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Dual targeting of EZH2 and EZH1 drives exit of leukemia stem
cells from quiescence and potentiates chemotherapy in acute

myeloid leukemia
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Dear Editor,

Despite recent therapeutic advances, overall survival of acute
myeloid leukemia (AML) patients remains poor. Cytarabine (Ara-C),
in combination with anthracyclines, induces complete remissions
in 60-80% of AML patients, with only a fraction of them achieving
long-term survival, and 60-90% of refractory AML patients
succumb to the disease. Treatment failure is mainly attributed to
the insufficient eradication of cell-kinetically quiescent leukemia
stem/progenitor cells (LSPCs) that reside in the bone marrow (BM)
niche. Therefore, overcoming the dormancy of LSPCs should
improve survival of AML patients [1]. Quiescent LSPCs are
dependent on enhancer of zeste homolog (EZH)2 and EZH1, the
key catalytic subunits of the polycomb repressive complex 2
(PRC2). Genetic ablation of EZH2/1 in an AML model depleted
quiescent LSPCs [2]. In this study, we observed that inhibition of
EZH2/1 by valemetostat tosylate (DS-3201b or valemetostat)
monotherapy in a phase 1 clinical trial induced proliferation and
mobilization of immature blasts into circulation in AML patients.
Preclinical experiments in vitro and in vivo recapitulated the
findings and indicated the therapeutic potential of valemetostat in
combination with Ara-C.

We assessed blast counts in AML patients enrolled in the U-102
study before and after valemetostat treatment (patient character-
istics are described in Supplementary Table S1). Circulating blasts
increased 0.14- to 474.1-fold with a mean increase of 65.42 £ 51.23
(SEM) fold (Fig. 1A, Supplementary Fig. STA) after valemetostat
administration. To study cell kinetics of LSPCs in patients treated
with valemetostat, we measured Ki-67 levels, which exhibit the
lowest in GO phase and accumulates from S to M phases [3]. We
observed increase in Ki-67 positive LSPCs in available patient
samples after valemetostat treatment (Fig. 1B, Supplementary
Table S2), suggesting LSPCs leaving quiescence and entering cell
cycle. Strikingly, one patient exhibited a > 9-fold increase in Ki-67
level, reaching 90% positivity in LSPCs (a representative case is
shown in Supplementary Fig. S1B). The increase in Ki-67 positivity
was reflected in increase in BM blast percentages in three patients
(Supplementary Fig. S1C). These data suggest that LSPCs egressed
from cell-kinetic quiescence and entered a proliferative state after
valemetostat treatment in AML patients, associated with increase
in circulating blasts.

To further investigate the mode of action and the therapeutic
potential of EZH2/1 inhibition, we treated primary cells from
AML patients with valemetostat. Based on the range of
achievable concentration of valemetostat (4.57-4.71 uM) and a
highly specific EZH2/1 inhibition by valemetostat [4-6], we

treated the cells with 1 uM valemetostat under co-culture with
mesenchymal stem cells (MSCs) to mimic the BM microenviron-
ment. Valemetostat significantly increased Ki-67 positive LSPCs
while it decreased p21 levels (Fig. 1C-E). Consistently, valemeto-
stat upregulated CDK4, CDK6, and c-MYC in a representative
primary AML sample, indicating cell cycle progression and
proliferation (Fig. 1F). Of note, valemetostat did not change the
percentages of Ki-67 and p21 positive normal BM CD347
hematopoietic stem progenitor cells (HSPCs) derived from
healthy donors (Fig. 1G-I). Collectively, valemetostat drives exit
from cell-kinetic quiescence and induces proliferation selectively
in LSPCs but not in normal HSPCs.

Next, we treated primary AML cells (N=8) with valemetostat
and/or Ara-C under co-culture with MSCs. All but one patient had
refractory disease after multiple prior treatments including Ara-C,
with recurrent mutations such as TP53, NRAS, and FLT3 (Supple-
mental Table S3). Valemetostat sensitized CD34" LSPCs to Ara-C as
demonstrated by a significant decrease in the EC50s (P = 0.007)
(Fig. 2A). Interestingly, valemetostat did not sensitize LSPCs to
5-Azacitidine (Aza) with or without Venetoclax (Ven) (Supple-
mental Fig. S2A, B). Next, we tested the combination of
valemetostat and Ara-C in a patient-derived xenograft (PDX)
model harboring FLT3-ITD, CEBPA, IDH1, NPMI1, and NRAS
mutations established from a treatment-naive AML patient.
Consistent with the observation in the clinical trial (Fig. 1A),
human CD45" AML blasts increased in circulation in mice treated
with valemetostat alone. The Valemetostat + Ara-C group
exhibited a slightly higher number of circulating blasts compared
to Ara-C alone (Fig. 2B), further suggesting the mobilization of
quiescent cells into circulation by EZH2/1 inhibition. Valemetostat
alone had no impact on the survival of mice while the
combinatorial treatment significantly prolonged the survival
compared to Ara-C or valemetostat alone (P=0.0088 and
0.0058, respectively) (Fig. 2C), suggesting enhanced anti-AML
efficacy by the combinatorial treatment. In contrast, valemetostat
+ Ven/Aza did not prolong the survival of the PDX mice,
consistent with the in vitro data (Supplementary Fig. S2C). RNA
sequencing of the mouse BM samples revealed induction of
apoptosis- and cell-cycle-related genes by the combination of
valemetostat with Ara-C compared to Ara-C alone (Fig. 2D). To
further obtain insights into cell kinetics and signaling pathways,
we performed single-cell mass cytometry time of flight (CyTOF) on
the same BM samples. Unsupervised clustering identified 12
distinct clusters (Fig. 2E, F, Supplementary Fig. S3A). In the vehicle-
treated group, human CD45" cells predominantly comprised
clusters 9, 10, and 11 with high CD33, CD38, and CD123 levels,
along with low levels of IdU, and increased levels of CDK1, CDK6
and phosphorylated RB at S807 and S811 which blocks binding of
RB with E2F transcription factor followed by cell cycle progression
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Fig. 1 EZH2/1 inhibition induces proliferation of AML stem/progenitor cells but not of normal bone marrow hematopoietic stem/
progenitor cells. A Fold changes of blasts in peripheral blood specimens before (blue) and after (pink) the initiation of valemetostat (Val)
treatment in AML patients enrolled in the U-102 study at MD Anderson Cancer Center. B Percentages of Ki-67 positive CD347CD38" AML
leukemia stem/progenitor cells (LSPCs) during treatment courses of valemetostat in AML patients. € Ki-67 protein levels in
CD34"7CD38'CD123" AML LSPCs in primary patient samples (n = 7) co-cultured with MSCs treated with DMSO or 1 uM Val for 10-14 days.
Representative data at day 0 and 10 are shown in the right panel in D. E p21 protein levels in fractions of primary AML samples described in C.
F c-MYC, CDK4 and CDK6 protein levels in primary AML cells co-cultured with MSCs treated with DMSO or 1 pM valemetostat for 3 days.
B-actin serves as the loading control. G Percentages of CD34" cells in normal bone marrow (BM) cells treated with DMSO or 1 M Val for
9 days. H Percentages of Ki-67 positive CD34" normal BM cells treated with DMSO or 1 pM Val for 9 days. I. Mean fluorescence intensities of
p21 in CD34" normal BM cells. Paired t-test is used to determine statistical significance between Val- and DMSO-treated samples in C, E, G-1.

[71 (Fig. 2G, Supplementary Fig. S3B). Ara-C treatment predomi- EZH2/1 inhibition has been investigated as a therapeutic
nantly reduced cluster 10 characterized by intermediate BCL-2 and strategy for various cancer types, including hematologic malig-
MCL-1 levels, whereas cells in clusters 9 and 11, exhibiting nancies [2, 4, 5, 8, 9]. Valemetostat is a novel, potent, and selective
immature phenotype with the highest CD33, CD38, and CD123 dual inhibitor of EZH2 and EZH1, approved in Japan for the
levels, remained alive. Expressions of BCL-2, MCL-1, and treatment of patients with adult T-cell leukemia/lymphoma [10].
H3K27me2/me3 levels of cluster 11 were higher than any other The current study reports the first clinical trial of valemetostat in
cluster. Of note, valemetostat specifically reduced cluster 11, leukemia patients following its preliminary results [11]. While anti-
underscoring the on-target activity against the PRC2 complex. leukemia activity was lacking, we provide proof of concept that
Finally, as expected, the combinatorial treatment of valemetostat EZH2/1 inhibition by valemetostat induces exit from quiescence of
and Ara-C prominently increased IdU-high cells (cluster 12) while otherwise dormant BM-resident LSPCs, breaking the dormancy of

reducing clusters with high BCL-2, MCL-1, H3K27me2/me3, and leukemia progenitor cells. The observation was recapitulated in
p-RB levels, suggesting that the combination activated S-phase AML models, in which valemetostat sensitized AML cells to Ara-C-
entry of those immature AML blasts. mediated apoptosis and extended survival of PDX mice.
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Importantly, normal HSPCs were not affected by valemetostat, respond to valemetostat but rather exhibited an increase in
suggesting EZH2/1-regulated dormancy as an LSPC-specific circulating blasts, which was consistent with the proposed mode
vulnerability. Valemetostat alone did not extend the survival of of action. Quiescent LSPCs, protected by the BM niche, are a major
PDX mice, while CyTOF analyses demonstrated the on-target contributor to therapy resistance and relapse [1]. EZH2/1
activity of the drug. Most patients in the clinical trial did not inhibition has the potential to enhance the anti-leukemia activity
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Fig. 2 EZH2/1 inhibition in combination with cytarabine targets immature AML blasts with elevated BCL-2 and MCL-1 levels and
demonstrates enhanced anti-AML efficacy in vitro and in vivo. A EC50 values in primary AML cells under co-culturing with MSCs treated
with DMSO or 1 uM valemetostat (Val) for 3 days followed by cytarabine (Ara-C) for an additional 3 days. Paired t-test is used to compare
between two groups. B Percentages of human CD45" AML blasts in peripheral blood samples obtained from mice in each treatment group at
weeks 1,2,3,and 4 (N=9,9,9,and 8; 10,9, 10,and 5; 9,9, 9, and 8; 10, 10, 9, and 9 for vehicle, Val, Ara-C and Val + Ara-C groups, respectively).
C Overall survival of mice carrying PDX AML cells in the groups of vehicle, Val, Ara-C and Val + Ara-C (N=6, 7, 6, and 7, respectively). D Gene
expression profiles of apoptosis- and cell cycle-related genes in RNA sequencing in BM samples from the Ara-C and Val + Ara-C treatment
groups (N=3). E A t-distributed stochastic neighbor embedding (t-SNE) plot was generated by unsupervised clustering and dimension
reduction by Rphenograph in BM samples obtained from each treatment group (N =2 per group). The clusters were annotated based on
protein levels of markers used for unsupervised clustering. F t-SNE plots for protein levels of each marker. G t-SNE plots of samples treated
with each indicated treatment. Clusters 9-12 are surrounded by dashed lines with corresponding colors.

of chemotherapeutic agents targeting cycling cells in AML,
especially in leukemias with KMT2A rearrangements, as suggested
by recent studies [12]. In this regard, the combinatorial inhibition
of EZH2/1 and Menin in KMT2A-rearranged leukemias would be a
rational, novel therapeutic approach. Valemetostat did not
enhance the anti-leukemia activity of Ven/Aza, a recent standard
therapy in elderly AML patients, plausibly because Ven, in contrast
to Ara-C, is not more active in proliferating than in quiescent cells
[13]. In fact, the FLAG-Ida protocol, introduced by our group based
on the mobilization of leukemic blasts by G-CSF [14], is still one of
the most effective regimens for high-risk or refractory AML.
Mobilization of LSPCs by CXCR4 inhibition and G-CSF was also
successful in achieving remissions in FLT3-ITD mutant AML
patients refractory to FLT3 inhibitors [15]. The current study
clearly demonstrates the mechanism of action of EZH2/1
inhibition by valemetostat to mobilize quiescent LSPCs and
potentiate the anti-leukemia activity of AraC, though certain
limitations should be acknowledged. While the concentration of
valemetostat used in the in vitro assays falls within a reasonable
range based on its pharmacokinetics in patients, its reported 1C50
for inhibiting EZH2/1 is significantly lower in the nanomolar range,
raising the possibility of pharmacologic activities beyond EZH2/1
inhibition [8]. Of note, previous studies show that valemetostat is
highly specific for EZH2/1, even at higher concentrations, as
demonstrated by both enzymatic screening assays and cell-based
assay [5, 6]. Our in vitro assays with patient samples and PDX
experiments consistently show that EZH2/1 inhibition enhances
the anti-leukemia activity of AraC but not Ven/Aza in AML.
Nevertheless, given the heterogeneity of AML patients and the
limited sample sizes in the current study, further research is
needed to fully elucidate the mechanism of action and the
therapeutic potential of EZH2/1 inhibition combined with other
anti-leukemia therapies. Then, paradoxically, an agent that by
itself promotes leukemia growth would be harnessed to reduce or
eliminate quiescent leukemia stem cells. In conclusion, targeting
EZH2/1 could result in improved outcomes for AML patients
treated with chemotherapeutic agents, addressing the challenges
posed by quiescent LSPCs and thus resulting in improved
responses and response duration, warranting further investigation
in clinical trials.
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