC2 and PRC1 in epigenetic silencing of genes.
PRC2 catalyzes trimethylation of histone H3 at lysine 27 (H3K27me3)
(A), which is recognized and bound by CBX proteins such as CBX7, a PRC1
subunit, to subsequently recruit PRC1 for induction of monoubiquitination of
histone H2A at lysine 119 (H2AK119ub1)”® (B).Conversely, recent studies
show that a variant form of PRC1 can act upstream of PRC2 to initiate formation
of the polycomb domain; in this case, H2AK119ub1 serves as a PRC2 re-
cruitment mechanism (C).'?"'* In addition, EED is also shown to interact to
PRC1 physically.'® CpG, cytosine guanine dinucleotide; Me, trimethylation;
Ub, ubiquitination.

Biological function of PcG proteins in B-cell
development and lymphomagenesis

The development and differentiation of B-cell lineages initially
occur with progenitor B-cell expansion and V(D)J gene rearrange-
ment, a DNA recombination process that produces clonally unique,
immunoglobulin variable regions for antigen recognition.21 Upon
antigen stimulation, B cells undergo activation through proliferation,
somatic hypermutation, and antibody class switching, which occur
in the GCs of secondary lymphoid tissues. A proliferative feature
of GC B lymphocytes, with concomitant attenuation of their DNA
damage repair function and ongoing somatic hypermutation, in-
creases the likelihood of oncogenic mutation, genomic instability,
and subsequent lymphomas. B-cell development is tightly controlled
by genetic and epigenetic mechanisms, including DNA methyl-
ation, histone modification, chromatin remodeling,22 and noncoding
RNAs.>* During normal B-lymphocyte differentiation, expression
of PRC1 and PRC2 genes shows a restricted, stage-specific pattern.
BMI1 and its PRCI partners are primarily detected among resting
B cells in the GC mantle zone and in nondividing centrocytes of the
GC follicles; these PRC1 genes are silenced in proliferating follicular
centroblasts, which then express the PRC2 genes instead.”*>® In
contrast, lymphomas generally lose such a mutually exclusive ex-
pression pattern, and altered expression of PRC1 and PRC2 genes
is a general theme in lymphomas, including diffuse large B-cell
lymphomas (DLBCL),?’ follicular lymphomas (FLs), and mantle
cell lymphomas (MCLs).?® These findings suggest essential regu-
latory roles of PRC1 and PRC2 in both normal B-lymphocyte de-
velopment and lymphoma pathogenesis.

BLOOD, 19 FEBRUARY 2015 - VOLUME 125, NUMBER 8

PRC1 in B-cell development
and lymphomagenesis

BMI1

Bmil (also known as PCGF4 [Figure 1]) was initially discovered
from a locus activated by viral integration in murine lymphomas.'®
BMII1 controls a range of B-cell developmental genes, including
lineage master regulators Ebfl and Pax5.>° Bmil deficiency causes
conversion of the “bivalent domain” states associated with EbfI and
Pax5 to a monovalent active state, resulting in their premature
expression and accelerated lymphoid differentiation.?> BMII also
directly represses expression of the tumor suppressors pl6Ink4a/
p19Arf and pl15Ink4b; therefore, BMI1 overexpression prevents
c-MYC-mediated apoptosis and was sufficient to induce lymphoma,
a process further accelerated by ¢-MYC.'®*® Furthermore, BMI1
represses the proapoptotic genes Noxa and Bim, supporting its pro-
survival role in B-cell development and lymphomas.*!*? In human
B-cell lymphomas, BMI1 overexpression is common in almost
all subtypes.** Expression of BMI1 alone or in combination with
EZH2 characterizes aggressive B-cell lymphomas with unfavorable
prognosis.”’*3* Recently, a novel t(10;14)(p12;q32) translocation
was identified in chronic lymphocytic leukemia and MCLs leading
to IgH-BMI] rearrangement and BMI1 overexpression®; IgH-BMI1
rearrangement was acquired during tumor high-grade transforma-
tion and correlated with chemoresistance.>® Transcriptome analyses
of multiple cancers found that BMI1-driven gene signatures define
a phenotype of cancer stem cells,*® suggesting that BMI1 confers
malignant cells with features of cancer stem cells, the rare cancerous
subpopulations that confer drug resistance and regeneration abilities,'®’
Indeed, BMI1-mediated repression of p16Ink4a/p19Arf was shown
to be essential for self-renewal of hematopoietic stem cells.>®
Opverall, these studies support critical roles of BMI1 in promoting
lymphoma progression and conferring therapy resistance.

Other PRC1 factors

Evidence exists showing direct involvement of other PRC1 com-
ponents in B-cell lymphomas. CBX7 (Figure 1) was found highly
expressed in GC lymphocytes and GC-derived FLs, where its ele-
vated expression was correlated with c-MYC expression and an
aggressive feature.>® Lymphoid-specific overexpression of Cbx7
in mice initiated lymphomagenesis and cooperated with c-MYC to
produce aggressive B-cell lymphomas.*® Similar to BMI1, Cbx7
overexpression was linked to repression of pl6Ink4a/pl9Arf.*
RINGIA is associated with the risk of non-Hodgkin lymphomas*’
and high expression of RING1B detected in lymphomas such
as DLBCLs and Burkitt lymphoma.*' However, in the absence of
pl6lnkd4a, RINGI1B deficiency accelerated lymphomagenesis
through upregulation of cyclin D2 and Cdc6.** Thus, PRC1 harbors
both oncogenic and tumor-suppressive roles in different contexts,
which is reminiscent of PRC2’s dual functions described among
different hematopoietic malignancies.***>

PRC2 in B-cell development and
lymphomagenesis

EZH?2 is highly expressed in lymphoid progenitors and required
for efficient V(D)J recombination in pro—B cells.*® EZH? is silenced
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inresting GC B cells but massively upregulated when GC B cells get
activated and undergo rapid proliferation and immunoglobulin af-
finity maturation®®*’; EZH2 blocks the DNA damage response
pathways, allowing cells to survive the somatic hypermutation
during antibody maturation.?® Expression of EZH2 strongly asso-
ciates with B-cell malignancies, with its high levels correlated with
the Ki67 labeling index, lymphoma aggressiveness, and unfavorable
prognosis.*>~* The highest percentage of EZH2 positivity was found
in 100% of Burkitt lymphomas, 87.5% of grade-3 FLs, and 85.7%
of DLBCLs. Multivariate survival analysis identified EZH2 as the
strongest prognostic predictor of inferior outcomes of MCLs.?’
SUZI2 expression was also found to be restricted to proliferating
lymphoid cells during development and at high levels in MCLs, in
comparison with its general absence in nontumorous mantle zone
cells.*®

The importance of PRC2 in lymphomagenesis is further strength-
ened by recent identification of recurrent missense mutations in
EZH2, with the most prevalent ones altering a single residue in the
catalytic domain, Y641 (the numeration of EZH2 amino acids based
on a short isoform of EZH2 [National Center for Biotechnology
Information accession Q15910.2]), among ~10% to 20% of GC-
derived B-cell lymphomas such as DLBCLs and FLs.*>** These EZH2
mutations are likely to be early lesions during lymphomagenesis.>*
Biochemically, EZH2"**' mutations alter substrate specificity of
EZH2.'2%% Being a catalytic subunit of PRC2, EZH2 induces
sequential mono-, di-, and trimethylation of H3K27, with the highest
methylation status most strongly associated with gene silencing.”’
Wild-type EZH2 has a greater catalytic efficiency for conducting
monomethylation of H3K27 (H3K27mel) and a diminished efficiency
for subsequent reactions (mono- to di- and di- to trimethylations).'>>*>°
In contrast, lymphoma-associated EZH2"**/* mutations (X means
Asn/Phe/Ser/His/Cys) show the exactly opposite substrate specific-
ity, displaying limited ability to induce H3K27 monomethylation yet
extremely high efficiency catalyzing the H3K27 di- to trimethylation
reaction.'”2%° Such enzymatic differences between wild-type and
EZH2"**'X mutant protein suggest that EZH2"**/* mutations must
occur heterozygously in lymphomas, which is indeed the case in hu-
man patients,*>* allowing for EZH2"%*/X to cooperate with wild-
type EZH2 to induce a global increase in H3K27me3'***> and
aberrant transcriptional alteration. Later on, 2 additional somatic
mutations, EZH24%77% and EZH24%%"V, were identified at a lower
frequency (~1% to 3%) among GC B-cell lymphomas,”***3>>% and
they demonstrate enzymatic properties distinct from EZH2Y%#/¥
mutants.>*32* EZH24%77 and EZH24%%"" possess the almost equally
enhanced catalytic activity towards all the H3K27 substrates with dif-
ferent methylation status.’*>*>* Thus, EZH24%7 and EZH24%""
mutants are able to induce a global increase in H3K27me3 without
the need for wild-type EZH2.>° Besides kinetics, EZH2"*/X also
affects protein stability.>> Phosphorylation of Y641, a known phos-
phorylation site of JAK?2 kinases, leads to interaction of EZH2 with
B-TrCP, a SCF E3 ubiquitin ligase, and promotes EZH?2 degradation.
Loss of this phosphorylation site due to somatic Y64/ mutations
reduces EZH?2 turnover, which has been postulated to contribute to
the hyper-H3K27me3 phenotype.>® Taken together, different gain-
of-function mutations induce EZH?2 hyperactivity through distinct
molecular mechanisms, and despite the fact that lymphomas car-
rying different EZH2 mutations may possess different levels of the
lowly methylated H3K27, they all have a consistently higher level of
H3K27me3.%>%>*

Recent studies have provided a better understanding of the in
vivo function of EZH2 and mutation in normal B-cell development
and lymphomagenesis.47‘56'5 8 Using Ezh2 knockout mice, Beguelin
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et al>® and Caganova et al*’ have independently shown that EZH2
is crucial for the formation of GCs and GC B-cell development.
Mechanistically, EZH?2 represses myriad downstream genes including
the negative cell-cycle regulators Cdkn2a (p16Ink4a/p19Arf) and
Cdknla/p21 and crucial transcription factor genes IRF4 and
BLIMP1/PRDMI1, which are known to be essential for post GC
B-cell development*”>®%7 (Figure 2). Indeed, depletion of EZH2
from lymphomas suppressed their proliferation and attenuated tumor
formation.”” These studies support the notion that EZH2 hyper-
activation promotes malignant transformation by repressing both
antiproliferative and differentiation-inducing programs. Further-
more, Ezh2-deficient GC B cells had profound impairments in
GC responses and memory B-cell formation and failed to protect
themselves from the genotoxic damages induced by activation-
induced cytidinedeaminase,*’ an enzyme critical for somatic hyper-
mutation and antibody affinity maturation,?' demonstrating an
essential role of EZH2 in the GC B-cell development (Figure 2).
B-cell-specific expression of the EZH2"%*/Y or EZH2"**'¥ mutant
in transgenic mice elevated the global H3K27me3, promoted a high
proliferation of GC B cells, and resulted in follicular hyperplasia.’®->®
However, additional oncogenic events are required for neoplastic
transformation, although GC-derived lymphomas remain addicted
to EZH2 mutations. It has been shown that EZH2"**'™" mutants
cooperate with BCL2 to generate malignant GC B-cell lymphomas>®;
similarly, genetic interaction of EZH2"%*/* and MYC in transgenic
mice gave rise to high-grade lymphomas with a mature B-cell
phenotype.”® Collectively, these findings have shown that dynamic
expression of EZH2 allows expansion and development of GC
B cells, which undergo terminal differentiation and develop into
antibody-secreting cells and plasma cells as EZH2 expression
declines (Figure 2). EZH2 hyperactivity perturbs the fine balance of
GC B-cell proliferation and differentiation, permanently locking GC
B cells in an immature and proliferative state, a prelude to full-blown
lymphoma. Although not sufficient on its own to cause lymphoma,
EZH?2 gain-of-function mutations serve as a driver of lymphoma-
genesis and collaborate with additional lesions to generate and/or
accelerate GC B-cell lymphomas (Figure 2).

In contrast to the oncogenic role of EZH2 in B-cell lineages, the
tumor-suppressive roles of PRC2 in T-cell acute lymphoblastic
leukemia***> and myeloid malignancies** were identified due to
a range of missense, nonsense, and frameshift mutations in EZH2,
SUZ12, or EED (Figure 1). These lesions can be homozygous, are
found throughout the gene, and are generally predicted to disable
PRC2 activity, implying its disease-dependent functions. These
observations emulate those obtained in En-Myc lymphoma models
showing that PRC2 can be a tumor suppressor in Ep-Myc—induced
lymphomagenesis, wherein the lymphoma onset was accelerated by
knockdown of Suz12 or Ezh2.>® Such an effect is likely due to the
enhanced self-renewal of B-lymphoid progenitors upon PRC2
loss,>® which is in contrast to cooperation between EZH27#/7 and
Ep-Myec reported by Berg et al in GC B-cell compartments.>® These
studies emphasize the complicated, context-dependent role of PRC2
in oncogenesis, which might be due to a tightly controlled expression
pattern of EZH2 throughout B-cell lineage differentiation. As a
result, PRC2 activity at various developmental stages may either
suppress or facilitate lymphomagenesis. Indeed, EZH2 expression is
high in pro—B cells and decreased in pre—B cells and becomes nearly
undetectable in immature naive cells*®>”; EZH2 is then upregulated
again during affinity maturation in GC B cells.?**” Therefore, it
could be the case that whereas PRC2 restricts the proliferative and
self-renewal potential of immature B-lymphoid progenitors, its gain-
of-function mutations stimulate proliferation specifically in maturing
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Figure 2. Biological functions of EZH2 in normal B-cell development and lymphomagenesis. During B-cell differentiation, naive B cells enter the GC and EZH2
is transcriptionally upregulated during GC B-cell maturation.?®*” Via induction of H3K27me3, EZH2 then transcriptionally represses a myriad of downstream effector
genes, which at least include the negative cell-cycle regulators (CDKN2A and CDKN1A) and B-cell differentiation-promoting transcription factors (IRF4 and BLIMP1/PRDM1),
hence allowing for rapid expansion of immature B cells*”°¢57; in addition, EZH2 protects GC B cells from the genotoxic damages induced by activation-induced
cytidinedeaminase (AID),*” an enzyme critical for immunoglobulin affinity maturation via a mechanism of somatic hypermutation that modifies the immunoglobulin variable
region of the rearranged antibody genes in GC B cells.2' EZH2 levels decrease as B cells exit the GC, enabling derepression of EZH2-targeted genes and hence terminal
differentiation.*”-565” However, EZH2 hyperactivity (either somatic mutation or overexpression) disrupts such fine equilibrium, continuously enhances H3K27me3, and results
in exaggerated silencing of EZH2 targeted genes, which then block GC B-cell differentiation and promote their proliferation and survival. EZH2 mutations alone lead to
follicular hyperplasia, and, with acquisition of additional oncogenic events such as upregulation of BCL2 or c-MYC, EZH2 mutations cooperatively enable or accelerate
malignant transformation of GC B cells.5¢%®

GC B cells. Further work with mouse models engineered to over-  regulatory roles and biological outputs of PcG complexes. Indeed,
express or delete EZH?2 at each specific stage of B-cell differentia-  direct sequencing of patients with B-cell malignancies has recently
tion shall provide insight into the role of PRC2 in various B-cell  led toidentification of recurrent damaging mutations of several TrxG
malignancies. genes such as MLL2, p300, and CBP.>%%® Loss-of-function mu-
tations of TrxG and gain-of-function mutations of PcG genes may
equally perturb a fine equilibrium of histone methylation dynamics
during B-cell lymphomagenesis.

Interplay of PcG with other epigenetic
enzymes

In addition to intrinsic enzymatic functions, PcG complexes also Interplay of PcG with miRNAs
recruit other chromatin-modifying factors such as HDACs and

DNMTs to re-enforce transcriptional repression. PRC2 recruits miRNAs are 22-nucleotide, noncoding single-stranded RNAs that
HDACI-3, linking 2 distinctive repressive machineries together.®®  can repress gene expression at a posttranscriptional level. miRNAs
Several broad-spectrum HDAC inhibitors, including sodium buty-  are increasingly recognized as one of the major players in numerous
rate, decrease the messenger RNA and protein levels of BMI] and  biological processes, and their downderegulation is often seen in
EZH? in cancer cells.®! These findings implicate that HDACs  tumors, suggesting their tumor-suppressive roles. It can be antici-
positively regulate cellular PcG levels and that epigenetic control of  pated that miRNA deregulation can contribute to PcG deregulation.
gene expression is governed by cooperation of PRC2 and HDACs.In  Indeed, EZH2 was the first PcG gene shown to be regulated by
addition, histone methylation influences DNA methylation and, in ~ miRNA.%"® By targeting the 3’ untranslated region of EZH2 mes-
turn, DNA methylation serves as an instructive template for histone  senger RNA, miR-101 and miR-26 repress cellular EZH2 levels.®”%®
modification. In cancer, PcG-suppressed genes are likely to be as- miRNAs that repress PRCI genes were also identified.**””! Down-
sociated with DNA hypermethylation, and hypermethylated pro- regulation and deletion of these miRNAs are frequent in various
moters more frequently premarked with PcG.5%>%* Indeed, EZH2  tumors, including prostate cancer and lymphomas.®”-°® Conversely,
directly associates with DNMTs.®* This mechanism also appears to ~ PcG proteins also contribute to miRNA expression and deregulation
be operative in B-cell lymphoma because DNA methylation pro- during malignant development, given their frequent alterations
filing of lymphomas revealed a significant enrichment of PcG targets ~ found in tumors. Indeed, many miRNA genes are repressed by PRC2
at the de novo methylated genes,® indicating that crosstalk between — and demarcated with H3K27me3.”> PRC2 represses miR-31 in adult
histone and DNA methylation may form a double “locking” mech-  T-cell lymphoma, leading to activation of nuclear factor kB onco-
anism of an undifferentiated cell state during malignant transfor- ~ genic signaling.”® Thus, these findings have shown an intriguing
mation. Perturbation of cellular factors that antagonize PcG, such interplay between miRNAs and PcG. Below, we summarize recent
as trithorax group (TrxG) proteins,'’ may equally influence the  advances in understanding their interactions in cancers, especially
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Figure 3. Vicious amplification loops involving a
myriad of PcG proteins and miRNAs. Repression of
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PRC1-repressing miRNAs by PRC2 (A) establishes a
positive-feedback loop ensuring coexpression and co-
operation of 2 main PcG repressor complexes in stem
and cancer cells; c-MYC, which is frequently translo-
cated or overexpressed in Burkitt ymphoma and other
B-cell ymphoma types, assembles a gene-silencing com-
plex with PRC2 and HDACs to downregulate a list of
tumor-suppressive miRNAs that can repress EZH2 and
DNMT3A (B), hence establishing positive-feedback
loops to enforce expression and functionality of PRC2
in B-cell lymphomas. Me3, trimethylation. Ub1, mono-
ubiquitination.
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B-cell malignancies, which reveal the hitherto-unappreciated regu-
latory circuits involving miRNA and epigenetic factors.

PRC2-miRNA-PRC1 circuitry

A subset of miRNAs, including miR-181a, miR-181b, miR-200b,
miR-200c, and miR-203 (Figure 3A), are transcriptionally silenced
by PRC2 in cancer.® Interestingly, these miRNAs repress PRC1
genes such as BMII and RING1B®-"! (Figure 3A). It has been
shown that downregulation of these miRNAs such as miR-200c
ensures the cellular level and functionality of PRC1 in stem cells’*"!
and cancers including lymphoma,®-"!"7# promoting cell “stemness”
properties. These data demonstrate that expression of PRC1 and
PRC?2 is integrated through a network of regulatory miRNAs where-
in epigenetic repression of PRCI1-targeting miRNAs by PRC2
establishes a positive feedback loop, ensuring coexpression and
cooperation of 2 major PcG complexes.

EZH2/c-MYC-miRNA-EZH2 circuitry

Recent studies of B-cell malignancies also unveiled a second cir-
cuitry involving EZH2, miRNAs, and c-MYC, an oncogenic tran-
scription factor almost invariably translocated in Burkitt lymphoma.
¢-MYC assembles a repressive complex with PRC2 and HDACs
to downregulate a broad spectrum of tumor-suppressive miRNAs,
including miR-15a/16-1, miR-26, miR-27, miR-29, let-7, miR-494,
and miR-548m®”">7° (Figure 3B). A similar c-MYC-PRC2 com-
plex also represses miR-101 in hepatocellular carcinoma.®® Among
these repressed miRNAs, miR-101 and miR-26 were recurrently
deleted in tumors including lymphoma®”®®; miR-15a/16-1 tar-
gets BCL2 and acts as tumor suppressor in chronic lympho-
cytic leukemia.®! Interestingly, several of these c-MYC-repressed
miRNAs, including miR-26a, miR-101, and let-7, actually repress
EZH2 directly®”-”>"® (Figure 3B); miR-29, a family of miRNAs
known to be involved in B-cell lymphomagenesis,””"®* was shown
to downregulate DNMT3A, a PRC2-interacting factor, in chronic
lymphocytic leukemia® (Figure 3B). Thus, via recruitment of PRC2
and HDACs, ¢-MYC, a prominent lymphoma-promoting factor,
represses miRNAs that negatively regulate EZH2 and its cofactors,
establishing a positive-feedback loop for enforcing polycomb genes
expression and functionality in B-cell lymphomas. As knocking
down EZH2 and HDAC:s led to re-expression of the MY C-repressed

H3K27me3

miRNAs,”>788485 the existing pharmacologic agents for inhibition
of these c-MY C—associated corepressors shall represent a promising
way to disrupt such a vicious amplification loop associated with
lymphomagenesis.

Epigenetic therapy and perspective

Epigenetic deregulation of chromatin structure and function leads to
aberrant gene expression and oncogenesis. Consequently, epigenetic
therapies aim to restore normal chromatin-modification patterns
through inhibition of the deregulated epigenetic machinery. HDAC
and DNMT inhibitors are among the first promising agents for
epigenetic therapies,? and, more recently, specific inhibitors for PcG
proteins have been developed.

Targeting PRC1

A recent high-throughput screen discovered a small-molecule com-
pound PTC-209 as an inhibitor of BMI1.*® PTC-209 inhibited ex-
pression of BMI1 and induced a dose-dependent reduction of global
H2AK119ub1.8¢ BMII knockdown conferred PTC-209 insensi-
tivity, indicating its specificity.®® Similar to BMII knockdown,
PTC-209 treatment inhibited self-renewal of cancer-initiating stem
cells.®® This study implicates that BMII has the potential to be de-
veloped as a drug target for treating B-cell lymphomas with BMI1
overexpression.

Targeting PRC2

Several highly selective small-molecule inhibitors of PRC2 (with
K; values within the low-nanomolar range) have recently been
discovered,®’""* many of which possess a common pyridone-
containing motif that confers EZH2 or EZH1 inhibition (Figure 4A).
Among them, EPZ005687%% and GSK126% show high selectivity
for EZH2 vs other methyltransferases, with >50- to 150-fold selec-
tivity for EZH2 over EZH1 (Figure 4A). Early success was seen in
treating B-cell lymphomas bearing EZH2 gain-of-function mutation
with these inhibitors in DLBCL xenografts in mice.**"* GSK126,*
EPZ005687, and EPZ-6438%%%* (Figure 4A-B) show their particular
effectiveness in suppressing growth of the EZH2-mutant lymphomas


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on June 15, 2015. For personal use only.

1222  WANG et al
A H B
(o] N
H | EPZ-6438
(o] N NS
R
4R,
\'x
e ove
2 N
Compound X Ry R; R; Ry
N
e ] C
UNC1899 N n-Pr L g N H
N
\r
i =4
Epzoosesr N Mo é Tl lg* #
s N
eskize ¢ wme L L7 Me
HN ] Cl
eskaa3s N npr L - l.; H N o
A N
EN C Me h N,}/“i H lNl

vs those with wild-type EZH2. At the transcriptome level, and in
contrast to minimal transcriptional responses in wild-type EZH2,
drug-insensitive lines, reactivation of the formerly H3K27me3-
demarcated genes was generally seen in drug-sensitive GC B-cell
(GCB) type of DLBCL lines.®”-> However, only a limited number of
upregulated genes were found common across different inhibitor-
sensitive lines, although upregulated genes in each individual line are
enriched in those related to cell-cycle and apoptotic regulation,®” thus
highlighting a challenge to define relevant targets presumably due to
variations of genetic backgrounds. The biological responses such as
growth suppression after treatment with EZH2 inhibitors show a
delayed pattern in comparison with the biochemical responses; the
diminution of H3K27me3 was apparent within 24 to 48 hours post-
treatment, and yet the cellular response is usually not fully presented
until days 4 to 7 posttreatment and beyond.®” Such a delayed effect
with the PRC2 inhibitors was seen in acute myeloid leukemia® and for
inhibitors of the histone methyltransferase DOT1L,”® which is in
contrast to quick responses associated with HDAC inhibitors. It has
been speculated that additional time and/or chromatin factors may be
required to reverse the histone methylation-regulated events, and,
alternatively, catalytic inhibition induces compensatory recruitment of
more enzymatic complexes at crucial gene targets, thus delaying
demethylation. It is worth noting that PRC2 possesses noncanonical
functions such as methylation of nonhistone substrates” or acting
as transcriptional activator,”® but it remains unclear if these mech-
anisms exist in lymphomas. Treatment of EZH2-mutant, GCB-
DLBCL xenograft models with GSK126 or GSK343 (Figure 4A)
resulted in tumor regression,”®®” and the inhibitor was well tol-
erated. 8 Currently, various PRC2 inhibitors are under clinical
evaluation and it would be exciting to see whether PRC2 inhibition
provides clinical benefits for lymphoma patients.

EZH2 mutation (EZH2Y*X EZH24%77C  or EZH24%%"") is a
known predictor of EZH2 inhibitor sensitivity; however, later
studies showed that GCB-DLBCL is addicted to EZH2 and shows
general sensitivity to the EZH?2 inhibitor independent of its muta-
tional state,56 and such an EZH?2 addiction was not seen in the
activated B-cell type of DLBCLs, a more differentiated lymphoma
subtype with EZH2 1replressed.56 These findings are consistent with
the clinical observation that EZH2 mutations exclusively occur
in GCB-DLBCLs and not activated B-cell DLBCL,* providing
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Figure 4. Highly selective, small-molecule inhib-
H itors of PRC2. (A) Scaffold demonstrating that several
N of the recently developed EZH2 or EZH2/1 inhibitors
all possess a pyridone motif as well as an indole or
indazole core. The inserted table details the identity of
each designated substituent of the described inhibitors.
(B) Chemical structure of EPZ-6438. (C) Chemical
structure of Constellation Pharmaceuticals compound
3, the first non—pyridone-containing EZH2 inhibitor.
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a rationale for a personalized medicine for lymphoma therapy.
Furthermore, the efficacy of EZH?2 inhibitors has been established in
various B-cell lymphomas with wild-type EZH2, including MCLs
and Burkitt lymphoma.”** Therefore, other molecular determinants
for EZH?2 inhibitor sensitivity remain to be defined for B-cell
lymphomas in order to improve personalized therapy. Such genetic
determinants were defined in other cancers, including SNF inac-
tivation in malignant rhabdoidtumors,”’ MMSET/NSD?2 transloca-
tion in multiple myelorna,99 and MLL rearrangement in acute
leukemia,®>'% and all of these affected pathways have been con-
nected to PRC2 genetically. Thus, it is likely that lymphomas
carrying TrxG gene mutations,™%® such as MLL2 mutations, may
render sensitivity to PRC2 inhibition.

Furthermore, it remains to be examined if EZH1, a less-studied
EZH2-related enzyme, is overexpressed in B-cell malignancies and
if EZH1 inhibition improves the therapeutic potential. Given that
EZH]1 compensates the function of EZH?2, inhibitors that target both
EZH?2 and EZH1 such as UNC1999°° (Figure 4A) and Constellation
Pharmaceuticals compound 3°> (Figure 4C), are expected to have
benefits for treating a broader spectrum of B-cell malignancies with
overexpression of EZH2 or EZH1. Indeed, we have recently shown
that UNC1999 offers advantages over EZH2-selective inhibitors
and represents a novel efficient therapeutic for MLL-rearranged
leukemias that coexpress EZH2 and EZH1.%°

In line with therapeutic advances, combination therapy shall be
explored, because EZH?2 inhibitors can be used together with inhib-
itors against other oncogenic pathways that act in parallel. Indeed,
our recent studies demonstrated synergy of EZH2 and HDAC
inhibitors to inhibit lymphoma clonogenic cell growth, induce apo-
ptosis, and suppress growth of MCLs or aggressive c-MYC—
associated lymphomas.””” The effects are at least partially due to
disruption of c-MY C/EZH2-mediated miRNA silencing and vicious
amplification loops (Figure 3B). In addition, combination treatment
with EZH2 and BCL2 inhibitors outperformed the single-drug therapies
in lymphoma models.” Lastly, given cooperation between DNA
methylation and histone modification in transcriptional regulation, it
would be of great interest to test if lymphoma cases with a higher
degree of epigenetic silencing and hence reduced reversibility are
less sensitive to PRC2 inhibitor single treatment but more responsive
to a combined treatment with DNA demethylating agents.
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Conclusion

Gene regulation by PcG complexes is critical for regulation of various
biological programs related to normal development and oncogenesis.
PcG aberration, caused by its deregulated expression, somatic muta-
tion, and chromosomal translocation, is common in various B-cell
malignancies, demonstrating PcG as a central mechanism in lymphoma
initiation and development. PcG complexes interact with other epi-
genetic machineries such as HDACs, DNMTs, and miRNAs in a
context-dependent manner to control gene expression and promote
lymphomagenesis. Recent advances in developing targeted strategies
against PcG have demonstrated early success and display great po-
tential in treating incurable B-cell malignancies.
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SUMMARY

The protein stability and chromatin functions of
UHRF1 (ubiquitin-like, containing PHD and RING
finger domains, 1) are regulated in a cell-cycle-depen-
dent manner. We report a structural characterization
of the complex between UHRF1 and the deubiquiti-
nase USP7. The first two UBL domains of USP7 bind
to the polybasic region (PBR) of UHRF1, and this in-
teraction is required for the USP7-mediated deubiqui-
tination of UHRF1. Importantly, we find that the USP7-
binding site of the UHRF1 PBR overlaps with the
region engaging in an intramolecular interaction with
the N-terminal tandem Tudor domain (TTD). We
show that the USP7-UHRF1 interaction perturbs the
TTD-PBR interaction of UHRF1, thereby shifting the
conformation of UHRF1 from a TTD-“occluded” state
to a state open for multivalent histone binding. Con-
sistently, introduction of a USP7-interaction-defec-
tive mutation to UHRF1 significantly reduces its chro-
matin association. Together, these results link USP7
interaction to the dynamic deubiquitination and chro-
matin association of UHRF1.

INTRODUCTION

One of the fundamental principles in epigenetic regulation in-
volves temporal and spatial control of macromolecular machin-
eries that govern epigenetic events. Epigenetic modifications,
including DNA methylation and histone modifications, are recog-
nized by a diverse family of effector proteins (Bogdanovi¢ and
Veenstra, 2009; Musselman et al., 2012) whose functions are
often subject to dynamic regulation in response to environmental
cues. However, how these chromatin effector proteins are regu-
lated remains incompletely understood.

UHRF1 (ubiquitin-like, containing PHD and RING finger do-
mains, 1), also known as ICBP90 and NP95 in mouse, is a
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multidomain protein that plays critical roles in regulating various
processes, such as DNMT1 (DNA methyltransferase 1)-medi-
ated DNA methylation maintenance (Bostick et al., 2007; Sharif
et al., 2007). UHRF1 contains a ubiquitin-like (UBL) domain at
the N terminus, followed by a tandem Tudor domain (TTD), a
plant homeodomain (PHD), a SET- and RING-associated (SRA)
domain, and a RING domain (Figure 1A). Among these protein
modules, the PHD and TTD recognize the N-terminal tail of his-
tone H3 unmethylated at arginine 2 (Hu et al., 2011; Lallous
etal.,, 2011; Rajakumara et al., 2011) and dimethylated/trimethy-
lated at lysine 9 (H3K9me2/3) (Arita et al., 2012; Cheng et al.,
2013; Karagianni et al., 2008; Rothbart et al., 2012, 2013; Xie
et al., 2012), respectively, whereas the SRA domain specifically
binds to hemimethylated CpG sites (Arita et al., 2008; Avvaku-
mov et al., 2008; Bostick et al., 2007; Hashimoto et al., 2008;
Sharif et al., 2007). The RING domain of UHRF1 has been shown
to serve as an E3 ubiquitin ligase to promote monoubiquitination
of H3 at lysine 18 and/or 23 (Nishiyama et al., 2013; Qin et al.,
2015), which in turn recruits DNMT1 to replicating chromatin.
Despite these advances, the mechanism underlying the re-
gulation of UHRF1 remains to be elucidated. Indeed, emerging
evidence has shown that UHRF1 is subject to temporal and
spatial control (Gelato et al., 2014; Ma et al., 2012). First, the
stability of UHRF1 is regulated by ubiquitination in a cell-cycle-
dependent manner (Ma et al., 2012). During S phase, deubiquiti-
nase USP7 (ubiquitin-specific-processing protease 7) associates
with UHRF1, keeping it from being ubiquitinated (Ma et al., 2012).
When cells enter mitosis, USP7 dissociates from UHRFI1,
exposing it for ubiquitination and consequent proteasomal
degradation (Ma et al., 2012). Second, the chromatin association
of UHRF1 peaks in mid S phase to accompany pericentromeric
heterochromatin replication (Miura et al., 2001; Papait et al.,
2007; Taylor et al., 2013), which is likely mediated by a conforma-
tional transition between two alternative functional states of
UHRF1 (Gelato et al., 2014). In one state, the H3K9me3-binding
site of the UHRF1 TTD is occluded due to its intramolecular inter-
action with a C-terminal polybasic region (PBR). In the second
state, the TTD is relieved from the PBR interaction and thus forms
amultivalent histone-binding cassette with the PHD (Gelato et al.,
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2014). Binding of the signaling molecule phosphatidylinositol
5-phosphate (PI5P) to the UHRF1 PBR switches the UHRF1
conformation from the TTD-“occluded” state to the TTD-PHD
multivalent state, which leads to its increased heterochromatin
association (Gelato et al., 2014). However, how networks of inter-
actions functionally regulate UHRF1 in cells remains unresolved.

In this study, we characterized the interaction between UHRF1
and USP7 by structure determination of the UHRF1-USP7 com-
plex. Our structural analyses reveal that the UHRF1-USP7 inter-
action is mediated by the first two UBL domains of USP7 and the
PBR of UHRF1. Through functional assays, we show that the
interaction of UHRF1 with USP7 is not only critical for its deubi-
quitination but also for disrupting the intramolecular TTD-PBR
interaction, thereby shifting the conformation of UHRF1 to pro-
mote multivalent histone engagement of the TTD-PHD cassette.
Indeed, point mutations that disrupt the USP7 interaction greatly
reduce the chromatin association of UHRF1. Our study thus un-
covers a novel mechanism by which USP7 promotes both the
stability and chromatin association of UHRF1.

RESULTS
Characterization of the UHRF1-USP7 Interaction

A recent study suggests that the interaction between USP7 and
UHRF1 is mediated by the UBL domains of USP7 and a linker re-

Molar Ratio

10 5 when we truncated UHRF1 further to a
32-amino acid sequence, UHRF1g47_678
(Figure 1B). By contrast, we did not
observe appreciable interaction between the first UBL domain
(UBL4) of USP7 and UHRF1ggra-rinG (Figure S1B), indicating that
UBL, alone is insufficient for mediating the UHRF1-USP?7 inter-
action. Collectively, these data show that the UHRF1g47_67g frag-
ment and the USP7 UBL., domains mediate the UHRF1-USP7
interaction.

Structure of the UHRF1g47_675-USP7 UBL,_3 Complex

Next, to provide the molecular basis for the UHRF1-USP7 inter-
action, we determined the crystal structure of UHRF1g47_675 in
complex with the first three UBL domains (UBL_3) of USP7 at
2.3-A resolution (Table S1). It is notable that there are two
UHRF1-USP7 complexes in each asymmetric unit (Figure S1C),
and in both complexes the UHRF1 fragments superimpose
well, except for one region (residues S652-T655) that is only
observable in one of the complexes due to crystal packing (Fig-
ure S1D). The UHRF1 segment containing residues G656-R662
is anchored to an acidic surface formed by the closely packed
UBL, and UBL, domains of USP7, whereas no intermolecular
interaction involves the USP7 UBL3 domain (Figures 2A and
2B). The interactions between the USP7 UBL;., domains and
the UHRF1s47-678 peptide are mediated by hydrogen bonds
and electrostatic attractions (Figure 2C). Of particular note,
the side chain of UHRF1 K659 is inserted into an acidic pocket
of USP7, formed by residues R628, E736, D764, E759, and
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M761, with the K659 e-amino group hydrogen bonded to the
side-chain carboxylates of USP7 E736 and D764 and to the
backbone carbonyl oxygen atoms of USP7 D758 and E759
(Figures 2C and 2D). In a parallel configuration, the e-amino
group of UHRF1 K657 forms direct hydrogen bonds with
the side-chain carboxylates of USP7 E744 and D758 and a
water-mediated hydrogen bond with the backbone carbonyl
oxygen of USP7 D758 (Figures 2C and 2D). Meanwhile, the
backbone amide groups of UHRF1 K657 and K659 each form
a hydrogen bond with the side-chain carboxylate of USP7
E759 (Figures 2C and 2D). The backbone carbonyl oxygen of
UHRF1 K657 forms a hydrogen bond with the side-chain amide
of USP7 N630 (Figure 2C). C-terminal to UHRF1 K657 and
K659, the g-amino group of UHRF1 K661 forms a hydrogen
bond with the side-chain carboxylate of USP7 D653 (Figure 2C).
In addition, three main-chain hydrogen bonds, formed between
UHRF1 G658, W660, and R662 and USP7 N630, S629, and
AB27, respectively, further support the UHRF1-USP7 interac-
tion (Figure 2C).

Mutational Analysis of the UHRF1-USP7 Interaction

To test our structural observations, we mutated a number of key
interacting residues for ITC (Table S2). In comparison with the
wild-type (WT) UHRF1g47-687-USP7 UBL,_; interaction, UHRF1
K659E and USP7 E736A mutations reduced the binding affinity
by 38- and 4-fold, respectively (Figure 3A). Furthermore, the
UHRF1 K657Q/K659Q and K657E/K659E double mutations
both reduced the binding affinity by over 200-fold (Figure 3A).
Together, these data support our structural observations.
Consistently, sequence alignment of UHRF1 protein orthologs
revealed that except for K657, which is not present in NP95,
the USP7-interacting residues, including UHRF1 G658, K659,

Figure 2. Structural Basis of the

UHRF1g47_675-USP7 UBL,_3 Complex

(A) Ribbon representation of the UHRF1g47_g78-
USP7 UBL,_3 complex, with USP7 UBL;, UBL,,
and UBLj colored pink, light blue, and silver,
respectively. The UHRF1g47_678 fragment is shown
in stick representation.

(B) Electrostatic surface representation of the
UHRF1g47-678-UHRF1  UBL;_3 complex. For
clarity, the USP7 UBL3 domain is not shown.

(C) Hydrogen-bonding interactions (dashed lines)
between USP7 and UHRF1. The water molecule is
shown as a sphere labeled “W.”

(D) Close-up view of the UHRF1 K657- and K659-
associated intermolecular interactions.

See also Table S1.

and K661, are highly conserved across
species (Figure 3B), suggesting an impor-
tant role for these residues in UHRF1
regulation.

To test whether UHRF1 K657 and K659
are important for association of full-
length UHRF1 with USP7, we ectopically
expressed hemagglutinin  (HA)-tagged
USP7 in HEK293 cells in the presence
or absence of Flag-tagged UHRF1 (WT or K657Q/K659Q
mutant), followed by coimmunoprecipitation with an anti-Flag
antibody (Figure 3C). We found that USP7 coprecipitates with
WT UHRF1, confirming that these proteins form a complex in
cells (Figure 3C). As predicted from the structural data, the
UHRF1 K657Q/K659Q double mutant reduced the association
of UHRF1 with USP7, further supporting a critical role for these
residues in mediating the UHRF1-USP7 interaction.

Effect of the UHRF1-USP7 Interaction on
USP7-Mediated Deubiquitination of UHRF1

To investigate the functional consequence of the UHRF1-USP7
interaction, we next performed in vitro ubiquitination assays,
monitoring autoubiquitination of wild-type UHRF1 or the K659E
mutant in the presence of full-length USP7. Consistent with pre-
vious observations (Felle et al., 2011; Ma et al., 2012), our results
showed that USP7 reduced autoubiquitination activity of wild-
type UHRF1 (Figure 3D). In contrast, USP7 cannot reduce the
autoubiquitination of the UHRF1 KB659E mutant. These data
confirm previous observations that the USP7-UHRF1 interaction
is required for USP7-mediated deubiquitination of UHRF1 (Felle
etal., 2011; Ma et al., 2012).

Effect of the UHRF1-USP7 Interaction on the Allosteric
Regulation of UHRF1

A recent study (Gelato et al., 2014) showed that an intramolecu-
lar TTD-PBR interaction of UHRF1 occludes its TTD from binding
to H3K9me3. Given the fact that the USP7-binding site of UHRF1
from this study is located within the UHRF1 PBR sequence
(Figure 4A) (Gelato et al., 2014), we postulated that the
UHRF1-USP7 interaction might interfere with the UHRF1 TTD-
PBR interaction. To test this hypothesis, we performed NMR
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titrations to investigate whether the UHRF1 TTD-PBR interaction
is affected by the USP7 UBL;., dual domain. A number of
"H,"®N-HSQC spectra were collected for the '°N-labeled
UHRF1 TTD, alone or in the presence of the UHRF1 PBR
(UHRF1g47_g87) and/or the USP7 UBL,., domains (Figures 4B-
4D; Figure S2A). Consistent with a previous study (Gelato
et al., 2014), we observed that a number of NMR peaks of
the UHRF1 TTD were significantly shifted upon addition of
UHRF1g47-687 With 20% molar excess (Figures 4B-4D; Fig-
ure S2A). Based on the reported chemical shift assignment of
the TTD (Nady et al., 2011), we were able to assign a number
of NMR peaks with large chemical shift changes to UHRF1 res-
idues, including 1224, G275, and V287. It is notable that the
chemical shift perturbations of these residues by the UHRF1
PBR were also observed in a previous study (Gelato et al.,
2014), and that residues 1224 and V287 were conceived as part
of the putative PBR-binding pocket of the TTD (Gelato et al.,
2014). However, when we further mixed the NMR sample with
the USP7 UBL;., dual domain (40% molar excess over the
UHRF1 TTD), the majority of PBR-perturbed TTD peaks shifted
back toward the peak positions corresponding to the free state
(Figures 4B-4D; Figure S2A). These data suggest that the
USP7 UBL+.; dual domain affects the intramolecular TTD-PBR
interaction of UHRF1 through direct interaction with the
UHRF1 PBR. Consistently, we found that the presence of
USP7 UBL_5 (residues 560-1084) modestly increased the bind-
ing of full-length UHRF1 to the H3(1_»0)K9me3 peptide by a pull-
down assay, confirming that the USP7 interaction enhances
TTD-H3K9me3 binding in the context of full-length UHRF1
(Figure S2B).

We then performed ITC for the USP7 UBL4., dual domain
over a UHRF1 fragment spanning from the TTD toward the C-ter-

652 SPRTGKGKWKRK
638 SSKT- - GKSKQK
631 TP- T- KGKRKRK
631 SP- S- KGKRKRN

USP7 (ng) O 2 25

Figure 3. Biochemical
UHRF1-USP7 Interaction
(A) ITC and mutational analysis of the
UHRF1¢47_687-USP7 UBL,_, interaction. The mu-
tations include USP7 E736A, UHRF1 KB659E,
K657Q/K659Q, and K657E/K659E.

(B) Sequence alignment of the USP7-binding motif
of human UHRF1 with its mouse (NP95), zebrafish
(zUHRF1), and Xenopus laevis (xXIUHRF1) ortho-
logs. Identical residues are colored red and high-
lighted in yellow.

(C) Immunoprecipitation (IP) analysis of the inter-
action between full-length Flag-tagged UHRF1
and HA-tagged USP7.

(D) In vitro ubiquitination assay of wild-type and

Analysis of the

+ + + KB659E UHRF1 in the presence of HA-tagged

ubiquitin and USP7. The ubiquitination level (upper
B B B panel) and total amount of UHRF1 (lower panel)
0 9 25 were analyzed by anti-HA western blot and

SYPRO staining, respectively.
See also Figure S4 and Table S2.

minal RING domain (residues 138-806;
UHRF1p.ring) 1o further examine
whether an intramolecular UHRF1 TTD-
PBR interaction affects the UHRF1-
USP7 interaction. Our results showed
that the USP7 UBL4. dual domain binds to UHRF1trp_ring
with a K4 of 27.2 uM (Figure 4E), a binding affinity that is
~20-fold weaker in comparison with the binding of the
USP7 UBL4_, to UHRF1gra-rinG (Figure 4E). This result suggests
that the presence of the UHRF1 TTD conversely disfavors the
UHRF1-USP7 interaction.

Taken together, these findings establish that the UHRF1-
USP7 interaction disrupts the intramolecular TTD-PBR interac-
tion of UHRF1, thereby shifting the conformation of the UHRF1
TTD from the occluded state to an open state that allows multi-
valent histone binding by the TTD-PHD.

Effect of the USP7-UHRF1 Interaction on the Chromatin
Association of UHRF1

The observation that the USP7 interaction modulates the confor-
mational states and H3K9me3 binding of UHRF1 prompted us to
investigate whether the UHRF1-USP7 interaction affects chro-
matin association of UHRF1. Toward this end, we tested recom-
binant full-length UHRF1 and a USP7-binding mutant (K657E/
K659E) in histone peptide-binding assays by fluorescence polar-
ization (Figure S3A). Consistent with our previous findings
(Rothbart et al., 2013), both full-length wild-type and K657E/
K659E UHRF1 were found to bind to H3(1_»0)K9me3 peptides
conjugated with 5-carboxyfluorescein (5-FAM) at the C terminus
similarly. By contrast, neither protein had measurable interac-
tion with H3(1_,0)K9me3 peptides conjugated with 5-FAM at
the N terminus, the peptides that were previously shown to block
UHRF1 PHD-histone binding (Rothbart et al., 2013). These data,
in line with a recent study (Gelato et al., 2014) that the K657E/
K659E mutant alone does not affect the UHRF1 TTD-PBR inter-
action appreciably, suggest that the previously described multi-
valent histone engagement of the TTD-PHD (Rothbart et al,,
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Figure 4. UHRF1-USP7 Interaction Affects
UHRF1 Intramolecular Regulation and
Chromatin Association

(A) Sequence of a selected UHRF1 fragment, with
the USP7-binding site and PBR sequence labeled.
(B-D) Overlaid 2D "H,"*N-HSQC spectra highlight
the chemical shift changes of selected residues
in the UHRF1 TTD. The spectra were collected for
the UHRF1 TTD free (black) and in the presence
of the UHRF1 PBR (red) or UHRF1 PBR and
USP7 UBL;.» (blue). The arrows with dashed and
solid lines mark the chemical shift changes of
selected residues under different conditions.

(E) ITC binding curves for USP7 UBL;., over

8.0 79
H (ppm)

w
(2]
E @
00 T T T T T ¥
] ] W
£ 20 1 E 8 8k
S 404 = ] S x £ =
[} 1 & 4
£ 6.0 ‘/ 4
S 5ol X‘ ]
5 ] UHRF1  Ka(uM) ]
g -10.0 4
g -12.0 mSRA-RING 1.30 4
* 140 ATTD-RING 272 ]
0!0 0!5 1!0 1!5 2?0
Molar Ratio
G
TTD TTD
UBL! UBL RING
RING
(4
o &
- pHD ¥ g,
PHD / &
\SRA SRA
TTD USP7 TTD-PHD
occluded multivalent

2013) remains for full-length UHRF1 and its K657E/K659E
mutant. Furthermore, we showed that unlike wild-type UHRF1,
the UHRF1 K657E/K659E mutant dramatically decreases its as-
sociation with chromatin isolated from Hela cells (Figure 4F; Fig-
ure S3B). Collectively, these observations suggest that the USP7
interaction facilitates the association of UHRF1 with chromatin.

DISCUSSION

Cell-Cycle-Dependent USP7 Regulation of UHRF1

UHRF1 has emerged as an important epigenetic regulator in the
maintenance of DNA methylation through regulating the recruit-
ment and stability of DNMT1 (Bostick et al., 2007; Du et al., 2010;
Sharif et al., 2007). This regulation is achieved, in part, through
dynamic regulation of UHRF1—both at the level of its chromatin
association and ubiquitination —throughout the cell cycle (Gelato
etal., 2014; Ma et al., 2012; Taylor et al., 2013). In this study, we
have confirmed the requirement of USP7 interaction for UHRF1
deubiquitination through an in vitro ubiquitination assay. More
importantly, we uncovered the UHRF1 PBR, a region known to
be crucial for modulating an interconversion between the two
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Deubiquitination

Chromatin binding

UHRF1gga-rinG (Plack) or UHRF1rp_ring (red).
(F) Chromatin association assay of Flag-tagged
WT and K657E/K659E UHRF1 from asynchro-
nously growing Hela cells. Mock indicates no
DNA control.

(G) Model for USP7 regulation. The USP7 inter-
action allosterically regulates the conformational
states of UHRF1 and affects its ubiquitination and
chromatin binding.

See also Figures S2 and S3 and Table S2.
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Flag

B-tubulin

H3

alternative functional states of UHRF1
(Gelato et al., 2014), as the region respon-
sible for mediating its interaction with
USP7. The interaction between USP7
and the UHRF1 PBR therefore may help
release the TTD from the PBR-bound
state, entering into a state that allows
TTD-PHD multivalent histone engage-
ment, as characterized previously (Roth-
bart et al., 2013). Indeed, with a series
of structural, biochemical, and mutagen-
esis assays, we demonstrated that the
USP7 interaction with the UHRF1 PBR
sequence promotes H3K9me3 binding by UHRF1 through inter-
fering with its intramolecular TTD-PBR interaction; consistently,
disruption of the UHRF1-USP7 interactions leads to a signifi-
cantly decreased chromatin association of UHRF1 in vivo. Taken
together, this study reveals that the USP7 interaction plays a dual
regulatory role in both deubiquitination and chromatin associa-
tion of UHRF1 (Figure 4G).

Effects of Posttranslational Modifications on
UHRF1-USP7 Association

A previous study suggested that phosphorylation of UHRF1 S652
regulates the dissociation of the UHRF1-USP7 complex in M
phase (Ma et al., 2012). Interestingly, our study indicates that
this residue is indeed adjacent to the USP7 interaction site. How-
ever, we did not observe any direct interaction between UHRF1
S652 and USP7. Moreover, our ITC analysis revealed that phos-
phorylation of UHRF1 S652 only leads to a modest (2-fold) reduc-
tion of the binding affinity of UHRF1g51_g64 for USP7 (Figure S4A).
Meanwhile, the serine-to-glutamate mutation of UHRF1 S664
(S664E), which is located immediately downstream of the USP7
interaction site (Figure 4A) and manifests M phase-specific
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phosphorylation as well (Rigbolt et al., 2011), leads to a reduction
of the UHRF1647-687 binding affinity for USP7 by 4-fold (Fig-
ure S4B). Together, these observations suggest that multistep
posttranslational modification events may be required to disso-
ciate the UHRF1-USP7 complex during M phase.

Recent evidence has indicated that USP7 also deubiquitinates
DNMT1 during S phase; in late S phase, acetylation of DNMT1 by
Tip60 leads to disruption of the DNMT1-USP7 complex (Du et al.,
2010). This previous work also prompted us to query whether
UHRF1 can be acetylated by Tip60 at the PBR, which falls into
the Tip60-preferred acetylation sequences (Kimura and Hori-
koshi, 1998). Indeed, following in vitro acetylation by recombinant
Tip60, we detected acetylation of UHRF1 at K659 (Figure S4C)
and found that this modification greatly decreased the UHRF1-
USP7 interaction (Figure S4A), indicating a mechanism for
UHRF1-USP7 dissociation. However, further studies are needed
to define such a potential regulation of UHRF1 in vivo.

USP7 Interaction and Chromatin Targeting of UHRF1

One of the major findings in this study is that the USP7 interac-
tion regulates the chromatin association of UHRF1. Consistent
with this, a recent study showed that the UHRF1 S664E muta-
tion, with a 4-fold reduction in USP7 binding based on our ITC
analysis (Figure S4B), significantly reduced the chromatin bind-
ing of UHRF1 (Chu et al., 2012). Whereas the underlying mecha-
nism of this regulation has yet to be elucidated, we show that the
UHRF1-USP7 interaction interferes with the intramolecular TTD-
PBR interaction of UHRF1, which therefore shifts the conforma-
tion of UHRF1 from the TTD-occluded state to a state that allows
multivalent histone binding by the TTD-PHD. Such a change in
the conformational dynamics of UHRF1 may synergize with the
allosteric effect of PI5P (Gelato et al., 2014) in stabilizing the
chromatin association of UHRF1. Indeed, a previous study
showed that the nuclear level of PI5SP is cell-cycle dependent,
with ~20-fold enrichment in G1 phase (Clarke et al., 2001). How-
ever, the relationship between PI5P and the USP7-UHRF1 inter-
action remains to be determined. In addition, complex formation
between UHRF1 and USP7 may also boost their respective inter-
actions with the methyl-CpG-binding protein MBD4 (Meng et al.,
2015), which has recently been shown to mediate the recruit-
ment of USP7 to heterochromatin (Meng et al., 2015).

EXPERIMENTAL PROCEDURES

USP7 and UHRF1 proteins, except for the UHRF1g51_664 peptides, were ex-
pressed in BL21 (DES3) recombinant inbred line cells and purified through nickel
affinity, size exclusion, and/or anion exchange chromatography. The crystal
structure of the UHRF1g47_678-USP7 UBL,_3 complex was determined by mo-
lecular replacement using the structure of the corresponding sequence of free
USP7 (PDB: 2YLM) as the search model. ITC assays for USP7 and UHRF1 pro-
teins were performed at 25°C. The resultant binding curves were processed with
Origin 7.0 software (MicroCal). Chromatin association assays were performed in
Hela cells stably transfected with 3 x Flag UHRF1 (wild-type and K657E/K659E)
as previously described (Rothbart et al., 2013). Full details of experimental pro-
cedures are provided in Supplemental Experimental Procedures.
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