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Abstract

Epigenetic gene regulation and metabolism are highly intertwined, yet little is known about
whether altered epigenetics influence cellular metabolism during cancer progression. Here we
show that EZH2 and NRas®12P mutations cooperatively induce progression of myeloproliferative
neoplasms to highly penetrant, transplantable and lethal myeloid leukemias in mice. EZH1, an
EZH2 homolog, is indispensable for EZH2-deficient leukemia-initiating cells and constitutes an
epigenetic vulnerability. BCAT1, which catalyzes the reversible transamination of branched-chain
amino acids (BCAAS), is repressed by EZH2 in normal hematopoiesis and aberrantly activated in
EZH2-deficient myeloid neoplasms in mice and humans. BCAT1 reactivation cooperates with
NRas®12D to sustain intracellular BCAA pools, resulting in enhanced mTOR signaling in EZH2-
deficient leukemia cells. Genetic and pharmacological inhibition of BCAT1 selectively impairs
EZH2-deficient leukemia-initiating cells and constitutes a metabolic vulnerability. Hence,
epigenetic alterations rewire intracellular metabolism during leukemic transformation, causing
epigenetic and metabolic vulnerabilities in cancer-initiating cells.
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INTRODUCTION

Epigenetic and metabolic alterations are highly intertwined in cancer cells. Many epigenetic
enzymes catalyzing DNA or histone modifications are susceptible to changes in co-
substrates of metabolism, thus providing a potential link between intracellular metabolism
and epigenetic regulation (1-3). It has been postulated that epigenetic alterations may also
impact metabolism to control disease progression, largely based on the assumption that
altered epigenetics may lead to deregulated metabolic genes. However, few examples exist
to demonstrate whether and how epigenetic alterations influence metabolism during cancer
progression.

Myeloproliferative neoplasms (MPNSs) are progressive blood cancers consisting of
polycythemia vera (PV), essential thrombocythemia (ET), primary myelofibrosis (PMF),
and prefibrotic PMF (4). The identification of driver mutations in JAKZ2, CALR or MPL
gene has transformed our knowledge of MPN pathogenesis (5,6); however, patients with
non-mutated JAKZ, CALR and MPL (so-called “triple-negative’) have the highest incidence
of leukemic transformation (7), indicating that other factors may also contribute to MPN
progression. Mutations in NRAS, a member of the RAS GTPases, are found in 7~19% of
post-MPN leukemias (5,8,9). Interestingly, NRAS mutations occurred exclusively in triple-
negative MPNSs (10), illustrating a unique role of oncogenic RAS in myeloid transformation.
The molecular processes controlling MPN progression to leukemic transformation remain
unknown. This poses a major barrier for developing target-based therapeutics to selectively
eliminate mutant stem cells to prevent disease progression and/or relapse.

EZH2, the enzymatic subunit of the Polycomb Repressive Complex 2 (PRC2) that catalyzes
H3-Lys27 methylation, is one of the most frequently mutated epigenetic regulators in
hematologic malignancies. Loss-of-function EZH2 mutations are found in 12~25% of
MPNs, 10~15% of myelodysplastic syndrome (MDS), and 20~33% of juvenile
myelomonocytic leukemia (JMML) (11-14). Other common mutations in myeloid
neoplasms including ASXL1 and SRSF2 also affect EZH2 function through impaired
chromatin recruitment or aberrant mMRNA splicing, suggesting that the frequency of EZH2
dysregulation may be under-estimated (15,16). Inactivating EZH2 mutations are associated
with worse clinical outcomes in MPNs (17,18). Paradoxically, overexpression or gain-of-
function mutations of EZH2 are also common in cancers (19,20), indicating that both hyper-
and hypoactive EZH2 can be tumorigenic. PRC2 consists of EED, SUZ12, and the
homologous methyltransferases EZH1 and EZH2. While loss of £zh1 or Ezh2has minimal
effect on hematopoiesis in mice, complete loss of PRC2 by combined knockout (KO) of
Ezh1and Ezh2, or Fed KO, leads to loss of hematopoietic stem cells (HSCs) (21-23),
suggesting that PRC2 regulates normal HSCs in a dose-dependent manner. Although studies
have shown that £2/2loss in combination with other lesions such as Jak2Y%17F, Runx1 or
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7et2 mutations promote myeloid or lymphoid malignancies (24-28), it remains unclear how
different PRC2 dosages contribute to the development of hematopoietic malignancies under
physiological conditions.

BCAAs (Valine, Isoleucine, and Leucine) are essential amino acids (29). BCAA levels are
controlled at the first two steps in the BCAA metabolic pathway, catalyzed by the branched-
chain aminotransferase isozymes (cytosolic BCAT1 and mitochondrial BCAT2) and
branched-chain a-keto acid dehydrogenase (BCKDH) complex. BCAT1/2 catalyzes the
reversible transamination that transfers an amino group from BCAA to a-ketoglutarate (a.-
KG), generating glutamate and the corresponding branched-chain a-keto acids (BCKAS).
While BCAT?2 is expressed in most cells, BCAT1 expression is confined to a few tissues.
Increased BCAT1 expression was noted in various cancers, but distinct roles were proposed
in each disease (30-34). Moreover, it remains unknown how BCAT1 is regulated in normal
development and aberrantly activated in cancer cells.

Here we show that PRC2 mutations and NRas®12P cooperatively promote MPN progression
to myelofibrosis and leukemic transformation in a dose-dependent manner. EZH1 is
indispensable for EZH2-deficient LICs and constitutes an epigenetic vulnerability. We
uncover a new molecular link between EZH2, BCAT1 and BCAA metabolism required for
leukemogenesis. Distinct oncogenic drivers converge on the same metabolic pathway by
modulating the enzyme and substrates for BCAA metabolism, thus providing a rationale for
targeting the epigenetic and metabolic liabilities of leukemia-initiating cells.

PRC2 Loss Cooperates with NRas®12P to Promote Myeloid Neoplasms in a Dose-
Dependent Manner

Since NRAS is a common target of oncogenic mutations in hematopoietic neoplasms and
often co-occurs with mutations in epigenetic regulators (13,14,35), we sought to determine
the cooperating alterations in EZH2 and NRAS in myeloid neoplasms. We used Mx1-Cre to
activate heterozygous oncogenic RAS (NRasC120#~) and delete EZH2 (£zh2™ alleles in
hematopoietic cells. Activation of NRas®12D+/~ alone (Mx1-Cre*;NRas®12P*/~ hereafter
called G12D) led to chronic myeloproliferation with long latency (median survival >350
days), consistent with an MPN-like phenotype (4,36,37). By contrast, EZH2 KO together
with G12D (Mx1-Cre*;NRasC12D+/~:Ezh2//f hereafter called G12D/E2-KO) markedly
accentuated disease progression from indolent to highly penetrant lethal MPNs with a
significantly shortened median survival (73 days, £< 0.001 vs G12D) (Fig. 1A).

To assess the role of PRC2 dosage in hematopoietic neoplasms, we established mouse
models containing NVRas®220+/~ and inactivation of various PRC2 subunits, including Ezh1
KO (Mx1-Cre*;NRas®12P+/~:Ezh14/8 or G12D/E1-KO), EZH2 heterozygous KO (Mx1-Cre
*:NRasC12D+/~:Ezh2f* or G12D/E2-Het), EED heterozygous KO (Mx1-Cre
*NRasC12D+/~:Eedf* or G12D/Eed-Het), EED KO (Mx1-Cre*;NRas®12D+/~:Eed/ or
G12D/Eed-KO) and EZH1/2 double KO (Mx1-Cre*;NRasG12P+/~:Ezh18/8:Ezh2f/f or G12D/
E1E2-DKO) (Fig. 1A). Strikingly, while loss of EZH1 had no effect on hematopoiesis or
MPNs, concurrent inactivation of EZH1 and EZH2 abolished MPN progression. G12D/Eed-
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KO phenocopied G12D/E1E2-DKO, consistent with the requirement for EED in both EZH1
and EZH2-containing PRC2 (23,38).

G12D/E2-KO (Mx1-Cre*;NRasC12D+/=:Ezh2ff) mice developed splenomegaly and
hepatomegaly with extramedullary hematopoiesis (EMH) and destructive myelodysplasia
not seen in wild-type (WT, Mx1-Cre™) or either mutation alone within 300 days of
recombination (Figs. 1B and S1A). Analysis of bone marrow (BM) and spleen revealed
severe anemia, leukocytosis, thrombocytosis, increased Mac1*Gr1* myeloid cells, and
decreased Ter119* erythroid cells, B220* B-lymphoid and CD3* T-lymphoid cells (Fig. 1C-
E). Pathological examination of moribund G12D/E2-KO mice revealed severe
leucoerythroblastic anemia and left shifted neutrophilia in the peripheral blood (PB),
myelodysplasia, increased myeloid:erythroid (M:E) ratio, the presence of hypolobulated
dysplastic megakaryocytes and osteosclerosis in BM, increased white:red pulp ratio in
spleen, and the presence of infiltrative myeloid sarcoma in spleen and liver (Fig. S1A). None
of these aberrations were observed in age-matched WT, G12D or G12D/E1-KO mice.
Furthermore, the hematopoietic defects observed in G12D/E2-KO mice were largely
normalized in G12D/E1E2-DKO or G12D/Eed-KO mice (Figs. 1C-E and S1A), suggesting
that EZH2 loss promotes NRas®12P-induced MPNs in an EZH1-dependent manner.

To determine the molecular basis, we examined the expression of EZH2 and EED. At two
weeks post-plpC, we observed 98.1+0.4% or 94.5+1.9% excision efficiency of £zh2or Eed
alleles, respectively (Fig. S1B), resulting in the near absence of EZH2 or EED mRNA and
protein in BM (Fig. 1F,G). Highly efficient £zA2or Eed KO led to significantly decreased
histone H3K27 mono-, di- and tri-methylation (H3K27me1/2/3) (Figs. 1G and S1C). The
levels of EZH2, EED and H3K27me1/2/3 remained low or absent in G12D/E1E2-DKO or
G12D/Eed-KO BM at 1 month post-plpC, but were rapidly restored after 3 months (Fig.
S1D). These data demonstrate that complete loss of PRC2 by EZH1/2 DKO or EED KO is
incompatible with hematopoiesis, resulting in the elimination of G12D/E1E2-DKO or
G12D/Eed-KO HSCs and MPN-initiating cells, and repopulation of cells that escaped
recombination of £zh2or Eed alleles.

EZH2 Loss Cooperates with NRas®12P to Drive Leukemic Transformation

PMF is the most virulent form of MPNs characterized by abnormal proliferation of
megakaryocytes, deposition of fibrous tissues in BM, osteosclerosis, and EMH (4). While no
fibrosis was observed in G12D or E2-KO mice, EZH2 KO with G12D (G12D/E2-KO)
accentuated megakaryocyte hyperproliferation, resulting in myelofibrosis and
myelodysplasia in BM and spleen (Fig. 1H). G12D/E2-KO mice showed histopathological
features of dense reticulin fibers with extensive interactions, coarse trichrome-positive
collagen fibrosis and osteosclerosis in BM, spleen and liver (Fig. 1H), consistent with
advanced PMF (4). More importantly, while none of G12D mice showed acute leukemias, 6
of 13 (or 46.2%) G12D/E2-KO mice displayed leukemic transformation consistent with
post-MPN leukemias or blast-phase MPNs (MPN-BP) (4), including myelodysplasia, 20%
or more c-Kit-positive leukemic blasts and evolving acute leukemic infiltration in BM and
spleen (Figs. 11,J and S1E,F). G12D/Eed-Het had intermediate phenotypes, whereas
G12D/E2-Het had no impact on NRas®12P-induced MPNs (Fig. S2A,B). Additionally, E2-
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KO alone had no effect on MPNs or RAS signaling in hematopoietic stem/progenitor cells
(HSPCs) (Fig. S2C,D), consistent with the oncogenic cooperation between EZH2 loss and
NRas®12D,

Together, these results establish new genetic models that recapitulate progressive
myelofibrosis and leukemic transformation in human MPNs. PRC2 inactivation cooperates
with NRas®12D to promote MPN progression in a dose-dependent manner (Fig. 1K). EZH2
plays a tumor suppressive role in NRas®2P-induced MPNs and EZH2 insufficiency
accelerates disease progression. Moreover, these results establish an essential role for EZH1
in EZH2-deficient MPNs and identify a selective epigenetic vulnerability for EZH2-
deficiency-induced neoplasms.

Ezh27/"NRas®12D Cells Propagate MPNs and Leukemogenesis in Transplant Recipients

NRas®12D impairs HSC self-renewal and differentiation (36,37,39), whereas EZH2 loss
minimally affects hematopoiesis (23). To determine the effect of combined EZH2 loss and
NRas®12D on HSPCs, we analyzed WT, E2-KO, G12D, and G12D/E2-KO mice 2 weeks
post-plpC (Figs. 2A and S1F). Compared to WT, E2-KO alone had no significant impact on
HSPCs in BM and spleen. G12D led to a trend toward increases in LSK (Lin~Scal*c-Kit*),
CMP (Lin"c-Kit*CD34*CD16/327), GMP (Lin"c-Kit*CD34*CD16/32*%), MEP (Lin"c-Kit
*CD34~CD16/327) populations in BM and/or spleen (Fig. 2B). By contrast, G12D/E2-KO
displayed a marked expansion of HSPCs, including LSK, CMP, GMP, MEP, and
megakaryocyte progenitors MkP (Lin~c-Kit*CD150*CD41%) in BM and spleen (Fig. 2B).
Moreover, G12D/E2-KO had significantly decreased erythroid and lymphoid cells, and
markedly increased granulocytes (Fig. 1D,E), indicating that EZH2 loss leads to a skewed
lineage differentiation towards megakaryopoiesis and granulopoiesis at the expense of
erythropoiesis and lymphopoiesis.

To determine whether EZH2 loss and NRas®12P cooperate to promote leukemogenesis
through cell-intrinsic mechanisms, we performed bone marrow transplantation (BMT)
assays (Fig. 2C). CD45.2* BM cells from WT, G12D or G12D/E2-KO mice were
transplanted into CD45.1* lethally irradiated recipient mice. After confirming reconstitution,
the recipients were injected with plpC to induce EZH2 loss and NRas®12P expression. All
G12D/E2-KO recipients developed lethal hematopoietic diseases similar to primary mice
(Fig. 2D). PB of G12D/E2-KO recipients had significantly increased donor-derived myeloid
cells and decreased B cells (Fig. 2E), consistent with increased myeloid expansion with
EZH2 loss and NRas®12P combination. G12D/E2-KO recipients had significantly impaired
survival compared with recipients of WT or G12D cells (Fig. 2F). Pathological analyses
revealed leucoerythroblastic anemia and neutrophilia in PB, splenomegaly, EMH,
myelodysplasia and myelofibrosis in BM and spleen of G12D/E2-KO recipients at 20 weeks
post-BMT (Fig. S3A,B). In secondary transplants, all G12D/E2-KO recipients developed
lethal hematopoietic diseases and died within 6 weeks, whereas no WT or G12D recipients
developed diseases (Fig. 2F).

To examine the role of EZH2 loss and NRas®12D on HSCs, we performed competitive
repopulation assays (Fig. 2G). WT competitor (CD45.17) BM cells were mixed with
CD45.2* WT, G12D or G12D/E2-KO BM cells at 2:1 ratio, and injected into lethally
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irradiated recipients (CD45.1%). Similar to primary mice, G12D/E2-KO recipients developed
lethal hematopoietic diseases with impaired survival (Fig. 2H-J). G12D/E2-KO recipients
displayed the highest chimerism in myeloid cells but not B-lymphoid cells (Fig. 21). At 24
weeks post-BMT, G12D/E2-KO cells contributed competitively to HSCs and progenitors,
but not B or T cells (Fig. S3C). Pathological examination revealed splenomegaly, EMH,
myelodysplasia and myelofibrosis in G12D/E2-KO recipients (Fig. S3D,E). Together, these
results demonstrate that EZH2 loss and NRas®12P enhanced the repopulation capability of
MPN-initiating cells, resulting in efficient propagation of NRas®12P-induced MPNs and
leukemogenesis in a cell-intrinsic manner.

EZH1 is Required for EZH2-Deficiency-Induced Myeloid Neoplasms

Since concurrent EZH1 and EZH2 KO abrogated MPNs, we explored whether EZH1 is an
epigenetic liability of EZH2-deficient leukemia-initiating cells (LICs) (Fig. 2K). Compared
to cells transduced with control shRNAs (shLuc), EZH1-depleted G12D/E2-KO HSPCs
were significantly impaired in colony-forming activities, resulting in markedly decreased
size and number of CFU-GM (colony-forming unit-granulocyte, macrophage) and the more
immature CFU-GEMM (colony-forming unit-granulocyte, erythrocyte, monocyte,
megakaryocyte) colonies (Fig. S4A,B). We next determined the effects of EZH1 depletion
on G12D/E2-KO LICs by transplanting the control or EZH1-depleted G12D/E2-KO HSPCs
into lethally irradiated recipients. While recipients of shLuc-transduced cells developed
lethal hematopoietic diseases and early lethality, EZH1 depletion significantly ameliorated
leukemic phenotypes and delayed disease onset (Figs. 2L—N and S4C,D). It is important to
note that EZH1 KO alone or with NRas®12P had no effect on hematopoiesis or MPNs (Figs.
1A-E and S1A-C). These results demonstrate that EZH1 is dispensable for normal HSCs
but required for EZH2-deficient LICs, thus highlighting a selective epigenetic vulnerability
induced by EZH2 deficiency.

EZH2 Loss Reactivates BCAT1 and BCAA Metabolism in Leukemia-Initiating Cells

To determine the gene programs for aberrant HSC activities, we performed RNA-seq in LSK
cells from WT, G12D, E2-KO and G12D/E2-KO mice 2 weeks post-plpC. We chose the
early time point to ensure that the observed changes were not due to differences in disease
progression and/or leukemic transformation. We identified 344 and 127 significantly up- or
downregulated genes in G12D/E2-KO relative to G12D cells (= 1.5-fold, adjusted Pvalue <
0.05; Fig. 3A, Tables S1 and S2). In addition to several pathways including cell cycle known
to be regulated by PRC2, we discovered that BCAA metabolism was one of the top
upregulated pathways in G12D/E2-KO relative to G12D cells (Fig. 3B). Importantly,
BCAT1, the first enzyme catalyzing BCAA transamination, was specifically upregulated in
EZH2-deficient LSK cells (Fig. 3C,D). BCAT2, a BCAT1 paralogue, did not show
differential expression. Moreover, the Bcatl promoters were highly enriched with
H3K27me3, a histone mark catalyzed by EZH2-PRC2, in BM HSC, MPP and GMP cells
(Fig. 3E), suggesting that Bcat1 is epigenetically silenced by EZH2-PRC2 in hematopoiesis
but aberrantly activated upon EZH2 loss.

To elucidate the mechanisms for Bcat! activation, we measured chromatin accessibility by
ATAC-seq and epigenetic landscapes by ChlIP-seq in LSK cells 4 weeks post-plpC. ATAC-
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seq revealed significant increases in accessibility of multiple distal regulatory elements at
Bcatl in E2-KO or G12D/E2-KO relative to WT or G12D cells (E1 to E6; Fig. 3F),
suggesting that they may act as transcriptional enhancers. Consistently, DNA sequences
containing the ATAC-seq peaks displayed strong enhancer activities in reporter assays (Fig.
3G). Increased ATAC-seq signals at Bcatl enhancers were accompanied by decreased
H3K27me3 and increased H3K4me3 at Bcatl promoters in E2-KO or G12D/E2-KO cells
(Figs. 3H and S5A). No change in chromatin accessibility or histone marks was detected at
Bcat2 (Fig. S5B). At the genome scale, EZH2 loss in E2-KO and G12D/E2-KO LSK led to
profound changes in epigenetic landscapes including significantly increased ATAC-seq
signals in gene-distal elements, and markedly decreased H3K27me3 in both promoters and
gene-distal elements (Figs. S6A-E and S7TA-F). The epigenetic profiles were similar in E2-
KO and G12D/E2-KO but distinct from WT and G12D cells at both genomic and single
gene levels, suggesting that EZH2 loss leads to altered epigenetic and transcriptomic profiles
including BCAT1 activation independent of NRas®12P.

In addition, we identified MYC and CEBPA as the top enriched TF motifs at Bcat!
enhancers (Fig. S8A). MY C and CEBPA bind strongly to Bcat! enhancers, whereas MY C or
CEBPA depletion impaired Bcat expression in G12D/E2-KO HSPCs (Fig. S8B-D). We
also measured Bcatl expression in LSK cells of various PRC2 KO. Bcatl is only slightly
upregulated in G12D/E2-Het (1.8-fold) and modestly upregulated in G12D/Eed-Het (2.4-
fold), but significantly upregulated in Ezh2 KO, Eed KO or Ezh1/2 DKO with or without
NRas®12D (4.2 to 4.9-fold; Fig. S8E). Moreover, Ezh1 KO or Ezh2-Het KO did not
significantly decrease H3K27me3 at Bcatl promoters, in contrast to the near absence of
H3K27me3 in Ezh2 or Eed KO cells (Fig. S8F). Bcat1 is also significantly upregulated upon
EZH2 KO in JAK2V617F_expressing HSC and MEP cells (Fig. S8G) (24), suggesting that
BCAT1 is directly regulated by EZH2 independent of oncogenic drivers (NRas®12D or
JAK2VBITF) Together, these results demonstrate that EZH2-PRC2 represses Bcatl in normal
hematopoiesis, and loss of PRC2 reactivates Bcatl through alleviated promoter repression
and activated enhancers.

EZH2 Regulates BCAT1 in Human MPNs and Myeloid Leukemia

BCAT1 transfers BCAA nitrogen to a-KG to generate glutamate (Glu) and BCKAs (Fig.
S9A). BCKAs can be reaminated by BCAT1/2 or oxidized to TCA cycle for ATP generation
and/or macromolecule synthesis (29). Increased BCAT1 expression was noted in cancers yet
distinct roles were proposed (Fig. S9B). To investigate the EZH2-BCAT1 axis in human
myeloid malignancies, we surveyed the expression of BCATZ mRNA in granulocytes from
MPN patients (Fig. 4A). Compared to healthy donors, there was a trend toward increased
BCAT1 in MPN samples with wild-type EZHZ2 (2.1-fold of controls, A= 0.29). The presence
of the JAK2V617F or CALR deletion had no impact on BCATL. Instead BCAT1 was
markedly upregulated in MPNs harboring £2H2 mutations (8.0-fold of controls, =
0.0068). By further classifying MPNs into £ZH2 heterozygous and homozygous mutations,
we observed significant upregulation of BCAT1 in both groups (6.9-fold and 10.9-fold, P=
0.013 and P =0.0032, respectively), with a trend toward higher BCAT1 in patients with
EZHZ2homozygous mutations (1.6-fold, 7= 0.38). BCATZ expression was modestly
downregulated in MPNs and £ZH2 mutations had no impact on BCA72 (Fig. S9C). Itis
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important to note that EZH2 and RAS mutations are often seen in MPNs with leukemic
transformation (9,10) (Fig. S9D), consistent with our mouse genetics that EZH2 loss and
NRASG12D cooperate to drive leukemic transformation.

We next compared £ZH2and BCAT1 expression in healthy donors (normal), MDS or acute
myeloid leukemia (AML) patients (40-43) (Fig. 4B). EZHZ2 expression is comparable in
normal and MDS but downregulated in AML HSPCs. By contrast, BCAT1 is progressively
upregulated in MDS and AML samples. The reciprocal expression of £EZH2and BCAT1 is
consistent with the role of EZH2 in silencing BCAT1. Importantly, increased BCAT1 is
associated with significantly poorer overall survival in AML cohorts including patients with
RAS alterations (Fig. 4C), suggesting that overexpression of BCAT1 plays an oncogenic role
in AML. Moreover, the human BCATI promoter was enriched with H3K27me3 in normal
CD34* HSPCs, erythroblasts and monocytes, whereas the H3K27me3 level was decreased
or absent in CD34* HSPCs from AML patients (Fig. S10), suggesting that BCAT1 is also an
EZH2-PRC2 target in human hematopoiesis. Together these results demonstrate that £2H2
mutations or decreased expression are associated with increased BCA71 in human MPN and
AML, illustrating an evolutionarily conserved role for EZH2-BCAT1 axis in myeloid
malignancies.

BCAT1 Inhibition Specifically Impairs EZH2-Deficient Leukemia-Initiating Cells

Given that BCAT1 is aberrantly upregulated in EZH2-deficient MPNs and associates with
more aggressive phenotypes, BCAT1 may contribute to the malignant properties of EZH2-
deficient LICs. To test this, we examined the effects of BCAT1 knockdown on G12D/E2-KO
HSPCs (Fig. 4D). Compared to shLuc, BCAT1 depletion significantly impaired CFU-GM
and CFU-GEMM colony-forming activities (Fig. S11A). Upon transplantation, recipients of
shLuc cells developed progressive anemia, leukocytosis, thrombocytosis, myeloid
expansion, EMH, myelofibrosis and early lethality. By contrast, BCAT1 depletion
significantly ameliorated EZH2-deficiency-induced phenotypes and delayed disease onset in
primary and secondary transplants (Figs. 4E-G and S11B,C). Moreover, BCAT1 expression
was significantly depleted in donor cells before (day0) and 30 days after transplantation but
restored at day60 post-transplantation (Fig. 4H). These results suggest that escape from
shRNA-mediated BCAT1 suppression may underlie disease progression in BCAT1 shRNA
groups, and that BCAT1 is functionally required for the propagation of LICs.

To determine whether BCAT1 enzymatic function is required, we inhibited BCAT1 activity
using two inhibitors, BCAT1i (CAS No. 406191-34-2) (44) and gabapentin (Gbp) (45).
BCAT1 inhibition significantly impaired G12D/E2-KO LICs, resulting in smaller colonies
and marked reduction in colony-forming ability relative to DMSO-treated cells (Fig. S11D).
G12D/E2-KO myeloid progenitors (CFU-GM) were nearly absent upon BCAT1 inhibition,
whereas WT or G12D cells were minimally affected. More importantly, BCAT1 inhibition
by Gbp significantly impaired EZH2-deficient LIC activity in limiting dilution assays,
resulting in a 6.3-fold decrease in LIC frequency relative to vehicle controls (Fig. 41).
BCAT1 inhibition also significantly ameliorated leukemic burden and prolonged survival of
recipient mice (Fig. 4J,K). Together, these results suggest that BCAT1 inhibition
preferentially impairs the propagation of EZH2-deficient LICs without affecting normal
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HSPCs, indicating that EZH2 insufficiency creates a selective dependency on BCAT1 in
myeloid malignancies.

BCAT1 Is Required to Maintain Intracellular BCAA Pools in EZH2-Deficient LICs

Since BCAT1 catalyzes reversible BCAA transamination (30-34,46), we sought to elucidate
the metabolic role of BCAT1 in EZH2-deficient LICs. We first determined the
concentrations of BCAASs (Val, 175.2 + 12.5uM; Leu, 128.2 + 14.1uM) and BCKAs (KIV,
34.9 + 6.4puM; KIC, 29.0 + 7.8uM) in the plasma of WT mice (Fig. S12A,B). We then used
isotope tracing to assess the interconversion of BCAAs and BCKAs. First, c-Kit* HSPCs
from WT, G12D, E2-KO or G12D/E2-KO mice were incubated with [13C]-Leu or [13C]-
KIC for 24 hours, followed by LC-MS analysis of 13C labeled metabolites (Fig. 5A). To
determine whether Leu can be deaminated to KIC by BCAT1, cells were cultured with
uniformly labeled [13C]-Leu_M+6 and non-labeled KIC at physiological concentrations
(170 and 30 uM). We detected deaminated [13C]-KIC_M+6 in all four genotypes (Fig. 5B).
Second, to determine whether KIC can be reaminated to Leu by BCAT1, cells were cultured
with [13C]-KIC_M+2 and non-labeled Leu at physiological concentrations. We also detected
[13C]-Leu_M+2 in all four genotypes (Fig. 5B). Third, we observed similar results using
[13C]-Val and [13C]-KIV (Fig. 5A,B). Finally, since BCKA reamination requires Glu as the
amino donor, we traced HSPCs with 2mM [a—1°N]-glutamine (GIn), which is converted to
[a—1°N]-Glu by glutaminase (GLS). We also detected [1°N]-labeled Val and Leu, indicating
transfer of 1°N from Glu to BCAAs. These results demonstrate that HSPCs interconvert
BCAAs and BCKAs, consistent with the known function of BCAT1.

To determine the exchange kinetics between BCAAs and BCKAs, we performed time-
course analysis (Fig. 5C). WT, G12D, E2-KO or G12D/E2-KO HSPCs were traced with
[13C]-Leu_M+6 and [13C]-KIC_M+2 (170 and 30 pM), sampled at time intervals (0, 1, 2, 3,
4,5, 15, 30, 60 and 120 min), and analyzed for the resulting [13C]-KIC_M+6 and [*3C]-
Leu_M+2. We first noted that the uptake of [13C]-Leu_M+6 was faster than [13C]-KIC_M
+2, although labeling reached steading for both tracers by 15 min without difference
between genotypes (Fig. 5D). Importantly, we observed persistent increases in fractional
labeling and abundance of [13C]-Leu_M+2, the BCAT1-catalyzed reamination product, in
G12D/E2-KO relative to other genotypes (Figs. 5E and S12C). In contrast, the fractional
labeling and abundance of [13C]-KIC_M+6, the deamination product of [13C]-Leu_M+86,
was significantly lower in G12D/E2-KO. By calculating the ratios of the abundance for
labeled species, we noted that G12D/E2-KO markedly increased Leu_M+2/KIC_M+2 and
decreased KIC_M+6/Leu_M+6 (Fig. 5F). The exported Leu_M+2 in medium was
significantly increased, whereas KIC_M+6 was decreased in E2-KO after 30~120 min (Figs.
5G and S12D). Notably, the total intracellular Leu and KIC pools remained unchanged,
although the Leu pool was larger in G12D/E2-KO relative to other genotypes (Fig. 5H).
Intracellular a-KG levels remained unchanged in all genotypes (Fig. S12E). Minimal or no
detectable labeling of TCA intermediates or other amino acids was observed (Fig. S13A,B),
suggesting that BCAAs did not significantly contribute to catabolic pathways in HSPCs.

Finally, we measured endogenous BCAA levels in freshly isolated HSPCs. The levels of all
three BCAAS were significantly higher in G12D/E2-KO compared to other genotypes (Fig.
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51), suggesting that increased BCAT1 in G12D/E2-KO HSPCs is associated with net BCAA
increases. Taken together, our results demonstrate that EZH2 loss with NRas®12P reactivates
BCAT1 to enhance BCKA to BCAA conversion, resulting in increased BCAA pools in
HSPCs.

EZH2 Deficiency and NRas®12P Cooperate to Increase Intracellular BCAAs in Leukemia

We next determined whether modulation of BCAT1 would impact BCAAs. We first noted
that BCAT1 inhibition significantly decreased BCAAs in G12D/E2-KO HSPCs (Fig. 6A).
Similarly, BCAT1 depletion by shRNAs significantly decreased BCAAs in EZH2-deficient
HSPCs before and 16 weeks after transplantation /7 vivo (Fig. 6B). Conversely, BCAT1
overexpression (OE) increased BCAAs in G12D HSPCs before and after transplantation
relative to empty vector (EV) control (Fig. 6C). Of note, BCAT1 OE enhanced myeloid
expansion of G12D HSPCs (Fig. 6D), suggesting that increased BCAT1 in NRas®12P-
expressing cells largely recapitulates the metabolic and functional changes as seen in
G12D/E2-KO LICs. More importantly, the findings that blocking BCAT1 reduces BCAAS
while overexpressing BCAT1 increases BCAAs in NRas®12D HSPCs provide strong
evidence independent of tracing data that BCAT1 allows these cells to accumulate BCAAs.

Another critical question relates to the sources of BCKAs and Glu, the two substrates for
BCAT1 transamination. We hypothesized that BCKAs were imported from extra-cellular
sources through monocarboxylate transporters (MCTs) (Fig. 6E), and noted by RNA-seq
that MCT1 (or S/c16al) was the predominant transporter expressed in HSPCs (Fig. S13C).
Importantly, inhibition of MCT1 by AZD-3965 or shRNAs significantly decreased BCKAS
and BCAAs in G12D/E2-KO HSPCs (Fig. 6F,G) and modestly decreased BCAAS in WT or
G12D HSPCs (Fig. S13D,E). In addition, NRas®12D activation resulted in increased
intracellular Glu in G12D and G12D/E2-KO HSPCs (Fig. 6H,1). We next determined
whether NRas®12P increased Gln uptake and intracellular Glu pools through glutaminase
(GLS)-mediated GIn to Glu conversion, which ‘fuels’ BCAT1-catalyzed BCKA reamination
(Fig. 6H). Consistently, we found by [13C]-GIn_M+5 tracing that NRas®12P enhanced
intracellular GIn to Glu conversion in G12D and G12D/E2-KO HSPCs (Fig. 6J), whereas
GLS inhibition by CB-839 significantly decreased Glu and BCAAs in G12D/E2-KO HSPCs
(Fig. 6K).

Together, these results demonstrate that MCT1-dependent BCKA transport and GLS-
dependent GIn to Glu conversion are required for BCAT1 transamination in EZH2-deficient
LICs. Our results demonstrate that distinct oncogenic drivers (EZH2 loss and RAS
activation) converge on the same metabolic pathway to drive leukemic transformation by
modulating the enzyme and metabolic substrates for BCAA metabolism.

BCAT1-Driven Leukemia Is Sensitive to mTOR Inhibition

BCAAs, particularly Leu, activate mTORCL1 to promote cell growth. Since activated BCAT1
increased BCAAs in EZH2-deficient LICs, we explored whether BCAT1 promotes leukemia
through mTORC1 activation. We first noted that known mTOR targets were upregulated in
G12D/E2-KO compared to WT or G12D LSK cells (Fig. 7A). Activated mTORC1
phosphorylates 4EBP1 and S6 kinase (S6K) to promote protein translation. Consistently, we
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observed increased phosphorylation of 4EBP1 (p-4EBP1) and S6K (p-S6K) in G12D/E2-
KO LSK cells (Fig. 7B), and increased protein synthesis in G12D/E2-KO LSK and myeloid
cells (Fig. 7C).

To assess whether BCAT1-driven leukemia is sensitive to mTOR inhibition, we examined
the clonogenic activity by treating HSPCs with rapamycin or active-site mTOR inhibitors
PP242 and Torinl (Fig. 7D). Strikingly, mTOR inhibition markedly impaired G12D/E2-KO
HSPCs, resulting in a dose-dependent reduction in colony-forming ability (Fig. 7E). WT or
G12D HSPCs were minimally affected, suggesting that BCAT1-driven LICs are more
sensitive to mTOR inhibition. To assess the /n vivo effects, we transplanted G12D/E2-KO
splenic cells into lethally irradiated recipients followed by treatment with rapamycin or
vehicle control (Fig. 7D). Vehicle-treated recipients developed lethal hematopoietic diseases
similar to primary mice. By contrast, mTOR inhibition significantly ameliorated BCAT1-
driven phenotypes and delayed disease onset (Fig. 7F,G). Since perturbations of BCAT1,
MCT1 or GLS impaired BCAA metabolism, we examined whether mTOR activity was
affected by changes in BCAT1 or BCAAs. BCATL1 inhibition decreased 4EBP1 and S6K
phosphorylation in G12D/E2-KO HSPCs (Fig. 7H), whereas BCAT1 OE enhanced 4EBP1
and S6K phosphorylation in G12D HSPCs (Fig. 71). Similarly, MCT1 or GLS inhibition
impaired mTOR in G12D/E2-KO HSPCs (Fig. 7J). Leu supplementation enhanced mTOR
and rescued the clonogenic activity of BCAT1-depleted G12D/E2-KO LICs (Figs. 7K and
S13F). Leu supplementation in mice transplanted with BCAT1-depleted G12D/E2-KO LICs
significantly promoted disease progression and shortened survival (Fig. 7L,M).

Taken together, these results demonstrate that loss of EZH2 reactivates BCAT1 to increase
BCAAs in EZH2-deficient LICs (Figs. 7N and S14). Oncogenic RAS increases intracellular
Glu, which cooperates with EZH2 loss to further enhance BCAT1 transamination. Increased
BCAAs promote leukemia transformation through activated mTOR signaling. Moreover,
EZH2-deficient LICs are sensitive to BCAT1 or mTOR inhibition, thus establishing new
therapeutic strategies to selectively eradicate EZH2-deficient and/or BCAT 1-driven
hematopoietic malignancies.

DISCUSSION

PRC2 Regulates Hematopoiesis and Leukemia in a Dose-Dependent Manner

The presence of gain- and loss-of-function PRC2 mutations in cancers indicates that both
hyper- and hypoactive PRC2 can be tumorigenic (11,19,20); however, how different PRC2
dosages impact cancer development remained unknown /n7 vivo. Previous studies in mouse
models demonstrated that PRC2 regulates HSCs in a dose-dependent manner. While partial
loss of PRC2 has no or minimal effect on hematopoiesis, complete loss of PRC2 leads to
HSC exhaustion (21-23). Here we show that partial loss of PRC2 by EZH2 KO or EED
heterozygous KO cooperates with oncogenic NRAS to promote MPNs, whereas complete
loss of PRC2 by EZH1/2 DKO or EED KO abolishes MPN progression. Compared with
NRas®12D alone (36,37), combined EZH2 loss and NRas®12P led to more aggressive MPNs
including myelofibrosis, myeloid expansion, leukemic transformation and reprogramming of
BCAA metabolism, consistent with the oncogenic cooperation between PRC2 deficiency
and RAS activation in leukemogenesis. Moreover, EZH1 inhibition selectively impairs the
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leukemogenic activity of EZH2-deficient LICs, highlighting a selective epigenetic
vulnerability for EZH2-deficiency-induced neoplasms. Since EZH2 mutations are usually
acquired somatically and EZH1 is dispensable for normal HSCs (21-23), our results raise
the possibility of leveraging EZH1 as targeted therapies to specifically eradicate EZH2-
mutant LICs. Thus, our findings provide a rationale for developing EZH1-targeting genetic
and/or pharmacological tools to selectively eradicate EZH2-deficient hematopoietic
neoplasms that may be generally applicable to other disorders caused by PRC2
dysregulation.

EZH2-BCAT1 Axis in Hematopoiesis and Leukemia

Here we describe a new mechanism connecting EZH2, BCAT1 and BCAA metabolism in
hematopoiesis and leukemia. BCAT1 expression is restricted to a few tissues including brain
and pancreas, while it is minimally or not expressed in most hematopoietic tissues
(29,45,47). We show that BCAT1 is epigenetically silenced by EZH2 in mouse and human
HSPCs, and EZH2 loss reactivates BCAT1 through alleviated promoter repression and
activated enhancers. BCAT1 is markedly upregulated in MPN patients carrying EZH2
mutations, and increased BCAT1 associates with poorer survival in AML. It is important to
note that, while heterozygous EZH2 mutations are more frequent in human MPNs, Ezh2-Het
KO did not significantly promote NRas®12P-induced MPNs in mice in our experimental
timeframe. Notably, BCAT1 was markedly upregulated in human MPNs with EZH2
heterozygous mutations (6.9-fold; Fig. 4A), but was only slightly upregulated in EZH2-Het
KO (1.8-fold; Fig. SBE) mouse HSPCs. By contrast, BCAT1 was significantly upregulated
in EZH2 homozygous KO HSPCs (4.2 to 4.9-fold). These results suggest that BCAT1 is
repressed by EZH2-PRC2 in a dose-dependent manner, and EZH2-Het KO in mice is not
sufficient to fully alleviate BCAT1 repression. Nonetheless, BCAT1 inhibition selectively
impairs EZH2-deficient LICs without affecting normal HSPCs, establishing BCAT1 as a
metabolic liability for EZH2-deficient LICs. Further, EZH2 loss-of-function mutations are
frequently found in MPN and MDS patients but rarely in AML (11,12). However, the co-
occurrence of BCAT1 activation and EZH2-PRC2 alterations in human AML may be under-
estimated due to other mechanisms that do not involve EZH2 mutations. For instances,
mutations of PRC2-associated proteins such as ASXL1 impair EZH2 chromatin recruitment
(15). Mutations of SRSF2 cause aberrant EZH2 mRNA splicing in myeloid neoplasms (16).
Other genomic abnormalities such as monosomy 7 or 7q deletion may also impair EZH2
function since £ZHZ2 gene locates on chromosome 7q. Finally, EZH2 expression is
significantly downregulated in AML (Fig. 4B), suggesting that additional mechanisms may
underlie the deregulation of EZH2-PRC2 and activation of BCAT1 in AML. Although
altered metabolism and metabolic substrates often affect epigenetics, little is known about
how epigenetic alterations influence metabolism in cancer progression. Our results for the
first time connect EZH2 dysregulation with altered metabolic pathways in cancer
progression, establishing an example that epigenetic alterations rewire metabolic processes
through reprogrammed expression of key metabolic genes in cancer-initiating cells.

Metabolic Roles of BCAT1 and BCAAs in Myeloid Leukemia

Although increased BCAT1 was noted in cancers and associated with more aggressive
phenotypes, distinct roles for BCAT1 were proposed in different diseases (30-34). These
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mechanisms differ according to whether BCAT1 catalyzes BCAA deamination or BCKA
reamination. In gliomas carrying wild-type IDH1, BCAT1 is activated to catalyze BCAA
deamination and Glu production (30). IDH mutant gliomas produce 2-hydroxyglutarate to
inhibit BCAT1/2 and impair Glu biosynthesis (46). NSCLC tumors increase BCAA uptake
as a nitrogen source for proteins and nucleotides (34). In the context of leukemia, increased
BCAT1 was shown to promote BCAA production in K562 CML cells by reaminating
BCKAs (32), whereas elevated BCAT1 in human AML promoted cell growth through
BCAA deamination and depleting a-KG (33). Our results suggest that activated BCAT1
cooperates with increased Glu in EZH2-deficient and NRasG12P-expressing LICs to enhance
BCKA reamination, resulting in increased BCAAs and mTOR (Fig. S14). These findings
highlight the oncogenic cooperativity between EZH2 loss and RAS activation by converging
on the same metabolic pathway, and provide the mechanistic explanation that individual
RAS or EZH2 mutations are not sufficient to promote malignant phenotypes. Rather, these
mutations cooperate to cause maladaptive metabolic and signaling disturbances in cancer
progression.

Therapeutic Implications of Targeting BCAA Metabolism

Approximately 5~10% of MPNs progress to acute leukemias within 10 years of diagnosis.
Treatment options for post-MPN leukemia patients are limited and conventional approaches
fail to offer long-term cure. BCAAS are essential amino acids that must be acquired from
external sources. BCAA supplementation or BCAA-rich diets are associated with increased
body weight, muscle protein synthesis and glucose homeostasis (48). Paradoxically, elevated
circulating BCAAs correlate with obesity, insulin resistance, type 2 diabetes mellitus
(T2DM) (48), and increased risk of pancreatic cancer (49). By contrast, decreased BCAA
consumption promotes metabolic health and longevity in mice and humans by improving
glucose tolerance and reducing fat accumulation (50). Here we show that BCAT1 is
aberrantly activated to sustain BCAA pools in EZH2-deficient leukemia. Genetic and
pharmacological inhibition of BCAT1 impairs EZH2-deficient cancer-initiating cells.
Because normal HSPCs are unaffected by BCAT1 loss, the selective vulnerability raises the
prospect of leveraging BCAT1 or BCAAs as targeted therapies to specifically eradicate
EZH2-mutant cells. If validated, dietary BCAA restriction may be applicable for the
treatment of hematologic malignancies, particularly for patients with EZH2-deficient
myeloid neoplasms, through the use of diet plans or the prescription of medical foods
lacking specific BCAAs. Our studies provide a strong rationale for the development of more
specific and bioavailable BCAT1 inhibitors targeting metabolic liabilities of cancer-initiating
cells that may be generally applicable to other neoplasms caused by EZH2 dysregulation.

MATERIALS AND METHODS

Cells and Cell Culture

Human AML cell lines NB4 and Kasumil were cultured in RPM11640 medium containing
10% fetal bovine serum (FBS), 1% penicillin/streptomycin. Human AML cell line MV4-11
was cultured in IMDM medium containing 20% FBS and 1% penicillin/streptomycin.
Mouse myeloblast cell line 32D was cultured in RPMI11640 containing 10% WEHI
conditioned medium, 10% FBS and 1% penicillin/streptomycin. All cultures were incubated
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at 37°C in 5% CO». No cell line used in this study was found in the database of commonly
misidentified cell lines that is maintained by ICLAC and NCBI BioSample. All cell lines
were tested for mycoplasma contamination.

EzhZand Eed floxed mice were generated by gene targeting as previously described (23,51).
Ezh1 constitutive knockout mice were obtained from Thomas Jenuwein’s laboratory (Max
Planck Institute of Immunology and Epigenetics, Freiburg, Germany) and will be described
elsewhere. NRas®12P mice containing the LSL-NRas®2D+/~ knockin allele (52) and Mx1-
Cre mice (53) were obtained from the Jackson Laboratory. All mouse lines were maintained
on a C57BL/6 background. All mouse experiments were performed under protocols
approved by the Institutional Animal Use and Care Committee of UT Southwestern Medical
Center (UTSW).

Primary Human MPN and AML Samples

The collection of blood samples from MPN patients was performed at the study center in
Basel, Switzerland and approved by the local Ethics Committee (Ethik Kommission Beider
Basel). Written informed consent was obtained from all patients in accordance with the
Declaration of Helsinki. Granulocyte fraction for RNA isolation was prepared from the
peripheral blood using Ficoll gradient followed by the erythrocyte lysis. Primary human
AML samples were collected for diagnosis and de-identified for our study. This study was
approved by the Institutional Review Board at UT Southwestern Medical Center (IRB STU
122013-023). Samples were frozen in FBS with 10% DMSO and stored in liquid nitrogen.

BCAT1 and BCAT2 Transcript Quantitation in Human MPN Samples

Total RNA from granulocytes was isolated using TriFast (VWR International) and 500ng
was reverse-transcribed with High Capacity cDNA Reverse Transcription Kits (Applied
Biosystems). cDNA was amplified with TagMan Universal Master Mix Il (Applied
Biosystems) and TagMan probes for human BCAT71 (Hs00398962_m1) and BCAT2
(Hs01553550_m1) on ViiA 7 Real-Time PCR System (Applied Biosystems). Relative gene
expression change was calculated according to A2Ct method using human B2M probe
(Hs00984230_m1) for normalization.

RNA Isolation and gRT-PCR Analysis

Total RNA was isolated using RNeasy Plus Mini Kit (Qiagen) and reverse-transcribed using
iScript cDNA Synthesis Kit (Bio-Rad) following manufacturer’s protocols. Quantitative RT-
PCR (gRT-PCR) was performed in triplicate with the iQ SYBR Green Supermix (Bio-Rad)
using CFX384 Touch Real-Time PCR Detection System (Bio-Rad). PCR amplification
parameters were 95°C (3 min) and 45 cycles of 95°C (15 sec), 60°C (30 sec), and 72°C (30
sec). Primer sequences are listed in Table S3.

RNA-seq Analysis

RNA-seq library was prepared using the Ovation RNA-seq system (NUGEN) or SMARTer
stranded pico input total RNA-seq kit (Takara). Sequencing reads from all RNA-seq
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experiments were aligned to mouse reference genome (GENCODE Version M9) by STAR
2.5.2b (54) with the parameters: --outFilterMultimapNmax 1. GSEA was performed as
previously described (55) using KEGG and hallmark gene sets in GSEA databases and
signature genes of various metabolite pathways (total 313 gene sets) (56). Differentially
expressed genes were identified by DESeq2 (57).

ChIP and ChIP-seq Analysis

ChIPmentation was performed as described (58) using antibodies for H3K4me3 (Millipore,
Cat# 04-745), H3K27me3 (Millipore, Cat# 07-449), or H3K27ac (Abcam, Cat# ab4729) in
FACS-sorted BM LSK cells from WT, G12D, E2-KO or G12D/E2-KO mice, respectively.
ChIP-gPCR was performed as described (59) using primers listed in Table S3. ChIP-seq
libraries were generated using NEBNext Ultra 11 DNA library prep kit following the
manufacturer’s protocol (NEB), and sequenced on an lllumina NextSeg500 system using the
75bp high output sequencing kit. ChlP-seq raw reads were aligned to the mouse genome
assembly (GENCODE Version M9) using Bowtie2 (60) with the default parameters. Only
tags that uniquely mapped to the genome were used for further analysis. ChIP-seq peaks
were identified using MACS2 (61). MAnorm (62) was used to compare ChlIP-seq signal
intensities between samples, and identify enriched or depleted peaks (|log2 fold change| = 1)
between G12D/E2-KO and G12D LSK cells.

ATAC-seq Analysis

ATAC-seq was performed as previously described with modifications (63). Briefly, 2 x 104
BM LSK cells were washed twice in PBS and resuspended in 500 ul lysis buffer (10 mM
Tris-HCI, 10 MM NaCl, 3 mM MgCl,, 0.1% NP-40, pH 7.4). Nuclei were harvested by
centrifuge at 500 x g for 10 min at 4°C. Nuclei were suspended in 50 pl of tagmentation mix
(10 mM TAPS (Sigma), 5 mM MgCl,, pH 8.0 and 2.5 pl Tn5) and incubated at 37°C for 30
min. Tagmentation reaction was terminated by incubating nuclei at room temperature for 2
min followed by incubation at 55°C for 7 min after adding 10 pl of 0.2% SDS. Tn5
transposase-tagged DNA was purified using QlAquick MinElute PCR Purification kit
(Qiagen), amplified using KAPA HiFi Hotstart PCR Kit (KAPA), and sequenced on an
Illumina Nextseg500 system using the 75 bp high output sequencing kit. ATAC-seq raw
reads were trimmed to remove adaptor sequence and aligned to mouse genome assembly
(GENCODE Version M9) using Bowtie2 (60) with default parameters. Only tags that
uniquely mapped to the genome were used for further analysis. ATAC-seq peaks were
identified using MACS2 (61). MAnorm (62) was used to compare ATAC-seq signal
intensities between samples, and identify enriched or depleted peaks (|log2 fold change| = 2)
between G12D/E2-KO and G12D LSK cells.

Gene Expression and Survival Analysis in Patient Cohorts

Expression correlation analysis of EZH2 and BCAT1 was performed using gene expression
microarray or RNA-seq in public datasets including GSE12417 (42), GSE13159 (40,41),
and the Beat AML cohort (http://www.vizome.org) (43). Survival analysis was performed
using public datasets in GSE12417, Beat AML and the German AML (GSE16432) patient
cohorts (64). In the Beat AML cohort, patients containing at least one of the following
alterations in RAS signaling pathways were denoted as RAS mutant (RAS™UY), including
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NRAS and KRAS hotspot mutations, NF1 and PTPN11 mutations. In the GSE16432 AML
cohort, survival analysis was performed on patients without IDH1/2, TET2 or NPM
mutations.

Complete Blood Counts

Blood was collected via the retro-orbital plexus and complete blood counts (CBC) were
performed on a HEMAVET HV950 (Drew Scientific) according to the manufacturer’s
protocol.

Flow Cytometry and MACS Cell Separation

Bone marrow cells were obtained by flushing femurs and tibias with a 25G needle or by
crushing femurs, tibias, vertebrae and pelvic bones with a mortar in Ca2* and Mg2*-free
Hank’s buffered salt solution (HBSS; Gibco) supplemented with 2% heat-inactivated bovine
serum (HIBS, Gibco). Spleens and were dissociated by crushing followed by trituration. All
cell suspensions were filtered through a 70 um cell strainer. Cell numbers were determined
with a Vi-CELL cell viability analyser (Beckman Coulter). For flow cytometric analysis and
isolation, cells were incubated with combinations of antibodies listed in Table S4. Lineage
markers for HSCs and progenitors were CD2, CD3, CD5, CD8, B220, Grl and Ter119.
Antibody staining was performed at 4 °C for 30 min, or, when CD34 was included in the
cocktail, on ice for 90 min. Biotinylated antibodies were visualized by incubation with PE/
Cy7-conjugated streptavidin at 4°C for 30 min. DAPI (4,6-diamidino-2-phenylindole; 2
pg/ml in PBS) or PI (propidium iodide; 1 pg/ml) were used to exclude dead cells during flow
cytometry. For isolation of c-Kit* or lineage negative cell populations, cells were stained
with ¢-Kit-APC780 or lineage-Biotin antibodies followed by microbeads conjugated anti-
APC or anti-Biotin secondary antibodies. Cells then were enriched or depleted by
autoMACS magnetic separator (Miltenyi Biotec) or manual separation using LS Columns
(Miltenyi Biotec). Analysis and cell sorting were performed using a FACSAria or
FACSCanto flow cytometer (BD Biosciences). Data were analyzed using FACSDiva (BD
Biosciences).

Bone Marrow Transplantation

Recipient mice (CD45.1) were irradiated using an XRAD 320 X-ray irradiator (Precision X-
Ray Inc.) with two doses of 540 rad (total 1,080 rad) delivered at least 3 hours apart. Cells
were injected into the tail vein of anaesthetized recipients. After transplantation, mice were
maintained on antibiotic water for 4 weeks. Blood was obtained from recipient mice every
four weeks. Red blood cells were lysed with ammonium chloride potassium buffer. The
remaining cells were stained with antibodies against CD45.2, CD45.1, B220, Macl, CD3
and Grl and analyzed by flow cytometry. For non-competitive direct bone marrow
transplantation, 5 x 10° CD45.2 whole bone marrow cells were transplanted into irradiated
CD45.1 recipients and plpC (20 mg/kg) was administrated 4 weeks after transplant. For
competitive transplantation, mixed donor (CD45.2, 2 weeks post-plpC) and competitor
(CD45.1) whole bone marrow cells were transplanted into irradiated CD45.1 recipients. For
secondary transplantation, 2 x 108 donor cells (CD45.2, lineage negative cells in bone
marrow and spleen from moribund recipient of primary transplants) mixed with 2 x10°
competitor BM cells (CD45.1) were transplanted via tail vein injection into lethally
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irradiated CD45.1 recipient mice. For gabapentin and rapamycin drug trials, 2 x 108 whole
donor cells (CD45.2, lineage negative cells in bone marrow and spleen from moribund
recipient of primary transplants) mixed with 2 x 10° competitor BM cells (CD45.1) were
transplanted via tail vein injection into lethally irradiated CD45.1 recipient. Gapapentin was
reconstituted in PBS and administrated at 200 mg/kg by intraperitoneal injection.
Rapamycin was reconstituted in absolute ethanol at 10 mg/ml and diluted in 5% Tween-80
(Sigma) and 5% PEG-400 (Sigma) before administration by intraperitoneal injection at 4
mg/kg per day. For transplantation with EZH1 or BCAT1 shRNAs, lineage negative cells
(CD45.2, 2 weeks post-plpC) were magnetically isolated and maintained in Prime-XV
Mouse Hematopoietic Cell Medium (Irvine Scientific) supplemented with 50 pM B-
Mercaptoethanol, 1% FBS, 50 ng/ml SCF and 50 ng/ml TPO. After two rounds of spin
infection with shRNA viruses within 48 hours, 1,500 GFP* LSK cells were sorted, mixed
with 5 x10° supporting BM cells (CD45.1), and transplanted into lethally irradiated CD45.1
recipient mice. For secondary transplant with BcatZ shRNAs, lineage negative cells from
donor bone marrow and splenic cells (CD45.2, from moribund recipients of primary
transplants) were magnetically separated, transduced with two rounds of spin infection.
5x10° c-Kit™ and GFP* double positive cells were sorted and mixed with 5 x10° supporting
BM cells (CD45.1) were transplanted via tail vein injection into lethally irradiated CD45.1
recipients. The recipient mice were maintained in regular drinking water or supplemented
with 1.5 g/L Leucine. For metabolic analysis of cells with BCAT1 overexpression or
knockdown experiments, lineage negative cells (CD45.2) from WT, G12D or G12D/E2-KO
mice 2 weeks post-plpC were isolated and transduced two rounds with BCAT1
overexpression or knockdown viruses. Sorted c-Kit*GFP* (5 x 10°) cells were mixed with 5
x 10° supporting BM cells (CD45.1) and transplanted via tail vein injection into lethally
irradiated CD45.1 recipients. CD45.2"c-Kit* cells were sorted from bone marrow of
recipients 16 weeks after transplantation and subjected to metabolic analysis. To measure
LIC activity by limiting dilution assays, recipient mice transplanted with G12D/E2-KO
lineage negative cells in bone marrow and spleen (CD45.2, from moribund recipients of
primary transplants) were treated with BCAT1 inhibitor (Gbp, 200 mg/kg) or vehicle control
for 10 days. Then splenic CD45.2* cells from recipient mice were isolated and transplanted
into NSG (NOD-scid L2Rg"!") recipient mice at 10, 100 or 1000 cells per mouse via tail
vein injection. A log-log plot and LIC frequencies were calculated using the ELDA tool.

Colony Formation Assays

A modified methylcellulose containing BCAAs (170 uM each) and BCKAs (30 uM each)
were made based on amino acids deficient DMEM powder (D9800-27, USBiological Life
Sciences) and StemXVivo Methylcellulose Concentrate (HSC011, R&D system). The final
components are 1.4% methylcellulose (1500 cps), 25% fetal bovine serum, 2% bovine
serum albumin, 2 mM L-Glutamine, 50 pM p-Mercaptoethanol, 16 pg/mL recombinant
human insulin, 300 pg/mL human transferrin, 50 ng/ml recombinant mouse stem cell factor
(SCF, human or mouse), 20 ng/ml recombinant mouse interleukin 3 (IL-3, human or mouse),
recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF, human or
mouse), recombinant human interleukin 6 (IL-6), and recombinant human erythropoietin
(EPO). LSK cells were sorted from mice 2 weeks post-plpC. Five hundred LSK cells were
seeded in the above modified methylcellulose medium in the presence of vehicle (DMSO),
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BCAT1i (20 and 40 uM), gabapentin (10 and 20 mM), rapamycin (10 and 20 nM), PP242
(10 and 20 nM) or Torin 1(10 and 20 nM). Colonies propagated in culture were counted at
day 7. For colony formation with ShRNAs, lineage negative cells (CD45.2, 2 weeks post-
plpC) were magnetically isolated and maintained in Prime-XV Mouse Hematopoietic Cell
Medium (Irvine Scientific) supplemented with 50 uM B-Mercaptoethanol, 1% FBS, 50
ng/ml SCF and 50 ng/ml TPO. After two rounds of spin infection with ShRNA viruses
within 48 hours, 500 GFP* LSK cells were sorted by flow cytometry, seeded in the modified
methylcellulose medium, and counted at day 7. For Leu rescue experiments, 500 uM Leu
was supplemented in the modified methylcellulose medium. For human AML cells, human
mononuclear cells were seeded in the modified methylcellulose medium treated with DMSO
or BCATL1 inhibitors as indicated.

Cytospin, Histology and Immunohistochemistry (IHC)

Cytospin preparations from peripheral blood or bone marrow cells stained with May-
Grunwald-Giemsa as described previously (65). Tissue samples were fixed formalin,
dehydrated and embedded in paraffin. Sectioned slides were rehydrated and followed by
standard H&E staining protocol. For IHC, antigen was retrieved by boiling slides in 10mM
sodium citrate buffer at 90-100°C for 20 minutes and then Cooled down to room
temperature. After washing twice with PBST, slides were incubated in methanol with 3%
H,0, for 20 minutes followed by blocking with 5% goat serum. Primary antibody used was
c-Kit (CD117) (Biolegend, Cat# 105802). Detection was performed with the Elite ABC Kit
and DAB Substrate (Vector Laboratories), followed by hematoxylin counterstaining
(Sigma). Reticulin and trichrome staining of BM, spleen or liver sections were performed by
the Molecular Pathology Core facility at UTSW.

Measurement of Protein Synthesis

The rate of protein synthesis was determined as described previously (66) with
modifications. Briefly, mice transplanted with WT, G12D or G12D/E2-KO donor cells
(CD45.2, 2 weeks post-plpC) were injected intraperitoneally with OP-Puro (O-propargyl-
puromycin, pH 6.4-6.6 in PBS) at 50 mg/kg body mass one hour before euthanizing at
indicated time points post-transplant. Bone marrow cells were harvested as above and 3 x
109 cells were stained with antibodies against cell surface markers (LSK, CD45.2*Lin
~Scal*c-Kit*; Myeloid cells, CD45.2*Mac1*Gr1*). Cells were then fixed in 0.5 ml of 1%
paraformaldehyde (Affymetrix) in PBS for 15 minutes and washed with PBS, permeabilized
in 200 pl permeabilization buffer (PBS supplemented with 3% fetal bovine serum and 0.1%
saponin) for 5 min at room temperature. The azide-alkyne cycloaddition was performed
using the Click-iT Cell Reaction Buffer Kit (Thermo-Fisher) and azide conjugated to Alexa
Fluor 555 (Thermo-Fisher) at 5 uM final concentration for 30 min. Cells were then washed
twice with permeabilization buffer and analyzed by flow cytometry.

Metabolic Analysis of BCAAs and BCKAs

Freshly isolated bone marrow c-Kit" HSPCs, plasma or peripheral blood samples from mice
were resuspended in 1.0 ml cold 80% methanol pre-chilled on dry ice. After overnight
incubation at —80°C, lysates were harvested and centrifuged at 21,000 g for 20 min and
supernatant was transferred to a new tube and lyophilized using a Speedvac (Thermo
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Scientific). Dried metabolites were reconstituted in 100 ul MPA and analyzed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as previously described (67).
Analysis was performed on an AB Sciex 5500 QTRAP liquid chromatography/mass
spectrometer (Applied Biosystems SCIEX) equipped with a vacuum degasser, a quaternary
pump, an autosampler, a thermostatted column compartment, and a triple quadrupole/ion-
trap mass spectrometer with electrospray ionization interface, and controlled by AB Sciex
Analyst 1.6.1 Software. Phenomenex Luna C8 (150mmx2.0mm, 5um) column was used for
BCAA separation and Biodent C18 column was used for BCKA separation as described
previously (68). Solvents for the mobile phase were 1mM aqueous ammonium acetate (A)
and 5mM ammonium acetate in 90% acetonitrile (v/v) aqueous (B). The gradient elution
was: 0-2.5 min, linear gradient 0-5% B; 2.5-6 min, linear gradient 5-40% B; and finally,
washing the column with 100% B for 3 min before reconditioning it for 5 min using 0% B.
The flow rate was 0.5 ml/min and the column was operated at 35°C. Multiple reaction
monitoring (MRM) data were acquired with the transitions listed in Table S5.
Chromatogram review and peak area integration were performed using MultiQuant software
version 2.1 (AB SCIEX). For absolute quantification, the peak area for each metabolite was
normalized against total cell number. The normalized area values were for statistical
analysis. To determine physiological concentration of valine, leucine, a-ketoisovalerate and
a-ketoisocaproate in mouse, plasma samples were spiked-in with 25uM 13C labeled valine,
leucine, a-ketoisovalerate and a-ketoisocaproate at 1:4 ratio in 80% methanol. The final
concentrations were calculated by normalizing to spiked-in isotopes. For ex vivotracing
experiment, c-Kit* cells were isolated and cultured in Prime-XV Mouse Hematopoietic Cell
Medium (Irvine Scientific) supplemented with 50 pM B- Mercaptoethanol, 1% FBS, 50
ng/ml SCF and 50 ng/ml TPO overnight. The next day, medium was replaced with a
modified Dulbecco’s MEM (DMEM) Medium based on amino acids deficient DMEM
(D9800-27, USBiological Life Sciences) supplemented with 50 UM - Mercaptoethanol,
10% FBS, 50 ng/ml SCF and 50 ng/ml TPO, 2.2 g/L Bicarbonate, and 4.5 g /L D-Glucose.
Cells were then treated with 13C-Valine, 13C-a-ketoisovalerate, 13C-Leucine, 13C-a-
ketoisovalerate, or 1°N-Glutamine for 24 hours in the presence of unlabeled substrate at
indicated concentrations. 1x 106 cells were washed with cold saline twice and resuspended
in 1.0 ml cold 80% methanol. Samples were then subjected to metabolomics analysis as
described above. For time course tracing experiments, c-Kit* cells were isolated and
cultured in Prime-XV full Mouse Hematopoietic Cell Medium as described above overnight.
The next day, medium was replaced with the modified DMEM medium supplemented with 2
mM Glutamine, 170 uM Leucine and 30 uM KIC for 2 hours. The culture medium was then
replaced with the modified DMEM medium supplemented with 170 pM 13C6-Leucine and
30 M 13C6-KIC or 2 mM 13C5-Glutamine accordingly. Samples were collected at indicated
time and extracted in 1.0 ml cold 80% methanol spiked-in with 1 uM D3-Leucine and 1 uM
D7-KIC. The abundance of natural 13C was corrected based on the composition in unlabeled
standard samples. For metabolic analysis of cells with BCAT1 overexpression or knockdown
experiments, the sorted cells were recovered in the modified DMEM medium supplemented
with 50 pM B-Mercaptoethanol, 10% FBS, 50 ng/ml SCF, 50 ng/ml TPO, 2.2 g/L
Bicarbonate, 4.5 g /L D-Glucose, 2 mM Glutamine, BCAAs (170 uM each) and BCKAs (30
UM each) or 2 mM Glutamine for 2 hours, and subjected to metabolic analysis. The same
cell culture medium was used in the Western blot analysis of mTOR signaling ex vivo.
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Quantification and Statistical Analysis

Statistical details including A, mean and statistical significance values are indicated in the
text, figure legends, or Materials and Methods. Error bars in the experiments represent
standard error of the mean (SEM) or standard deviation (SD) from either independent
experiments or independent samples. All statistical analyses were performed using
GraphPad Prism, and the detailed information about statistical methods is specified in figure
legends or methods.

Data Availability

All raw and processed RNA-seq, ChIP-seq and ATAC-seq are available in the Gene
Expression Omnibus (GEO): GSE112995.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFIANCE

EZH2 inactivation and oncogenic NRAS cooperate to induce leukemic transformation of
myeloproliferative neoplasms by activating BCAT1 to enhance BCAA metabolism and
mTOR signaling. We uncover a mechanism that epigenetic alterations rewire metabolism
during cancer progression, causing epigenetic and metabolic liabilities in cancer-
initiating cells that may be exploited as potential therapeutics.
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Figure 1. PRC2 Loss Promotes NRas®12D-Induced Myeloid Neoplasms in a Dose-Dependent
Manner

A. Kaplan-Meier survival curves of control NRas®2P+~ mice (V= 9) and mice with

combined NRas®12P*/~ and various PRC2 KO mimicking different PRC2 dosages (V= 6 to
20). Pvalues were calculated using log-rank (Mantel-Cox) test.
B. Representative pictures and quantification of spleen and liver of mice with indicated
genotypes. Scale bars, 0.5 cm (top) and 1 cm (bottom).
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C. Complete blood count (CBC) of peripheral blood (PB) red blood cells (RBC),
hemoglobin (Hgb), white blood cells (WBC) and platelets in mice 10 weeks post-plpC or
moribund.

D. BM cellularity and frequencies of erythroid (Ter119"), B-lymphoid (B220%), T-lymphoid
(CD3*) and myeloid (Mac1*Gr1™) cells in mice 10 weeks post-plpC or moribund.

E. Spleen cellularity and frequencies of erythroid, B-lymphoid, T-lymphoid and myeloid
cells in mice 10 weeks post-plpC or moribund.

F. Expression of Ezh1, Ezh2or Eed mRNA in BM cells 2 weeks post-plpC.

G. Western blot of EZH2, EED, and H3K27 methylation (H3K27me1/2/3) in BM cells 2
weeks post-plpC. Histone H3 and Gapdh were analyzed as loading controls.

H. EZH2 loss with NRas®12D |ed to development of myelofibrosis. Representative images
are shown for reticulin and trichrome staining of BM, spleen or liver sections from G12D
and G12D/E2-KO mice 8 to 12 weeks post-plpC. Scale bars, 150pum.

I. Representative H&E staining of G12D/E2-KO BM sections shows sheets of blastic
infiltrates (>20%) consistent with leukemic transformation. Scale bars, 25um.

J. Histopathological analysis of Ezh2/"NRas®12P-induced MPNSs. Representative BM
smears are shown in mice 10 weeks post-plpC or moribund. The arrowheads indicate
leukemic blasts with increased nucleus/cytoplasm ratio, fine chromatin, prominent nucleoli,
and scant cytoplasm with fine eosinophilic granules. Scale bars, 20um and 10um.

K. Schematic of dose-dependent regulation of HSC or leukemogenic activity by PRC2. By
KO of various PRC2 subunits (EZH1, EZH2 or EED), different levels of PRC2 activity were
obtained. While partial loss of PRC2 by deletion of EZH1, EZH2 or EED heterozygous
alleles had minimal impact on HSCs, complete loss of PRC2 by EZH1/2 DKO or EED KO
led to HSC exhaustion. By contrast, while partial loss of PRC2 by EZH2 KO or EED
heterozygous KO accentuated NRas®12P-induced MPN to leukemic transformation,
complete loss of PRC2 was incompatible with leukemogenesis.

Results are mean = SEM and analyzed by a repeated-measures one-way ANOVA with
multiple comparisons, unless stated otherwise. *P < 0.05, **P< 0.01, ***P < 0.001, n.s. not
significant.
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Figure 2. Ezh27/"NRas®12D Cells Propagate MPN Progression and Leukemogenesis in an
Intrinsic and EZH1-Dependent Manner

A. Experimental design to access the effects of EZH2 KO and/or NRas®12P on HSPCs.

B. Frequencies of HSPCs in BM or spleen 2 weeks post-plpC. V=4 to 7 mice per group.

C. Schematic of bone marrow transplantation (BMT) assays.

D. CBC analysis of RBC, Hgb, WBC and platelets 8 to 20 weeks post-BMT.

E. Frequencies of donor-derived CD45.2* myeloid and B-lymphoid cells 8 to 20 weeks post-
BMT.

F. Survival curves of recipient mice transplanted with WT, G12D or G12D/E2-KO donor
cells in first or secondary BMT (N =5 per genotype). Pvalues were calculated between
G12D (or G12D/E2-KO) and WT using log-rank (Mantel-Cox) test.

G. Schematic of competitive BM repopulation assays.

H. CBC of RBC, Hgh, WBC and platelets 4 to 24 weeks post-BMT.

1. Frequencies of donor-derived CD45.2" cells, myeloid and B-lymphoid cells in PB of
recipients 4 to 24 weeks post-BMT.

J. Survival curves of recipients transplanted with WT, G12D or G12D/E2-KO donor cells (N
=5 per genotype).
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K. Experimental design to determine the requirement of EZH1 in EZH2-deficient MPNSs.
L. CBC in recipients of G12D/E2-KO HSPCs transduced with control (shLuc) or EZH1
shRNAs 8 to 28 weeks post-BMT.

M. Frequencies of donor-derived myeloid cells in PB 8 to 28 weeks post-BMT.

N. Survival curves of recipients transplanted with G12D/E2-KO HSPCs transduced with
shLuc or EZH1 shRNAs (N =5 per genotype). P values were calculated between Ezh1-shl
(or Ezh1-sh2) and shLuc using log-rank (Mantel-Cox) test.

Results are mean = SEM and analyzed by a one-way ANOVA with multiple comparisons,
unless stated otherwise. *P< 0.05, **P< 0.01, ***P < 0.001, n.s. not significant.
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Figure 3. Loss of EZH2 Reactivates BCAT1 in Myeloid Neoplasms
A. Heatmap showed Z-scores of DEseq2 normalized read counts for differentially expressed

genes identified by RNA-seq in BM LSK cells 2 weeks post-plpC. A= 3, 4, 3 and 4 mice
for WT, G12D, E2-KO and G12D/E2-KO, respectively.

B. Top enriched signatures in upregulated or downregulated genes in G12D/E2-KO LSK
cells.

C. GSEA showed the upregulation of BCAA metabolism related genes in G12D/E2-KO
LSK cells. Heatmap showed Z-scores of DEseq2 normalized read counts for genes in BCAA
metabolism pathway.
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D. BcatI mRNA was upregulated in E2-KO or G12D/E2-KO relative to WT or G12D LSK
cells. Y axis showed normalized read counts of Bcatl by DEseq2. Pvalue was calculated by
a two-sided ~test. Boxes showed median of the data and quartiles, and whiskers extend to
1.5x of the interquartile range.

E. Density maps for ChlP-seq of H3K27me3 at Bcatl gene (chr6:144,975,000-145,095,000;
mmZ10) in BM HSC, MPP and GMP cells. Dashed lines and arrowheads indicate Bcatl
transcriptional start sites (TSS).

F. EZH2 KO increased chromatin accessibility at Bcat promoters and distal elements.
Results from ATAC-seq (chr6:144,977,916-145,130,192; mm10) in WT, G12D, E2-KO and
G12D/E2-KO LSK cells are shown. N=4, 4, 3, and 3 for WT, G12D, E2-KO and G12D/E2-
KO, respectively. Bcat1 promoters (P1 and P2) and putative enhancers (E1 to E6) are
indicated by dashed and shaded lines, respectively. The zoom-in view of each enhancer is
shown on the bottom.

G. Bcatl distal elements with increased ATAC-seq enhanced reporter expression relative to
vector or neighboring control DNA sequences (C1 to C6). Schematic of enhancer reporter
assays in 32D cells is shown. Results are mean + SEM (N = 3 experiments) and analyzed by
a two-sided #test. *P< 0.05, **P< 0.01, ***P< 0.001, n.s. not significant.

H. EZH2 KO decreased H3K27me3 and increased H3K4me3 at Bcatl promoters. Results
from ChlIP-seq (chr6:145,087,000-145,037,000; mm10) in WT, G12D, E2-KO and
G12D/E2-KO LSK cells (V=2 mice per genotype) are shown.
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Figure 4. BCAT1 Is Required for EZH2-Deficient LICs and Human Myeloid Neoplasms
A. EZH2 mutations in MPN patients increased BCAT1 expression. Each dot indicates an

independent sample. All, all patients; Het, EZH2 heterozygous mutation; Hom, EZH2
homozygous mutation.

B. Expression of £EZH2and BCATIin CD34* HSPCs or BM cells from healthy donors
(normal), MDS and AML patients in GSE13159 (40-42) and Beat AML (43) cohorts. Each
dot indicates an independent sample. Boxes show median of the data and quartiles, and
whiskers extend to 1.5x of the interquartile range. P values were calculated by a two-sided #
test.

C. Increased BCAT1 negatively associates with overall survival in AML cohorts including
GSE12417 (42), Beat AML (all or RAS mutant patients) (43), and GSE16432 (64). Patients
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were ranked by BCA7Z mRNA levels from low to high and divided to 4 or 2 quantiles. P
value was calculated for all quantiles using log-rank (Mantel-Cox) test.

D. Experimental design to determine the role of BCAT1 in EZH2-deficient MPNSs.

E. BCAT1 depletion impaired EZH2-deficient MPNs. CBC results are shown in recipients
of G12D/E2-KO HSPCs with control (shLuc) or BCAT1 shRNAs 8 to 28 weeks post-BMT.
F. Frequencies of donor-derived myeloid (Mac1*Gr1*) cells in PB 8 to 28 weeks post-BMT.
G. Survival curves of mice transplanted with G12D/E2-KO HSPCs with shLuc or BCAT1
shRNAs in first or secondary transplantation (/=5 per genotype). Pvalues were calculated
between Bcatl-shl (or Bcatl-sh2) and shLuc using log-rank (Mantel-Cox) test.

H. Validation of BCAT1 knockdown by qRT-PCR in donor-derived BM cells before (Day0)
and after (Day30 and Day60) secondary transplantation.

I. LIC frequencies in vehicle or BCATL1 inhibitor (Gbp) treated mice were determined by
limiting dilution at three doses by transplantation to NSG mice (A =5 per group). LIC
frequency fitted to each dilution series is shown by a solid line relating the log;g fraction of
non-leukemic mice to the numbers of transplanted cells at 95% confidence intervals (dashed
lines). Pvalue was calculated by chi-squared test to evaluate the difference between vehicle
and Gbp groups.

J. Survival curves of mice transplanted with G12D/E2-KO HSPCs treated with vehicle or
BCATL1 inhibitor (Gbp) (V=7 and 14). Pvalues were calculated using log-rank (Mantel-
Cox) test.

K. Frequencies of donor-derived (CD45.2%) cells in PB, BM and spleen in mice transplanted
with G12D/E2-KO HSPCs with vehicle or Gbp treatment 30 days post-transplantation.
Results are mean = SEM and analyzed by a repeated-measures one-way or two-way
ANOVA with multiple comparisons, unless stated otherwise. *P< 0.05, **P< 0.01, ***P<
0.001, n.s. not significant.
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Figure 5. BCAT1 Promotes Intracellular BCAA Production in EZH2-Deficient LICs
A. Schematic of isotope tracing in EZH2-deficient LICs. BM c-Kit* HSPCs from 8~12

weeks WT, G12D, E2-KO or G12D/E2-KO mice were traced 24 hours with [13C]-Leu_M
+6, [13C]-KIC_M+2, [13C]-Val_M+5, [13C]-KIV_M+5, or [1°N]-GIn_M+1, followed by
LC-MS analysis of 13C or 15N-labeled metabolites.

B. Fractional labeling of [13C] or [1°N]-labeled BCAAs or BCKAs in BM HSPCs.

C. Schematic of isotope tracing to determine the
interconversion.

kinetics of BCKA and BCAA

D. The uptake of [13C]-Leu_M+6 and [13C]-KIC_M+2 tracers was comparable in all
genotypes. Fractional labeling of Leu_M+6 or KIC_M+2 was determined by LC-MS at the

indicated time points (0 to 120 min).
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E. G12D/E2-KO increased intracellular Leu in HSPCs. Fractional labeling of Leu_M+2 or
KIC_M+6 was determined at the indicated time points (0 to 120 min).

F. G12D/E2-KO increased Leu_M+2/KIC_M+2 and decreased KIC_M+6/Leu_M+6 ratio in
HSPCs.

G. G12D/E2-KO increased exported Leu_M+2 in medium.

H. Leu and KIC pools were determined in HSPCs at the indicated time points (0 to 120
min).

I. Relative ion counts by means of LC-MS of intracellular BCAAs and BCKAs in HSPCs.
Results are mean = SD (N = 3 independent experiments) and analyzed by a repeated
measures one-way ANOVA, unless stated otherwise. *£< 0.05, **P< 0.01, ***P< 0.001.
n.s. not significant.
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Figure 6. Perturbations of BCAT1 Impairs BCAA Metabolism
A. Inhibition of BCAT1 (BCAT1i) decreased BCAAs in EZH2-deficient LICs.

B. BCAT1 depletion by shRNAs decreased BCAAs in EZH2-deficient LICs before and post-
BMT. BCAAS were determined by LC-MS in G12D/E2-KO HSPCs with shLuc or BCAT1

ShRNAs.

C. BCAT1 overexpression (OE) increased BCAAs in G12D HSPCs before and post-BMT.
BCAAs were determined in WT or G12D HSPCs with empty vector (EV) or BCAT1 OE.
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D. BCAT1 OE enhanced myeloid expansion upon BMT. Frequencies of donor-derived
myeloid and B-lymphoid cells in PB of recipients were analyzed at 4 to 16 weeks post-BMT.
Results are mean £ SD (A =5 per genotype) and analyzed by a two-way ANOVA.

E. Schematic of MCT1-dependent transport of BCKAs in BCAA metabolism.

F. MCT1 inhibition by AZD-3965 (25nM and 100nM for 2 h) decreased BCKAs and
BCAAs in G12D/E2-KO HSPCs.

G. MCT1 depletion by shRNAs decreased BCKAs and BCAAs relative to shLuc in
G12D/E2-KO HSPCs.

H. Schematic of GLS-dependent Gln to Glu conversion in BCAA metabolism.

I. NRas®12D+/~ activation increased intracellular Glu in G12D and G12D/E2-KO HSPCs.

J. [13C]-GIn_M+5 tracing showed increased GlIn and Glu in G12D and G12D/E2-KO
HSPCs. Fractional labeling of GIn_M+5 and Glu_M+5 was determined at the indicated time
points.

K. GLS inhibition by CB-839 (25nM and 100nM for 2 h) decreased Glu and BCAA levels
in G12D/E2-KO HSPCs.

Results are mean = SD (V= 3 independent experiments) and analyzed by a two-sided #test,
unless sated otherwise. *£ < 0.05, **£< 0.01, ***P < 0.001. n.s. not significant.
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Figure 7. BCAT1-Driven Leukemia Are Sensitive to mTOR Inhibition
A. Upregulation of mTOR signature genes in G12D/E2-KO relative to G12D LSK cells by

GSEA.

B. Increased p-4EBP1 and p-S6K in G12D/E2-KO relative to WT or G12D LSK cells.

C. Protein synthesis rate was assessed by OP-puro incorporation in BM LSK and myeloid
cells at 4, 8 and 12 weeks post-pIpC.
D. Schematic of experimental design to determine the effect of mTOR inhibition.
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E. Inhibition of mTOR by rapamycin, PP242, or Torin1 abolished the colony-forming ability
of G12D/E2-KO HSPCs. Representative photomicrographs for CFU-GM, BFU-E and CFU-
GEMM colonies are shown. Scale bars, 100um.

F. Representative pictures and quantification of spleen and liver of recipients transplanted
with G12D/E2-KO HSPCs treated with vehicle or rapamycin. Scale bars, 0.5 cm (top) and 1
cm (bottom).

G. Survival curve of recipients transplanted with G12D/E2-KO HSPCs treated with vehicle
or rapamycin (V=5 and 8). Pvalues were calculated using log-rank (Mantel-Cox) test.

H. BCAT1 inhibition by BCAT1i (40 uM) decreased mTOR activity (p-4EBP1 and p-S6K)
in G12D/E2-KO HSPCs.

I. Overexpression of BCAT1 in WT or G12D HSPCs enhanced mTOR activity.

J. Inhibition of MCT1 by AZD-3965 or GLS by CB-839 impaired mTOR activity in
G12D/E2-KO HSPCs.

K. Depletion of BCAT1 impaired mTOR activity in G12D/E2-KO HSPCs, which was
restored by Leu supplementation (500 pM).

L. Leu supplementation promoted EZH2-deficient MPNSs /n vivo. Representative pictures
are shown for spleens of recipients transplanted with BCAT1-depleted G12D/E2-KO HSPCs
supplemented with vehicle or Leu. Scale bars, 0.5 cm.

M. Survival curve of recipients transplanted with BCAT1-depleted G12D/E2-KO HSPCs
with vehicle or Leu. Pvalues were calculated using log-rank (Mantel-Cox) test.

N. Model for the oncogenic cooperativity between EZH2 loss and RAS activation in
myeloid neoplasms.

Results are mean + SEM and analyzed by a repeated-measures one-way ANOVA with
multiple comparisons, unless stated otherwise. *£< 0.05, **P< 0.01, ***P < 0.001, n.s. not
significant.
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