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SUMMARY

PRDM16 is a transcription cofactor that plays critical roles in development of brown adipose
tissue (BAT) as well as maintenance of adult hematopoietic and neural stem cells. Here we report
that PRDM16 is a histone H3 K4 methyltransferase on chromatin. Mutation in the N-terminal PR-
domain of PRDM16 completely abolishes the intrinsic enzymatic activity of PRDM16. We show
that the methyltransferase activity of PRDM16 is required for specific suppression of MLL
leukemogenesis both /in vitro and in vivo. Mechanistic studies show that PRDM16 directly
activates the SNAG family transcription factor GFI1b, which in turn down regulates the HOXA
gene cluster. Knockdown GFI1b represses PRDM16-mediated tumor suppression while GFI1b
overexpression mimics PRDM16 overexpression. In further support of the tumor suppressor
function of PRDM16, silencing PRDM16 by DNA methylation is concomitant with MLL-AF9
induced leukemic transformation. Taken together, our study reveals a previously uncharacterized
function of PRDM16 that depends on its PR-domain activity.

"Correspondence: yalid@umich.edu, Tel: (734) 615-1315, Fax: (734) 763-6476.

SCurrent address: Indiana University, 340 West 10th Street, Fairbanks 6200, Indianapolis, IN 46202-3082

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

AUTHOR CONTRIBUTION

B.Z designed, performed all experiments and prepared the manuscript. J.W performed RNA-seq analyses. P.M. helped with murine
leukemia models. J.X. and Y.S helped with RNA-seq data presentation. S.L helped with the thermo shift assay. N.B, Q.G and B.A.G
performed the mass spec experiments, J.L..H provided supervision for J.W and P.M. R.R helped with manuscript writing. Y.D helped
with the experimental design and wrote the manuscript.

Accession Number
RNA-seq data sets are deposited with accession number GSE64218.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al. Page 2

INTRODUCTION

PRDM16 (also known as MEL, PFM13) encodes a protein of 1,247 amino acids and is
comprised of an N-terminal PR domain (PRD1-BF1 and RIZ1 homologous) and several zinc
fingers at C-terminus (Figure 1A) (Fog et al., 2012). PRDM16 was initially characterized as
an essential factor that regulates the cell-fate switch between brown adipose tissue (BAT)
and skeletal myoblasts (Kajimura et al., 2010; Seale et al., 2011). Recent studies show that
PRDM16 is highly enriched in multiple adult stem cell lineages and plays important roles in
regulating stem cell homeostasis (Aguilo et al., 2011; Chuikov et al., 2010). PRDM16 is also
able to suppress stem cell deficiency induced by Bmil deletion (Chuikov et al., 2010). Loss-
of-function of PRDM16 leads to multi-lineage defects including hematopoiesis,
neurogenesis and palotogenesis /n7 vivo (Bjork et al., 2010; Deneault et al., 2009; Endo et al.,
2012; Horn et al., 2011).

PRDM16 resides in chromosome 1p36, which is frequently deleted or rearranged in multiple
human cancers (Martinez-Climent et al., 2003; Mochizuki et al., 2000; Morishita, 2007;
White et al., 2005). At least two protein isoforms are encoded by PRDM16. the full-length
PRDM16 and the shorter isoform PRDM16S (also known as MELS) that lacks the PR
domain (Nishikata et al., 2003). These two PRDM16 isoforms are transcribed from distinct
transcription start sites (TSS) and are subject to differential regulation by DNA methylation
(‘YYoshida et al., 2004). In particular, TSS of PRDM16, but not PRDM16S, resides in large
regions of CpG islands (CGls). PRDM16 silencing by DNA hypermethylation has been
described in several cancers (Morishita, 2007; Tan et al., 2014). Consistent with differential
regulation in cancer, aberrant expression of PRDM16S has been described in leukemia (Du
et al., 2005b; Mochizuki et al., 2000; Nishikata et al., 2003; Xiao et al., 2006). Since genetic
loss of function study in mouse models often simultaneously disrupts both PRDM16
isoforms, the specific function of PRDM16, especially its PR-domain, in cancer remains
unclear.

PRDM16 is a transcription co-activator that acts in concert with transcription factors such as
PPAR-y (peroxisome proliferator-activated receptor), PPAR-B, PGC-1a as well as CEBP-B
(CCAAT/enhancer-binding protein) in promoting expression of thermogenic genes /in vivo
(Kajimura et al., 2009; Seale et al., 2008; Seale et al., 2007). PRDM16 also directly interacts
with the MED1 subunit of the Mediator complex and enhances thyroid hormone receptor
(TR)-driven transcription in a Mediator-dependent manner (lida et al., 2015). These
functions involve direct interactions between PRDM16 C-terminal zinc fingers and
transcription cofactors. It remains unclear whether the N-terminal PR-domain plays a role in
transcription regulation. The PR domain of PRDM16 is a variant of the SET (Suv39, E(z)
and Trithorax) domain that is commonly found in histone lysine methyltransferases
(HKMT) (Jenuwein and Allis, 2001). It was reported that the PR domain of PRDM16 has
intrinsic HKMT activity and is able to mono-methylate a 6-mer H3 peptide that harbors
histone H3 lysine (K) 9 (H3K9) /n vitro (Pinheiro et al., 2012). However, it was not
determined whether PRDM16 is able to methylate other lysine residues on histones and
whether it has substrate specificity on nucleosomes (Pinheiro et al., 2012). Furthermore, the
function of the intrinsic methyltransferase activity of PRDM16 was not directly established
in cells (Pinheiro et al., 2012).
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By rigorous biochemical analyses, we demonstrate that PRDM16 is a highly specific histone
methyltransferase that target histone H3 lysine 4 (H3K4) on nucleosomes. Mutating H3K4
to glutamine (Q) completely abolishes PRDM16 dependent histone methylation /n vitro.
Furthermore, the HKMT activity of PRDM16 is essential for suppressing mixed lineage
leukemia (MLL). Overexpression or depletion of PRDM16 significantly alters MLL
progression /n vivo. Mechanistic studies reveal an important regulatory network involving
PRDM16, the SNAG family transcription factor GF/1band HOXA genes that is regulated
by PRDM16 activity. Taken together, our studies provide insights into the sequence of events
that lead to MLL by uncovering a PR-domain dependent tumor suppression function for
PRDM16.

PRDM16 is a specific H3 K4 methyltransferase on chromatin

In order to establish the substrate specificity of PRDM16 on chromatin, we purified the
PR/SET domains of PRDM16 and a PRDM16 mutant (PRDM16mut) carrying two amino
acid mutations (C113F and VV115G) using the insect cell expression system (Figure 1A and
1B). The PR-domain mutations did not affect thermostability of PRDM16 (Supplemental
Figure 1A), suggesting minimal perturbation of the protein structure. The methyltransferase
activity of PRDM16 was first tested on free histones. PRDM16 specifically methylates
histone H3 but not other core histones (Figure 1C). To explore the substrate specificity, we
generated histone mutants, in which lysine at positions 4, 9, 27, 36, or 79 was each mutated
to glutamine (Q). We found that wild-type PRDM16 failed to methylate H3K4Q while it was
able to methylate H3 that contained other lysine mutation (i.e. K9Q, K27Q, K36Q and
K79Q) in vitro (Figure 1D). As the control, PRDM16mut showed no HKMT activity under
the same condition, confirming that H3K4 methylation was due to the intrinsic activity of
the PR-domain (Figure 1D). To examine PRDM16 specificity on nucleosomes, we used the
reconstituted nucleosomes that contained wild type H3, H3K4Q, H3K9Q or H3K27Q
mutant as the substrate. As shown in Figure 1E, PRDM16 could not methylate H3K4Q-
containing nucleosomes whereas it had robust activity on nucleosomes comprised of H3K9Q
or H3K27Q. Both mass spectrometry (Supplemental Figure 1B) and immunoblot
(Supplemental Figure 1C) showed that PRDM16 was able to mono- and di-methylate H3K4
in nucleosomes. No tri-methylation of H3K4 or methylation of other lysine residues of H3
was detected by mass spec (Supplemental Figure 1B and data not shown). Taken together,
we conclude that the PR domain of PRDM16 has intrinsic HKMT activity that is specific for
nucleosomal H3 K4 in vitro.

PRDM16 methyltransferase activity is essential to suppress MLL-AF9 leukemogenesis

Since PRDM16 is a direct target of mixed lineage leukemia protein (MLL1, also called
MLL, ALL1, HTRX and KMT2A) (Artinger et al., 2013), we wondered whether PRDM16
and more specifically, its PR domain, played a role in MLL-rearranged leukemia. We co-
transduced L/n~ murine bone marrow (BM) cells with retroviruses expressing Prdm16,
inactive Prdmi6mutor the PR-less Pram16S isoform together with MLL-AF9
(Supplemental Figure 1D). The proliferations of co-transduced MLL-AF9+Prdm16, MLL-
AF9+Prdm16mutor MLL-AF9+Prdm16S cells were measured by the liquid proliferation
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and myeloid colony formation assays (Figure 2A). As shown in Figure 2B and 2C,
overexpression of Pradm16 completely inhibited MLL-AF9-induced leukemic
transformation. It reduced cell proliferation and clonogenicity of MLL-AF9cells. No
compact colonies on the methylcellulose medium were observed for MLL-AF9+Pradm16
cells beyond second plating (Figure 2C and 2D). Furthermore, Wright-Giemsa staining
showed that MLL-AF9+Prdm16 co-transduced cells largely differentiated into monocyte-
like cells. (Figure 2C, bottom panel). In contrast, MLL-AF9, MLL-AF9+Prdmi6mutand
MLL-AF9+Prdm1i6S cells formed compact colonies in serial plating and the transformed
cells remained undifferentiated by Wright-Giemsa staining (Figure 2C and 2D). To confirm
that endogenous Prdmi6inhibits MLL-AF9 leukemogenesis, we co-transduced MLL-AF9
with either control ShRNA or Prdmi16 shRNA (Supplemental Figure 1E). We found that
Prdm16 knockdown significantly enhanced clonogenicity of the ML L-AF9transformed
cells in serial plating (Two-way ANOVA analysis, p<0.0001, Figure 2D) and increased cell
proliferation in liquid culture (Figure 2B). These results indicate that PRDM16 suppresses
ML L-AF9-mediated leukemic transformation /n vitro.

PRDM16 specifically inhibits the MLL leukemic transformation

To determine whether PRDM16 suppresses leukemic transformation by other oncogenes, we
performed similar studies in which primary BM cells were transformed by additional MLL
fusion genes (i.e. MLL-AF6and MLL-ENL) as well as non-MLL oncogene E2A-HLF.
Interestingly, we found that Pram16, but not Prdmi6mut, specifically inhibits leukemic
transformation by MLL fusion genes. It reduced myeloid colony formation on
methylcellulose and decreased cell proliferation in liquid culture (Figure 2E and 2F and
Supplemental Figure 1F). Interestingly, overexpression of Prdm16, Pram16S or Prdm16mut
had indistinguishable effects when co-transduced with £2A-HLF (Supplemental Figure 1G).
They did not affect cell proliferation in liquid culture (Supplemental Figure 2A), colony
formation in serial plating (Supplemental Figure 2B) or maintenance of leukemic blasts
(Supplemental Figure 2C). Together, these results suggest that PRDM16 specifically inhibits
ML L fusion mediated leukemogenesis /n vitro and this function requires the PR domain
activity.

PRDM16 alters MLL leukemia progression in vivo

To further explore the role of PRDMI16and its HMT activity in MLL leukemogenesis, we
isolated BM cells from C57BL/6 mice (CD45.2%), and co-transduced them with MLL-
AF9+vector control, MLL-AF9+Prdm16 or MLL-AF9+Prdm16mut, respectively. About
1x10° cells were competitively transplanted into the lethally irradiated B6.SJL mice
(CD45.1%), together with supporting CD45.1* cells (Muntean et al., 2010). The engrafted
mice, six in each cohort, were monitored for acute myeloid leukemia (AML). Flow
cytometric analyses at 48-hour post-transplantation showed similar number of engrafted
CD45.2* BM cells in recipient mice (Supplemental Figure 2D). Importantly, mice receiving
MLL-AF9+vector control or MLL-AF9+Prdmi6mut developed acute myeloid leukemia
(AML) about 80 days post transplantation (Figure 3A). They showed obvious emaciation
and significant weight loss (Supplemental Figure 2E). All mice receiving MLL-AF9+vector
control or MLL-AF9+Prdm16mutcells died before 110 days with splenomegaly and
hepatomegaly (Figure 3B and Supplemental Figure 2E). Leukemic blasts were detected in

Mol Cell. Author manuscript; available in PMC 2017 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 5

peripheral blood and infiltrated into bone, spleen, liver and lung of these mice (Figure 3C
and Supplemental Figure 2F). In contrast, none of the MLL-AF9+Prdm16 recipient mice
developed AML by the end point of the study (Figure 3A, Log-rank (Mantel-Cox) test,
p<0.0001). No notable defects in peripheral blood and hematopoietic organs in MLL-
AF9+Prdm16 recipient mice were observed (Figure 3B and 3C). Flow cytometric analysis of
isolated BM cells and splenocytes from each cohort supported the histologic findings.
Significant amplification of CD45.2* cells was found in BM and spleens of MLL-AF9and
ML L-AF9+PrdmI16mut recipient mice. Majority of these cells expressed Mac1M9" and
Gr-1Mi9h surface makers, as expected for AML (Muntean et al., 2010) (Figure 3D and
Supplemental Figure 2G). In contrast, very few CD45.2* cells were found in MLL-
AF9+Prdm16 recipients, consistent with a disease-free phenotype. These results suggest an
essential role of PRDM16 HMT activity in suppressing MLL-AF9leukemogenesis /n vivo.

In contrast to Pradm16 overexpression, depletion of endogenous Pram16 during MLL-AF9
transduction greatly accelerated MLL leukemogenesis. We co-transduced CD45.2* BM cells
with retroviruses expressing MLL-AF9 and Prdmi16 shRNAs or control sShRNAs and
transplanted the cells into CD45.1" recipient mice. As shown in Figure 3A, all mice
receiving cells expressing MLL-AF9+Pram16 shRNA developed AML. Importantly, onset
of AML in these mice was ~50 days post transplantation, which was significantly earlier
than mice that were grafted with ML/L-AF9-transduced cells alone. All mice receiving
MLL-AF9+Prdm16 shRNA cells died before 84 days (Figure 3A, Log-rank (Mantel-Cox)
test, p=0.0012). Histologic studies showed that these mice had typical AML phenotypes that
were indistinguishable from MLL-AF9leukemia (Figure 3B—-3D and Supplemental Figure
2E-2G). Given the much shortened disease latency for mice grafted with MLL-
AF9+Prdm16shRNA cells, our results signify that PRDM16 alters the trajectory of MLL
leukemogenesis 7n vivo and that down regulation of endogenous PRDM16 is probably one
of the rate-limiting steps for the onset of MLL leukemia.

PRDM16 suppresses leukemic transformation by repressing the HoxA gene cluster

To better understand the mechanism by which PRDM16 HKMT activity suppresses MLL
leukemogenesis, we performed Illumina-based RNA-sequencing (RNA-seq). To identify the
PRDM16 activity-dependent transcriptome, we focused on genes that showed differential
expression between MLL-AF9+Prdm16and MLL-AF9+Prdml16mut-transduced cells. A
comparison of transcriptomes from these two groups revealed a total of 2,751 genes that
showed more than two-fold differential expression (False discovery rate (FDR) <=0.05)
(Figure 4A, 4B and Supplemental Table S1). 1,540 genes were down regulated (green) and
1,211 genes were up regulated (red) in MLL-AF9+Pradm16mut-transduced cells (Figure 4A
and 4B). The global changes in gene expression suggest that PRDM16 HMT activity is
important for transcriptome-wide regulation in MLL-AF9-transduced cells. Gene ontology
(GO) analyses showed that Prdm16 regulates broad biological processes including immune
responses, signal transduction, hematopoietic differentiation and metabolic pathways via its
methyltransferase activity (Supplemental Figure 3A and Supplemental Table S2).
Importantly, gene set enrichment analyses (GSEA) showed significant negative correlations
of PRDM16 transcriptome with gene signatures associated with MLL leukemic cells (Bernt
etal., 2011; Wang et al., 2005), granulocytes (Chambers et al., 2007) and embryonic stem
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cells gene (Ben-Porath et al., 2008) (Figure 4C). These results demonstrate that PRDM16
HMT activity shapes the Lin~ BM cell transcriptome during MLL-AF9 mediated-
leukemogenesis.

To determine whether the PRDM16-associated gene expression pattern in MLL-AF9
mediated-leukemogenesis is distinct from that of non-MLL leukemia, we co-transduced Lin
~BM cells with E2A-HLF+Prdm16 and E2A-HLF+Prdm16mutconstructs and performed
similar RNA-seq experiments. Interestingly, while we found no differences in clonogenicity
and proliferation between E2A-HLF+Prdmi16and EZA-HLF+Pramiémuttransduced cells
during E2A-HLF transformation (Supplement Figure 1), we found that PRDM16
inactivation led to transcriptome-wide changes. Specifically, in our comparison of the
transcriptomes of E2A-HLF+Prdm16and E2A-HLF+Prdm16mut-transduced cells, we
found at least two-fold difference in 1,412 genes, with 808 genes (red) up regulated and 604
genes (green) down regulated (Figure 4A). A comparison of these genes with those altered
in MLL-AFZcells co-transduced with Prdmi6and Pradmi6mutrevealed only a small set of
genes (~158) was regulated by the PR-domain activity in both MLL-AF9and EZA-HLF co-
transduced cells (Figure 4B). Among them, 77 genes were down regulated and 82 genes
were up regulated upon PRDM1I6 inactivation in both cells (Supplemental Table S3). A
closer examination of the 82 genes that were commonly up regulated upon Pradm16
inactivation during MLL-AF9and E2A-HL F~mediated transformation showed that almost
all HoxA cluster genes were significantly up regulated (Figure 4D). The RNA-seq results
were confirmed by real-time RT-PCR (Supplemental Figure 3B—-3D). These results suggest
that PRDM16 mediated Hox A repression is probably a general regulatory mechanism that
is independent of specific oncogene context. Consistent with this notion, PRDM16 mediated
repression of Hox A genes was also observed in normal BM cells transduced with PRDM16
(Supplemental Figure 3E). PRDM16 inactivation did not affect expression of other Hox
clusters (e.g. Hox B) (Supplemental Figure 3F). We speculate that the specific inhibition of
MLL leukemia by PRDM16 is probably due to the reliance of MLL on Hox A
overexpression (see discussion).

Gfilb is a key mediator of PRDM16 regulation of Hox A genes

To determine whether PRDM16 directly repressed HoxA gene cluster, we performed
chromatin immunoprecipitation (ChlP) experiment for the affinity tagged-exogenous
PRDM16. We could not find enrichment of PRDM16 at any HoxA gene (Figure 4E and data
not shown). This result suggests that PRDM16 probably represses HoxA genes indirectly. To
identify the PRDM16 direct target(s) that mediate HoxA repression, we focused on the 77
PRDM16 targets that were down regulated upon co-transduction of Prdmi6mutin both
MLL-AF9 and E2A-HLF cells (Figure 4F and Supplemental Table S3). These down
regulated genes included several important hematopoietic transcription factors (e.g. KLF2,
ETS1 and GFI1b) implicated in HSPC function. Among them, GFI1b appeared as a
potentially appealing candidate target of PRDM16. GFI1b belongs to the GFI subfamily of
the SNAG zinc finger containing transcription factors restricted to hematopoietic stem cells
(Chiang and Ayyanathan, 2013; Saleque et al., 2007; van der Meer et al., 2010). The
homolog of GFI1b, GFI1, has been reported to repress gene expression by recruiting the
CoREST complex (Chowdhury et al., 2013; Saleque et al., 2007). We first confirmed
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specific up regulation of GF/1b6 upon overexpression of wild type PRDM16 (Figure 5A).
ChIP experiments showed that both PRDM16 and PRDM16mut directly bound to the Gfi1b
promoter, but not the control Hoxa9 locus, in MLL-AF9 cells (Figure 5B). Importantly, an
increase of H3K4me2 at the G#i16 promoter was detected upon binding of PRDM16, but not
PRDM16mut (Figure 5C). Concomitant increase in RNA polymerase Il (Pol-11) binding was
also observed at the GfiZb promoter upon PRDM16 binding (Figure 5D). These results
support a direct role of the PR-domain activity in GfiZb activation.

Since the GFI1b homolog, GFI1, has been reported to repress Hox A gene expression by
recruiting the CoREST complex (Chowdhury et al., 2013; Saleque et al., 2007), we tested
whether GFI1b also binds to Hox A loci and recruits the COREST/LSD1 complex. Indeed,
GFI1b bound to three consensus sequences near Hoxa3, Hoxa7 and Hoxa9d (Figure 5E). The
binding of GFI1b correlated with decrease in H3K4me2 and Pol-I1 binding at these loci
(Supplemental Figure 4A and Figure 5D). Consistent with previous studies (Chowdhury et
al., 2013; Saleque et al., 2007), immunoprecipitation using HA-tagged GFI1b showed that
GFI11b physically interacted with the COREST/LSD1 complex (Figure 5F) and GFI1b-
depended recruitment of LSD1 and CoOREST was observed in MLL-AF9+Gfilb cells
(Supplemental Figure 4B and 4C). In corroboration of GFI1b as a key mediator of PRDM16
function, overexpression of PRDM16 also led to recruitment of LSD1 and CoREST to Hox
A cluster, albeit indirectly (Supplemental Figure 4D and 4E). Importantly, overexpression of
-PRDM16 led to increase in the heterochromatin marks such as H3K9mel and H3K9me2
(Supplemental Figure 4F and 4G). It also led to reduced chromatin binding of MLL-AF9
protein at Hox A genes, consistent with reduced chromatin accessibility (Figure 5G). These
changes led to repression of all Hox A gene expression (Figure 5H).

Gfilb mimics PRDM16 in suppressing MLL-AF9 leukemic transformation

To further establish that GFI1b functions downstream of PRDM16 in suppressing MLL
leukemia, we knocked down endogenous Gfilbin MLL-AF9+Prdm16 co-transduced cells
by two independent shRNAs (Supplemental Figure 5A). Gfilb depletion in MLL-
AF9+Prdm16 co-transduced cells led to re-activation of Hox A genes that were repressed by
PRDM16 overexpression (Figure 51). Consistent with gene expression changes, Gfilb
depletion rescued the inhibitory effects of PRDM16 overexpression on MLL-AF9leukemic
transformation (Figure 6A and 6B) without affecting the PRDM16 protein level
(Supplemental Figure 5A, bottom panel). Cell proliferation and clonogenicity of GF/16-
depleted MLL-AF9+Prdm16 cells were similar to those of MLL-AF9cells (Figure 6A and
6B). On the contrary, overexpression of GfiZb significantly inhibited leukemogenesis when
co-transduced with MLL-AF9 /n vitro (Supplemental Figure 5B-E). Consistent with in vitro
studies, transplantation of MLL-AF9+Gfi1b co-transduced BM cells into lethally irradiated
recipients did not give rise to AML /n vivo (Figure 6C) despite similar engraftment
efficiency as the MLL-AF9cells (Supplemental Figure 6A). All mice survived beyond the
end point of the study (115 days) (Figure 6C) without detectable hematological
abnormalities (Figure 6D-6F and Supplemental Figure 6B—6D).
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Silencing endogenous PRDM16 accompanies MLL-AF9 leukemic transformation

Hitherto, we demonstrated that PRDM16 played essential roles in suppressing MLL
leukemic transformation via its HKMT activity. These results raised the question of whether
silencing endogenous Prdm1é6is a prerequisite for MLL-AF9-mediated leukemic
transformation, especially given the relatively long latency of MLL leukemia (Ayton and
Cleary, 2001; Krivtsov and Armstrong, 2007). Interestingly, we found a gradual reduction of
Prdm1é6transcripts following MLL-AF9 transduction; at 35 days, these transcripts were
barely detectable (Figure 7A). Concomitantly, a gradual decrease of GfiZband an increase
of Hoxa9expression were found in these cells (Figure 7A). Next we examined whether
Prdm16 silencing was due to DNA methylation since the TSS of Prdm16 resides within a
large CpG island (CGI) (Figure 7B). We measured DNA methylation after 7 or 35 days of
ML L-AFZ9transduction by bisulfite sequencing. We found that out of 10 tested CpGs, three
of them (i.e. 3, 4 and 9) showed dramatic increase of DNA methylation. While these CpGs
were methylated at ~30-50% at early stage of transformation, they were fully methylated in
completely transformed MLL-AF9leukemia cells, consistent with silencing of Prdmi16in
these cells (Figure 7B). Dynamic change in DNA methylation during the course of leukemic
transformation was further confirmed by 5-methylcytosine immunoprecipitation (MeDIP) at
the Pram16 TSS (Figure 7C). Importantly, the regulation of Prdmi6by DNA methylation
was reversible. When we treated the ML/L-AF9transduced cells with 50nM DNA
methyltransferase (DNMT1) inhibitor decitabine (Nie et al., 2014), a dose-dependent
reactivation of endogenous Pram16 (Supplemental Figure 7A) and significant decrease of
DNA methylation at Pradm16 CGls were observed (Supplemental Figure 7B). Consistently,
we found that MLL-AF9 leukemia cells showed increased sensitivity to decitabine (Glsg
44.6nM) as compared to £E2A-HLF leukemia cells (Glgg 82.14nM, Supplemental Figure
7C). Decitabine induced both apoptosis and differentiation of the MLL-AF9leukemia cells
(Supplemental Figure 7D and 7E). Interestingly, knockdown Prdm16in the MLL-AF9
leukemia cells compromised the effects of decitabine (Glsg 65.06nM, Supplemental Figure
7C), suggesting that decitabine blocks MLL leukemia, at least in part, by reactivating
endogenous Pramleé.

DISCUSSION

Here we report that PRDM16 is a highly specific H3 K4 methyltransferase on chromatin and
its intrinsic activity is essential for suppressing MLL1-rearranged acute leukemia. The tumor
suppression function of PRDM16 is mediated by the SNAG family transcription factor
GFl1b, which negatively regulates the Hox A gene cluster through recruiting the LSD1/
CoREST complex. Overexpression of PRDM16 or GFI1b inhibits initiation of MLL
leukemogenesis while knockdown PRDM16 significantly accelerates the disease trajectory
of MLL leukemia /n vivo. We further demonstrate that silencing endogenous PRDM16 by
DNA methylation accompanies leukemic transformation induced by MLL-AF9.

The PR domain of PRDM16 is required for tumor suppression in MLL

PRDM16 is one of the 17 PRDM gene family proteins in human. A previous study reported
that PRDM16 was an H3K9mel HKMT, based on an /in7 vitro HKMT assay using a 6-mer
H3 peptide with H3K9 as the only lysine residue (Pinheiro et al., 2012). Our study here
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shows that PRDM16 is a highly specific HKMT for histone H3 K4 methylation. Mutation of
H3 K4 completely abolished PRDM16 activity on nucleosomes /n vitroand PRDM16
binding at the GFI1b promoter leads to increase of H3K4me2, but not H3K9me, in cells
(Figure 5). These results argue that PRDM16 is a H3K4 specific methyltransferase on
chromatin. We would like to point out that PRDM16 has extremely low activity on short
peptides (i.e. 6-20aa) as compared to the nucleosome substrate (data not shown), which we
have used for the mass spec and immunoblot studies. We also would like to point out that
PRDM16 seems to have more robust mono-methylation activity /n vitro, although we cannot
rule out different detection efficiency of H3K4mel and H3K4me2 peptides by mass spec
due to propionylation of H3K4mel.

Importantly, we show that PRDM16 specifically suppresses MLL leukemogenesis via its
PR-domain function. Since the PR domain mutation does not affect the thermostability of
PRDM16 (Supplemental Figure 1A) or its interaction with known protein partners (e.g.
PGC1 and MED1) (data not shown), it is likely that the intrinsic activity of the PR domain is
specifically required for tumor suppression function of PRDM16. Several previous studies
have shown that overexpression of PR-less PRDM16S isoform, but not PRDM16, is
leukemogenic: 1) leukemogenic translocation in AMLs mostly involves PRDM16S, but not
full length PRDM16 (Quentin et al., 2011; Shimizu et al., 2000); 2) PRDM16S is selectively
overexpressed in adult T cell leukemia (Yoshida et al., 2004); 3) aberrant expression of
PRDM16S by retroviral insertion promotes immortalization of murine bone marrow
progenitors and blocks granulocytic differentiation (Du et al., 2005a; Nishikata et al., 2003);
4) overexpression of Pradm16Sin p53 null bone marrow cells induces AML with full
penetrance (Shing et al., 2007); and 5) overexpression of both Pram16Sand Hoxb4 led to
myeloid expansion and leukemia (Yu et al., 2014). These studies suggest that loss of the PR-
domain is compatible with leukemogenesis. Interestingly, our studies show that
overexpression of Prdm16S or Prdmi6mutin MLL leukemia does not affect cell
proliferation (Figure 2), suggesting that loss of PR-domain or its activity is not sufficient to
promote leukemic transformation in this context. Future studies on the context-dependent
functions of PRDM16 and PRDM16S are necessary to further delineate the role of PRDM16
and PRDM16S in leukemia in future.

PRDM16 depletion shortens the latency of MLL in vivo

MLL1 rearranged leukemia has long latency, leading to the hypothesis of a ‘two-hit’ model
(Ayton and Cleary, 2001; Krivtsov and Armstrong, 2007). This model implies that in
addition to the balanced MLL1 translocation, subsequent genetic or epigenetic alterations
are needed for leukemic transformation. However, the evolutionary trajectory that leads from
the initial lesion to the eventual development of leukemia is not well understood and
epigenetic alterations concurrent with HOXA9 overexpression are not clear. Our studies here
show that PRDM16 plays a critical and specific role in suppressing MLL disease
progression. Concurrent knockdown of PRDM16 during MLL-AF9 transduction
significantly shortens disease latency while overexpression of PRDM16 blocks
leukemogenesis (Figure 3). Although we cannot rule out that MLL inhibition by PRDM16
overexpression is due to increased latency beyond end point of the study, the significant anti-
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correlation between PRDM16 level and onset of MLL is striking. This result is also
consistent with down regulation of PRDM16 in MLL patients (Hazourli et al., 2006).

Several recent genomic studies show that genetic and epigenetic heterogeneity within the
pre-leukemic HSPC translates into variegated diagnostic and prognostic signatures (Corces-
Zimmerman et al., 2014; Shlush et al., 2014). We speculate that epigenetic silencing of
PRDM16 in pre-LSCs by local stochastic DNA methylation (Gruber and Wu, 2014) likely
renders initial selective advantage for some pre-leukemic stem cells (pre-LSCs) by de-
repressing HOXA genes. Unchecked HOXA expression that is essential for MLL
maintenance (Chen et al., 2008), in turn, drives successive waves of clonal selection and
expansion of LSCs that eventually leads to fully developed leukemia. Consistent with this
model, gradual silencing of PRDM16and concomitant increase of HOXA9 are observed
upon MLL-AF9 transformation (Figure 7A). Furthermore, enforced expression or depletion
of PRDM16 results in significantly altered disease progression, probably by blocking or
accelerating these processes respectively. Since the pre-LSC provides a silent reservoir for
the formation of LSCs in fully transformed leukemia, future delineation of pre-leukemic
genetic and epigenetic events in MLL will facilitate the development of lasting cures for the
disease by rationally eradiating all pre-LSC populations.

PRDM16 indirectly regulates HOXA cluster genes

Our study shows that PRDM16 is a master regulator of transcription in the pre-leukemic
HSPC. Inactivating PRDM16 methyltransferase activity induces global changes in
transcriptome of both MLL-AF9 and E2A-HLF cells. Importantly, PRDM16 regulates
multiple pleiotropic transcription factors such as ETS1 (Findlay et al., 2013), KLF2
(Novodvorsky and Chico, 2014) and GFI1b. These results are consistent with previous
studies that PRDM16 is required for HSPC homeostasis (Deneault et al., 2009) and
overexpression of Prdm16 leads to increased HSC numbers and activity in vivo (Chuikov et
al., 2010). More importantly, PRDM16 plays an important role in controlling the level of
HOXA genes in hematopoietic cells. The regulation of HOXA genes by PRDM16 is
consistent with a previous study that overexpression of PRDM16 could partially rescue
Bmil-deficiency in HSC (Chuikov et al., 2010), which also represses HOXA genes (Bracken
et al., 2006). Deregulation of HOXA genes such as HOXAJ by either enforced
overexpression or chromosomal rearrangements is sufficient to drive leukemic
transformation (Argiropoulos and Humphries, 2007). In fact, elevated HOXA9expression is
reported in over 50% of AML patients and is also associated with myeloproliferative
disorders (Owens and Hawley, 2002). Therefore, maintaining HOXAZ expression at
appropriate level is important for balancing HSPC proliferation and malignant
transformation. We show that PRDM16 plays a key role to repress HOXA gene expression
in HSPC by activating transcription repressor GFl1b, which directly binds to HOXA loci
and recruits histone demethylase LSD1 (Chowdhury et al., 2013; Saleque et al., 2007). Since
PRDM16 is a direct target of MLLI (Artinger et al., 2013), it is possible that PRDM16-
dependent HOXA9repression completes a feedback regulatory loop that prevents the
unchecked up regulation of HOXA9by MLL1 in normal HSPC. Given recent progresses in
therapeutic targeting factors that up regulates HOXA9 in MLL (Rao and Dou, 2015), it will
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be interesting to explore whether reactivating endogenous HOXAS9 repressive pathways (e.g.
PRDM16) also has therapeutic value in future.

EXPERIMENTAL PROCEDURE

PRDM16 expression and purification

His-tagged PR domains of PRDM16 (9-517aa) were expressed from Sf9 insect cells. The
recombinant proteins were purified by Ni-NAT magnetic agarose matrix (QIAGEN).

In vitro HMT assay

Preparation of recombinant histones and nucleosomes and in vitro HMT assay were
performed as previously described (Wu et al., 2013). Details see Supplemental Method.

Flow Cytometry analysis

Cells from peripheral blood, BM, or spleen were harvested for immunophenotypic analysis.
Analyses were performed on LSRII Files and analyzed by FlowJo (TreeStar) software.

DNA Methylation Analysis

MLL-AF9 stable leukemia cells (~2X106) were collected for genomic DNA extraction after
72 hours Decitabine treatment (Abcam ab1200842). DNA bisulfite conversion was
performed using Methylation-Gold™ Kit (ZYMO RESEARCH D5005). Regions for
detection were amplified by PCR and cloned into the TOPO vector (Invitrogen). The
sequencing was done by DNA Sequencing Core facility at University of Michigan.

Retroviral Transduction and Myeloid Colony Formation Assay

The retroviral vectors were transduced to the BM cell as previously described (Muntean et
al., 2010). Retroviruses were collected after 48 or 72 hours and transduce BM cells by
spinoculation with 90 minutes at 3000rpm. After retroviral transduction, cells were selected
for 3 days before plating in methylcelllose medium (M3234, STEMCELL Technologies)
with 10ng/ml IL-3, 10ng/ml IL-6, 100ng/ml SCF, 10ng/ml GM-CSF. After three rounds of
plating, Plates were scanned and the clone numbers were accounted. Cells harvested at the
end of the experiment were cytospin and stained with Hema 3 Stain Kit (Thermo Fisher
Scientific).

Murine Bone Marrow (BM) Transformation Assays

Six to eight week old C57BL/6 mice were treated with 4 mg/mouse 5-fluorouacil before BM
cell isolation. BM cells were isolated using the EasySep® Mouse Hematopoietic Progenitor
Cell Enrichment Kit (STEMCELL Technologies). Lin~ BM cells were isolated from 6~8-
week-old C57BL/6 mice and transduced with retroviruses. After selection by 1mg/ml G418
or 1.5ug/ml puromycin for 4 days, the cells were counted and injected through the tail vein
into cohorts of lethal irradiated (900 rads) B6.SJL mice. Donor and supporting cells (from
B6.SJL mice), 1X10° each, were injected into each mouse. Recipient mice were checked
daily for leukemia development. Tissues from mice at the end of the study were fixed with
10% formalin, embedded and subject to histology studies (Tan et al., 2011). All animal
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experiments in this study were approved by the University of Michigan Committee on Use
and Care of Animal and Unit for Laboratory Animal Medicine (ULAM).

CHIP Assay

The CHIP assay was performed as previously described (Dou et al., 2005). Antibody
information can be found in Supplemental Information.

RNA-sequencing experiment

The RNA was extracted using Trizol reagent (Ambion) and further purified by RNeasy Mini
kit (QIAGEN) following manufacture’s protocol. 10ng of total RNAs from each sample
were used for preparation of lllumina sequencing library. RNA sequencing was performed
on Illumina HiSeg2000 at University of Michigan DNA sequencing core facility. Details for
data analyses are shown in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PRDM16 specifically methylates histone H3 K4 on nucleosomes
(See also Figure S1). A. Schematic representation of PRDM16, PRDM16mut and

PRDM16S. The mutations in PRDM16mut are shown on bottom of the PR domain. B.
Coomassie-stained SDS-PAGE gel of the His-tagged PR-domains of PRDM16 and
PRDM16mut purified from insect cells. C, D, E. /n vitroHMT assays using free
recombinant histones (C), recombinant wild type histone H3 or H3 mutants with individual
lysine to glutamine mutations (D), or recombinant nucleosomes (E) as the substrates. The
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fluorograms for [3H]-H3 methylation as well as coomassie gels for loading controls were
included as indicated on right.
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Figure 2. PRDM16 methyltransferase activity inhibits MLL-AF9 transformation in vitro
(See also Figure S1, S2). A. Schematic for the /n vitro proliferation and colony formation

experiments. B. Cell proliferation assay for MLL-AF9 (MAF9) with or without
overexpression of PRDM16, PRDM16mut, PRDM16S as well as MLL-AF9 with or without
PRDM16 shRNA mediated depletion. Error bars indicate standard deviation (SD) from
duplicates. The results were repeated at least three times. C. Representative colonies (top)
and Wright-Giemas-stained cells (bottom) from the tertiary plating were shown. Scan bar:
50um. Genes used in co-transduction were indicated on top. D. Myeloid colony formation
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assay for co-transduced bone marrow cells as indicated on bottom. Colony counts were
summarized from primary, secondary and tertiary plating on methycellulose medium in the
presence of IL3, IL6, SCF and GM-CSF. Error bars indicate SD from duplicates. The results
were repeated at least three times. (E, F). Myeloid colony formation assay for co-transduced
bone marrow cells as indicated on bottom. Means and standard deviations (as error bars)
were derived from at least three experiments. For (D-F), ***, p<0.0001, two-way ANOVA
test.
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Figure 3. PRDM16 represses MLL-AF9 leukemia in vivo
(See also Figure S2). A. Kaplan-Meier survival curves for recipient mice engrafted with

cells as indicated (n=6). Mantel-Cox test was performed to obtain p values for
overexpression (p<0.0001) and knockdown (p=0.0012) experiments, respectively. B. The
representative images of the spleens from recipient mice at the end point of the study. C.
Representative Wright-Giemsa staining of peripheral blood (PB) smear (Scan bar: 50um)
and H&E staining of lung (Scan bar: 100um), liver (Scan bar: 100um) and bone (Scan bar:
200um and 50um) as indicated on right. Co-transduced genes were indicated on top. D.
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Representative flow cytometry analyses of bone marrow cells isolated for each group of
recipient mice as indicated on top. Top row: antibodies against CD45.1 and CD45.2 surface
markers to separate supporter cells and donor cells. Bottom row: antibodies against myeloid
surface markers Mac-1 and Gr-1 to identify leukemic cell population. Percentage of cells for
each immnophenotype was indicated in each quadrant.
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Figure 4. PRDM16 regulates broad transcriptome in MLL-AF9 and E2A-HLF cells
(See also Figure S3 and Table S1-3). A. Left, scatter plot for transcripts in MLL-

AF9+Prdm16mut down regulated (X-axis) and MLL-AF9+Prdm16mutup regulated (Y-
axis). Right, scatter plot for transcripts in £E2ZA-HLF+Prdm16 down regulated (X-axis) and
EZA-HLF+PRDM16mut up regulated (Y-axis). Transcripts levels were presented as log2
FPKM (fragments per kilobase of transcript per Million mapped reads). Genes that have > 2
fold differences in expression as well as <=0.05 FDR corrected p-value in each cell type are
represented by red and green dots for up and down regulated genes, respectively. Grey, genes
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with no expression change in either cell type. Blue dots, genes expressed higher in both
MLL-AF9+Prdmi6mutand E2A-HLF/Prdmi6mut co-transduced cells. Orange dots, genes
expressed higher in both MLL-AF9+Prdm16and E2A-HLF+Prdm16 co-transduced cells. B.
Venn diagram for the differentially expressed genes upon inactivation of PRDM16 in co-
transduced MLL-AF9 or E2A-HLF cells. C. Gene set enrichment analysis (GSEA) on genes
regulated by PRDM16 methyltransferase activity in MLL-AF9 co-transduced cells. NES:
normalized enrichment score. FDR: false discovery rate. References see text. D. Heat map
for Hox A genes (indicated on right) in MLL-AF9and EZA-HLF cells as indicated on top.
Color bar indicates scale of log2 fold change after centering of expression values. Duplicate
RNA-seq data sets were used. E. ChIP for exogenous PRDM16 at Hox A genes (X-axis).
Anti-HA antibody is used. Signals for each experiment were normalized to 1% input. Means
and standard deviations (as error bars) from at least three independent experiments were
presented. F. Heat map for genes that have lower expression in PRDMI16mut+MLL-AF9
and PRDM16mutrE2A-HLF cells as indicated on top. Color bar indicates scale of log2 fold
change after centering of expression values.

Mol Cell. Author manuscript; available in PMC 2017 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.
A Gene Expression B PRDM16 ChIP
5 . B MAF9-+control ShRNA m MAF9
s MAF9+PRDM16 0.3 1 m MAF9+PRDM16WT
‘@ 44  MAF9+PRDM16 MAF9+PRDM16mut
o +Gfi1bshRNA
Q = 02 i
oo 5 T
Ll c
[0] i _o
= 2 - = 0.1
- e T
i D n-
0 r . 0 4 r
MAF9 Gfilb GFl1b Hoxa9
D RNA Pol-ll ChIP E
0.25 1 B MAF9 0.03
oo F ™ VAFO+PROM16
5 H
3 0.15 1 £
° 0.1 1 °
0.05 A
o LI A= ED
Gfilb Hoxa7 Hoxa9 Hoxa10
H
F c 1.2 1
AO W\ 2 |
OCX“ ,G?\ 066 P(GQ\ @ 1
R\ e A\ N g 0.8 A
Anti-HA e S 06
o
Anti-LSD1 = s— - 2 041
) E 0.2 1
Anti-COREST * s - 0 4
Input P D 4
G MLL-AF9 ChiP I
0.02 W MAF9
01 MAF9+Gfi1b o 1.6
W 1gG o 4
0.015 1 9 7 14
5 o
o Q.
£ 0.01 1 &
BN 2
0.005 T
= == [0
= o

Gfilb

Hoxa7 Hoxa9

Hoxal0

Page 24

C H3K4me2 ChIP

) m MAF9
8 MAF9+PRDM16WT
. ] MAF9+PRDM16mut
5
Q
€4
S T
2 1 =
0 -
Gfi1lb Hoxa9
HA-GFI1b ChIP
mGfi1b

migG

Hoxa3 Hoxa7 Hoxa9 Hoxa2

HoxA Gene Expression

EMAF9 " MAF9+Gfi1b

S5 X H O A SO N D

U R S N
N g T g S
sz\O sz\o ‘2\0 \2\0 \2\0 \2\0 \2\0 \2\0 0+ O+ 0+

I

HoxA Gene Expression

B MAF9+control shRNA
MAF9+PRDM16
MAF9+PRDM16+Gfi1bshRNA

Hoxa3 Hoxa4 Hoxa5 Hoxa6 Hoxa7 Hoxa9 Hoxa10

Figure 5. Gfilb is the key intermediate in PRDM16 regulation of Hox A genes
(See also Figure S4, S5). A. Real-time PCR for MLL-AF9and Gfi1bwith or without

PRDM16 overexpression and Gfilb knock-down. Gene expression was normalized against
GAPDH and presented as fold change against the level in MLL-AF9/control shRNA cells,
which is arbitrarily set at 1. (B-E and G). ChIP experiments using antibodies as indicated on
top. Signals for each experiment were normalized to 1% input. B, E, anti-HA antibody was
used to detect exogenous PRDM16 or GFl1b. G, anti-Flag antibody was used to detect
FLAG-MLL-AF9. F) Immunoprecipitation of exogenous HA-GFI1b using anti-HA antibody
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in MLL-AF9+Gfilb cells. Antibodies were indicated on left. (H). Real-time PCR for Hox A
genes in MLL-AF9cells with or without Gfi1b overexpression. (I). Real-time PCR for Hox
Agenes in MLL-AF9or MLL-AF9+PRDM1I6 cells treated with control or G#iZ16 shRNAs as
indicated. For H and I, gene expression was normalized against GAPDH and presented as
fold change against the level in MLL-AF9, which is arbitrarily set at 1. For A-G and I,
means and standard deviations (as error bars) from at least three independent experiments
were presented.
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Figure 6. Gfilb overexpression inhibits MLL-AF9 leukemogenesis

(See also Figure S6). A. Liquid cell proliferation assays. Cell number (Y-axis) is counted
every two days (X-axis). Error bars indicate SD from duplicates. The results were repeated
at least three times. B. Myeloid colony formation assay. Colony counts from primary (R1),
secondary (R2), and tertiary (R3) plating were summarized for each co-transduction as
indicated on bottom. Means and SD (error bars) from duplicates were presented. The results
were repeated at least three times. C. Kaplan-Meier survival curve of cohorts of recipient
mice (n=6). p-value was calculated using the Mantel-Cox test. D. Top, representative image
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of spleens from the recipient mice. Bottom, the distribution of the spleen weight for each
cohort. The MLL-AF9 cohort was the same as shown in Figure 3 since the experiments were
performed at the same time. E. Wright-Giemsa staining of peripheral blood (PB) smear and
histology of organs (H&E staining) of recipient mice (as indicated on top) at the end point of
the study. Scan bars: 50um for PB, 200um for spleen, 100um for lung and liver, 200um and
50um for bones. F. Representative flow cytometry analysis of BM cells in each cohort.
Antibodies included CD45.1 vs. CD45.2 (left panels) and Mac-1 vs. Gr-1 (right panel) as
indicated. Percentage of cell population was indicated in each quadrant.
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(See also Figure S7). A. Real-time PCR for Prdm16, Gfi1b and Hoxa9 gene expression in
pre-leukemic MLL-AF9 cells. Gene expression was normalized against GAPDH and
presented as fold change against their respective levels in cells 3-day after transduction,
which was arbitrarily set at 1. B. Top, schematic of CGls at PRDM16 and PRDM16S.
Bottom, bisulfite-sequencing results for 10 clones in each experimental group as indicated
on top. Percentage of total methylated CpG sites was indicated on right and percentage of
methylation at selected CpG sites were indicated on bottom. C. MeDIP was performed at
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different time after MLL-AF9 transduction as indicated on bottom. DNA corresponding to
TSS of PRDM16 was amplified by real-time PCR. Signals for IP were normalized to 1%
input. Means and standard deviations (as error bars) from at least three independent
experiments were presented. D. Schematic for the PRDM16 mediated regulation in pre-
leukemic cells. See text for detail.
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