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ABSTRACT

omoharringtonine, a plant alkaloid, has been reported to suppress

protein synthesis and has been approved by the US Food and Drug

Administration for the treatment of chronic myeloid leukemia. Here
we show that in acute myeloid leukemia (AML), homoharringtonine
potently inhibits cell growth/viability and induces cell cycle arrest and
apoptosis, significantly inhibits disease progression i vivo, and substantially
prolongs survival of mice bearing murine or human AML. Strikingly, homo-
harringtonine treatment dramatically decreases global DNA 5-hydrox-
ymethylcytosine abundance through targeting the SP1/TET1 axis, and
TET1 depletion mimics homoharringtonine's therapeutic effects in AML.
Our further 5ShmC-seq and RNA-seq analyses, followed by a series of vali-
dation and functional studies, suggest that FLT3 is a critical down-stream
target of homoharringtonine/SP1/TET1/5hmC signaling, and suppression
of FLT3 and its downstream targets (e.g. M YC) contributes to the high sen-
sitivity of FLT3-mutated AML cells to homoharringtonine. Collectively, our
studies uncover a previously unappreciated DNA epigenome-related mech-
anism underlying the potent antileukemic effect of homoharringtonine,
which involves suppression of the SP1/TET1/5hmC/FLT3/MYC signaling
pathways in AML. Our work also highlights the particular promise of clin-
ical application of homoharringtonine to treat human AML with FLT3
mutations, which accounts for more than 30% of total cases of AML.

Introduction

Homoharringtonine (HHT, also known as omacetaxine mepesuccinate) is a cyto-
toxic alkaloid originally isolated from the cephalotaxus hainanensis.' It has been
approved by the US Food and Drug Administration (EDA) for treatment of chronic
myeloid leukemia (CML) with resistance and/or intolerance to imatinib or other
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tyrosine kinase inhibitors.” However, it is still awaiting
approval for use in the treatment of acute myeloid
leukemia (AML). In China, HHT has been used in the
treatment of leukemia for more than 30 years due to its
low price and high efficiency.’ In a pilot clinical trial we
launched in 2006 in Zhejiang Province, China, we used an
HHT-based induction regimen, namely HAA (HHT 4
mg/m*/day, days 1-3; cytarabine 150 mg/m?/day, days 1-7;
aclarubicin 12 mg/day, days 1-7) to treat de novo AML and
achieved a complete remission rate of 83%.* Afterwards,
a multi-center, open-label, randomized, controlled phase
III trial was carried out in China and confirmed modified
HAA regimen (HHT 2 mg/m*/day, days 1-7; cytarabine
100 mg/m*/day, days 1-7; aclarubicin 20 mg/day, days 1-7)
as an alternative therapeutic strategy in treating de novo
AML, especially for those patients with favorable and
intermediate prognosis.” A potential mechanism by which
HHT exerts its biological function is through its binding to
the A site of the ribosome, resulting in the inhibition of
protein synthesis. However, it is unclear whether there is
any other mechanism(s) underlying antileukemic effect of
HHT, in particular in AML.

Acute myeloid leukemia is one of the most common
and fatal forms of hematopoietic malignancies, character-
ized by blockage of myeloid differentiation and malignant
proliferation of immature myeloid blasts.” With contem-
porary therapies, the vast majority (over 70%) of patients
with AML cannot survive over five years. Despite the
common myeloid background, molecular and cytogenetic
alterations contribute to the heterogeneity of the disease
and the variable responses to treatment. For instance,
mutations in FL'T3, including internal-tandem duplications
(ITD) and tyrosine kinase domain (TKD) point mutations,
occur in over 30% of AML cases and are often associated
with poor prognosis.”” Meanwhile, overexpression of
FLT3 has also been reported in more than 60% of AML
with a variety of AML subtypes, such as AML carrying
FLT3-ITD or t(11g23) [i.e. chromosome rearrangements
involving the mixed lineage leukemia (MLL) gene].’
FLT3-ITD activates multiple signaling pathways, leading
to the aberrant overexpression of a set of oncogenes
including MYC." Despite extensive efforts in developing
and testing various FLT3 tyrosine kinase inhibitors (TKI) in
clinical trials, the long-term therapeutic effects are still not
promising,'""” indicating that the development of more
effective therapeutics to treat FLT3-mutated AML remains
an unmet need.

The Ten-eleven translocation (TET) proteins (including
TET1/2/3) are a family of methylcytosine dioxygenases
that convert 5-methylcytosine (5mC) to 5-hydrox-
ymethylcytosine (ShmC), leading to active or passive
DNA demethylation.” TETY, the founding member of the
TET family, was first identified as a fusion partner of the
MLL gene associated with t(10;11)(q22;q23) in AML."**In
contrast to the frequent loss-of-function mutations and
tumor-suppressor role of TET2 observed in hematopoietic
malignancies,'® we reported recently that TET1 plays a
critical oncogenic role in the pathogenesis of various sub-
types of AML and represents a promising therapeutic tar-
get for AML treatment.”" The oncogenic role of Tetl in
the development of myeloid malignancies was also
observed by others.”

In the present study, we show that HHT exhibits potent
anti-AML effects both in vitro and in vivo, and affects DNA
epigenome by directly targeting SP1 and inhibiting SP1-

mediated transcriptional regulation of TET7 expression,
thereby reducing global 5hmC levels. Moreover, we
demonstrate that FLT3 is a direct target of the
HHTH SP1/TET1/5hmC axis, and therefore HHT treat-
ment substantially inhibits the FLT3/MYC pathways.
Consistently, human primary FLT3-ITD AML cell samples
display particularly high sensitivity to HHT treatment.
Taken together, our studies reveal a previously unrecog-
nized mechanism involving HHT-induced 5hmC reduc-
tion in treating AML, and suggest that HHT-based regi-
mens hold great therapeutic potential for the treatment of
AML, especially that carrying FLT3 mutations.

Methods

Cell lines and cell culture

MA9BITD (MLL-AF9 fusion gene plus FLT3-ITD mutation;
MLL, also known as KMT2A) and MA9.3RAS (MLL-AF9 fusion
gene plus NRAS®"”P mutation) were established by Dr. James
Mulloy and cultured in IMDM supplemented with 20% FBS.*!
MONOMAC 6, MV4-11, MOLM13, Kasumi-1, THP-1, SKNO-1
and ML-2 are obtained and maintained as previously described.”
Homoharringtonine purchased from Sigma-Aldrich was used in
this study.

Mouse model

B6.SJL-Ptpre (CD45.1) mice and NOD/LtSz-scid IL2RG-SGM3
(NSGS) mice were obtained from the Jackson Lab (Bar Harbor,
ME, USA), and bone marrow transplantation (BMT) or xeno-
transplantation assays were carried out as previously
described.”"***? All mice were maintained in the animal core
facility of the University of Cincinnati. All experiments were con-
ducted according to our research protocol which was approved by
the Institutional Animal Care and Use Committee. In all mouse
models, HHT (1 mg/kg body weight) or phosphate-buffered saline
(PBS) was intraperitoneally injected daily for ten consecutive days
from day 11. The mice were euthanized by CO,inhalation once
typical leukemic symptoms, i.e. paralysis, hunched posture,
labored breathing and decreased activity, had been observed. The
peripheral blood (PB), bone marrow (BM), spleen and liver sam-
ples were harvested for further analysis.

Patients’ samples

Bone marrow aspirates and PB samples were obtained from
AML patients with their written informed consent. Mononuclear
cells (MNC) were isolated and used for subsequent experiments.
The genetic mutations were tested by the First Affiliated Hospital,
Zhejiang University College of Medicine. The study was
approved by the Ethics Committee of the First Affiliated Hospital,
Zhejiang University College of Medicine.

DNA 5hmC sequencing

DNA samples were collected and sent for ShmC sequencing.
ShmC library construction and sequencing were performed by Dr.
Chunxiao Song’s lab as previously reported.” The identification of
5hmC peaks in each sample was performed using MACS2,” gene
expression was analyzed by RSEM,* 5ShmC and expression target
analysis was performed by BETA.” 5hmC sequencing data have
been deposited in the Gene Expression Omnibus (GEO) reposito-
ry with the accession number GSE103144.

RNA sequencing and RNA-sequencing analysis
RNA sequencing was performed with total RNA samples isolat-
ed from MA9.3RAS and MA9.3ITD AML cells with or without
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HHT treatment (5 or 10 ng/mL for 48 hours) by The Genomics,
Epigenomics and Sequencing Core of the University of Cincinnati.
The Gene Set Enrichment Analysis (GSEA)* was used to analyze
the enriched signaling pathway in PBS or HHT treated cell sam-
ples. The RNA sequencing data have been deposited in the GEO
repository with the accession number GSE103143.

Statistical analysis

Data were analyzed with GraphPad Prism 6 and were present-
ed as mean+Standard Deviation as indicated. Two-tailed Student
I-test was used to compare means between groups as indicated.
P<0.05 was considered significant. The Kaplan-Meier survival
curves were produced with GraphPad Prism 6 and P-values were
calculated using the log rank test. The densitometric analysis of
the bands from Western blot or dots from dot blot were per-
formed with Gel-Pro analyzer and normalized to the loading con-
trols.

A detailed description of all materials and methods is available
in the Ounline Supplementary Appendix.

Results

Homoharringtonine potently inhibits cell growth and
viability and promotes cell cycle arrest, apoptosis
and differentiation in human acute myeloid leukemia
To systematically investigate the therapeutic potential
of HHT in AML, we first analyzed the responses of
human AML cells to HHT in vitro. Three AML cell lines
with various backgrounds, including MONOMAC 6,
MA9.3ITD and MA9.3RAS, were included for the analy-
ses (Figure 1A). Remarkably, we found that all three AML
cell lines were highly sensitive to HHT treatment, with
very low ICy, values (5~20 ng/mL; or 9.2~36.7 nM) (Figure
1A), and HHT significantly inhibited their growth and via-
bility in a dose- and time-dependent manner (Figure 1B
and Ounline Supplementary Figure S1A). HHT dramatically
induced apoptosis (Figure 1C and D, and Ounline
Supplementary Figure S1B and C) and cell cycle arrest in
G0/G1 phase (Figure 1E and E Ounline Supplementary Figure
S1D and E) in AML cells. Furthermore, we also assessed
the potential effect of HHT on myeloid differentiation of
MONOMAC 6 and NB4 (carrying t(15;17)/PML-RARA)
AML cells. Notably, HHT also significantly promoted
myeloid differentiation of AML cell as detected by both
flow cytometry and qualitative polymerase chain reaction
(qPCR) (Figure 1G and H, Online Supplementary Figure S1F
and G), including PMA-induced monocytic differentiation
and ATRA-induced granulocytic differentiation. Thus,
HHT exhibits a broad-spectrum antileukemic activity
involving the inhibition of AML cell growth/viability and
the promotion of apoptosis, cell cycle arrest, and myeloid
differentiation.

Homoharringtonine substantially inhibits murine and
human acute myeloid leukemia progression in vivo

We next examined the effect of HHT on survival and
proliferation of primary mouse AML cells via colony form-
ing assays. Leukemic BM blast cells collected from pri-
mary BMT recipient mice carrying MLL-AF9- or
NRAS+AE9a (AML1-ETO9a fusion gene” plus NRAS“*")-
induced full-blown AML were seeded into semi-solid
medium containing PBS or HHT (5 ng/mL or 10 ng/mL)
for serial plating. After three rounds of plating, HHT sig-
nificantly suppressed colony-forming activity and

decreased cell proliferation of primary AML cells in a
dose-dependent manner (Figure 2A). HHT treatment also
markedly reduced the colony size (Figure 2B).

We then utilized leukemic mouse BMT model to assess
the effect of HHT on AML progression in vivo. Briefly, pri-
mary mouse MLL-AF9 AML cells (CD45.2) were injected
via tail vein (i.v.) into semi-lethally irradiated recipient
mice (CD45.1). Ten days post transplantation, the recipi-
ents were treated with either HHT (1 mg/kg body weight)
or PBS once daily for ten consecutive days (Figure 2C). As
expected, HHT treatment significantly inhibited AML
progression and substantially prolonged survival in the
AML mice (102 days vs. 63 days; P=0.0007) (Figure 2D).
Compared to the PBS-treated control group, HHT treat-
ment dramatically reduced leukemic burden in PB, BM,
spleen and liver in mice (Figure 2E-G and Online
Supplementary Figure S2A and B).

We also employed "human-in-mouse" xenograft models
to further evaluate the effect of HHT on human AML pro-
gression in vivo. Human MA9.3ITD AML cells were i.v.
injected into NSGS mice and ten days post xenotransplan-
tation, the mice were treated with PBS or HHT (1 mg/kg
body weight) for ten days (Figure 2H). HHT substantially
delayed leukemia progression and prolonged survival of
treated mice, associated with significantly inhibited
engraftment of human AML cells and remarkably reduced
leukemia burden in recipient mice (Figure 2I and Online
Supplementary Figure S2C-F). Pathological morphologies
also identified a significant decrease of leukemia blasts in
PB, BM, liver, and spleen tissues in HHT-treated group
compared with the control group (Figure 2J]). Similar
effects of HHT treatment were also observed in NSGS
mice xeno-transplanted with human MONOMAC 6 AML
cells (Online Supplementary Figure S2G-I). Collectively,
HHT treatment can substantially inhibit leukemia pro-
gression and prolong survival of mice carrying human or
murine AML, demonstrating the potent therapeutic effica-
cy of HHT in treating AML.

Homoharringtonine down-regulates global 5hmC level
by targeting SP1/TET1 in acute myeloid leukemia cells
Altered epigenetic modification at DNA levels is a well-
known feature of AML and displays critical effects during
AML initiation, progression, and prognosis.*”* Strikingly,
we found that HHT treatment significantly reduced global
ShmC level, but not 5SmC level, both in MA9.3RAS and
MA9.3ITD AML cells (Figure 3A and B). Notably, amongst
the genes encoding methylcytosine dioxygenase TET pro-
teins (including TET1, TET2, and TET3) that convert 5SmC
to 5hmC,” we found that only TETY, but not TET2 or
TET3, was significantly down-regulated upon HHT treat-
ment (in a dose-dependent manner) in AML cells as
detected by qPCR (Omnline Supplementary Figure S3A).
Furthermore, we also confirmed HHT-induced suppres-
sion of TET1 expression through our RNA-seq data analy-
sis and Western blotting assay (Figure 3C). Notably, our
qPCR results indicated that the significant downregulation
of TET1 started as early as at 18 hours and continued after-
wards in MA9.3ITD upon HHT treatment (Figure 3E).
Thus, HHT-induced decrease of ShmC level is owing to
the downregulation of TET1. To further determine
whether HHT-mediated TET1 inhibition is due to tran-
scriptional inhibition, we employed nuclear run-on
assay,” with biotin-labeled uridine 5'-triphosphate (UTP)
(Online Supplementary Figure S3B) and showed that HHT
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Figure 1. Acute myeloid leukemia (AML) cells display high sensitivity to homoharringtonine (HHT) treatment in vitro. (A) (Left) Genetic information of MA9.3RAS,
MA9.3ITD and MONOMAC 6 and (right) the inhibitory concentration of 50% (IC,,) values with HHT treatment at 48 hours (h) for these three AML cell lines. (B) Effects
of HHT treatment on cell growth/proliferation in MA9.3RAS, MA9.3ITD and MONOMAC 6 at different time points (0, 24, 48, 72 and 96 h). The colors represent dif-
ferent HHT concentrations (O, 5, 10, 20 ng/mL; or, O, 9.2, 18.3, 36.7 nM). (C) Effect of HHT on apoptosis in AML cells. All the cells were treated with HHT for 48 h
and representative flow cytometric plots and percentages of cell apoptosis are shown. (D) Statistical apoptosis analysis from three independent experiments deter-
mined by flow cytometry. (E) Function of HHT on cell cycle arrest in AML cells. All the cells were treated with HHT for 48 h and representative flow cytometric per-
centages of cell cycle phases are shown. (F) Statistical analysis of cell cycle assays from three independent experiments determined by flow cytometry. (G) Staining
of CD11b and CD14 in MONOMAC 6 cells upon HHT treatment for 96 h during PMA-induced monocytic differentiation (left panel), along with statistical analysis of
cell proportions of CD11b*CD14* and CD11b CD14- in MONOMAC 6 (right panel). (H) Staining of CD11b and CD15 in NB4 cells [carrying t(15;17)/PML-RARA; AML-
M3] upon treatment with HHT for 96 h during ATRA-induced granulocytic differentiation (left panel), along with statistical analysis of cell proportions of CD11b*CD15*
and CD11bCD15 in NB4 (right panel). Red boxes in (G) and (H) represent the differentiated cell population with double positive markers. *P<0.05; **P<0.01;
**%P<0.001; t-test. Error bar, meantStandard Deviation.

haematologica | 2020; 105(1) --




I C. Lietal.
treatment significantly decreased the transcriptional rate tiple putative binding sites of SP1 (Figure 3E top panel, and
of TET1 (Figure 3D), suggesting transcriptional inhibition — Ounline Supplementary Figure S3C). SP1 is an important TF
largely contributes to HHT-induced downregulation of in AML and mediates drug resistance to chemotherapy.”*
TET1. To elucidate the molecular mechanism by which ~ Our ChIP-qPCR confirmed the direct binding of SP1 on
HHT inhibits the transcription of TETY, we examined the ~TETY promoter region and such binding was remarkably
potential binding of transcription factors (TF) on the pro-  decreased upon HHT treatment in AML cells (Figure 3E
moter region of TET1 (-530 to +10 bp) and identified mul-  bottom panel). Furthermore, we conducted drug affinity
- - PBS 5ng/m ng/m|
A o es MLL-AF9 _ MLL-AF9 B HHT Sng/ml  HHT 10ng/ml
58007 == HHT Sng/ml & 121 '
-g 6004 ™= HHT 10ng/mi - e o E
E] = I < \
€ 4004 £ 6 x I 4 .
= Q |
2 200+ o 34 s
o ©
O ol o o
1st 2nd 3rd
NRAS+AE9a HHT 10ng/ml
. 400 ™= PBS T 81 o B T
) HHT 5ng/ml & o ]
‘E’soo- == HHT 10ng/mi < 61 W
S ek = I < %
<200 d gk 5 S 44 ";') ; ‘
z- = o Fkd 3"
%100- . : 2 = é
dkk
o 8 o T gk e Z
1st 2nd 3rd 1st 2nd 3rd
C
’%\ JBS or HHT Leukemia Analysis
MLL-AF9 |e000] — » —
Leukemia cell 44 B6.SJL-Ptprc Day 11-20 Survival PB BM Liver SP
D E F G
MLL-AF9 Model . ” .
_1o0 200- 800- —~100-
S > ) g
= 807 S 160 E o 804 F
B 2 = 6007 T &
o kS i Y- []
z 601 £ 120 5 —:[— S 60+
@ 3 € 4001 £
w 407 L I . 8 80- - £ 404
s p=0.0007 @ 2 200- = 5 .
£ 20— pBs — 2 40- 3 200 £ 5 20
(7] c
& -~ HHT g e "
0 T T T . T + 1 T T T T T T
0 20 40 60 80 100 120 140 PBS HHT PBS  HHT PBS HHT
H
- Leukemia Analysis
m "BS or HHT J\.Q y
MA9.3ITD Lt > - - :
Day 11-20 Survival ~ PB BM Liver SP
J
MA9.3ITD NSGS Model Liver Spleen
100 ; :
x
= 801 a
2 | e
2 601 |
= |
n |
= 407 | —
@ R | p=0.0003
o 3S -
5 204 = | =
o —a HHT | T
0 T T T T 1
0 10 20 30 40 50
Figure 2. Homoharringtonine (HHT) inhibits the progression of acute myeloid leukemia (AML) in vivo. (A) Effects of HHT on colony forming activity of mouse
hematopoietic stem/progenitor cells (HSPC) transformed by MLL-AF9 or NRAS plus AML-ETO9a (AE9a). Colony numbers (left panel) and cell counts (right panel) from
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Figure 3. Homoharringtonine (HHT) substantially reduces global 5hmC abundance via targeting SP1/TET1 in acute myeloid leukemia (AML). (A and B) Effects of
HHT on global 5mC (A) and 5hmC (B) abundance in MA9.3RAS and MA9.3ITD AML cells upon treatment with 5 ng/mL HHT for 48 hours (h). (C) Relative expression
of TET1 in HHT-treated MA9.3ITD at different time points, including O, 12, 18, 24 and 48 h. (D) Heat map showing gene expression of the individual TET family mem-
bers in MA9.3RAS and MA9.3ITD AML cells treated with phosphate-buffered saline (PBS) or HHT (5 or 10 ng/mL) for 48 h as detected by RNA-sequencing (RNA-seq)
(top panel), along with western blotting result of TET1 in MA9.3RAS and MA9.3ITD AML cells treated with PBS or HHT (5 ng/mL) for 48 h (bottom panel). (E) RNA
levels of TET1 and ACTB in Total RNA (in black) and Run-on RNA (in red) were determined by reverse transcription polymerase chain reaction (RT-PCR) (left panel, M,
Marker). Qualitative PCR (qPCR) analysis of relative TET1 abundance in Total RNA and Run-on RNA isolated from PBS- or HHT-treated MA9.3ITD cells (right panel).
(F) Schematic presentation of SP1 binding sites within the promoter region of TET1 (top panel). Chromatin immune-precipitation (ChIP)-qPCR assay was used to deter-
mine the binding of SP1 to the TET1 promoter in MA9.3ITD treated with PBS or 5 ng/mL HHT for 48 h. IgG was used as a negative control. (G) Identification of direct
binding between HHT and SP1 via DARTS assay in MA9.3ITD cells. Western blot analysis of the DARTS samples. (H) Identification of direct binding between HHT and
SP1 via CETSA assay in MA9.3ITD cells. Western blot analysis of the CETSA samples. (I) Western blotting analysis of SP1 knockdown efficacy and effects of SP1
knockdown on the growth/proliferation of MA9.3RAS and MONOMAC 6 AML cells. (J) Relative expression of TET1 in MA9.3RAS and MONOMAC 6 AML cells with or
without SP1 knockdown. *P<0.05; **P<0.01; ***P<0.001; t-test. Error bar, meantStandard Deviation.
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responsive target stability (DARTS) assay and cellular thermal stability of SP1 protein (Figure 3H). Finally, we
thermal shift assay (CETSA) to clarify whether SP1 is a showed that depletion of SP1 expression significantly
potential direct binding target of HHT.**® Indeed, the inhibited AML cell growth and suppressed TETY expres-
DARTS result suggests that HHT directly binds with SP1  sion (Figure 3I and ]), recapitulating the effects of HHT
protein and confers drug-induced pronase-resistance for treatment (Figures 1B and 3C, and Ounline Supplementary
SP1 (Figure 3G). Moreover, the CETSA result confirms the  Figure S3A). Thus, by inhibiting the binding of SP1 on
direct association of HHT to SP1 and leads to the shift TET4 promoter, HHT negatively regulates transcription of
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Figure 4. Knockdown of TET1 expression recapitulates effects of homoharringtonine (HHT) treatment in acute myeloid leukemia (AML) cells. (A) Qualitative poly-
merase chain reaction (qPCR) analysis of TET1 knockdown efficacy in MONOMAC 6, MA9.3ITD and MA9.3RAS cells. (B) Effects of TET1 knockdown on cell
growth/proliferation of these three AML cell lines at different time points [0, 24, 48, 72 and 96 hours (h)]. (C) Effects of TET1 knockdown on apoptosis in MA9.3ITD
and MA9.3RAS AML cells. (D) Statistical analysis of apoptosis assay in AML cells from three independent experiments determined by flow cytometry. (E) Effects of
TET1 knockdown on cell cycle arrest in AML cells. (F) Statistical analysis of cell cycle assays from three independent experiments determined by flow cytometry. (G)
Statistical analysis of cell proportions of CD11b*CD14* and CD11bCD14  in TET1 knockdown or control MONOMAC 6 cells. (H) HHT ICy,in MA9.3ITD and MA9.3RAS
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TET1. Collectively, our data reveal a previously unrecog-
nized signal pathway involving HHT, SP1 and TET1, and
identify a novel mechanism by which HHT inhibits TET1
expression and thereby reduces global 5ShmC modification
in AML cells.

TET1 is a functionally important target of
homoharringtonine that mediates homoharringtonine
effects in acute myeloid leukemia

We next investigated whether knockdown of TETY can
mimic the effects of HHT (TET1 inhibition) and whether
the treatment efficacy of HHT is dependent on its inhibi-
tion on TET1 expression in AML. As expected, depletion of

A B
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Hypo-5hmC level genes Down-regulated genes
el | B N |
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TET1 expression by shRNA (Figure 4A) could largely
mimic the effects of HHT treatment in AML cells, includ-
ing inhibiting cell growth, inducing apoptosis, blocking cell
cycle, and promoting myeloid differentiation (Figure 4B-G,
and Omnline Supplementary Figure S4A-C). Furthermore,
knockdown of TET4 dramatically reduced the sensitivity
of AML cells to HHT treatment, with ICy,values increased
to more than 2-fold (Figure 4H), suggesting that TET1 is a
critical target of HHT that mediates the effects of HHT
treatment in AML cells. Together, our data indicate that
HHT induced cell growth inhibition, cell apoptosis, cell
cycle arrest, and cell differentiation largely owing to its
inhibition on TET1 expression/function in AML.
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Figure 5. FLT3 is a critical target of the homoharringtonine (HHT) SP1/TET1/5hmC axis. (A) Scheme of identification of response targets of the
HHT 4SP1/TET1/5hmC axis by 5hmC-sequencing (5hmC-seq) and RNA-seq of MA9.3 RAS and MA9.3ITD acute myeloid leukemia (AML) cells treated with phos-
phate-buffered saline (PBS) or HHT (10 ng/mL for 5hmC-seq samples) for 48 hours (h). Responsive targets refer to genes with downregulation in both 5hmC abun-
dance and RNA level upon HHT treatment. (B) Potential HHT 4SP1/TET1/5hmC targets found by overlap analysis of the responsive targets and putative TET1 targets
(top panel). Top ten target genes were shown (bottom panel). (C) The view of 5hmC abundance across FLT3 genomic locus in MA9.3ITD cells with PBS or HHT (10
ng/mL) treatment. (D) The verification of decreased 5hmC abundance on FLT3 via Chromatin immune-precipitation (ChIP)-gPCR analysis with different primers cov-
ering corresponding 5ShmC peaks shown in boxes in (C). (E) ChIP-qPCR analysis of the binding of TET1, as well as MLL-fusion proteins, to the loci of FLT3 in MONOMAC
6 cells. Green bar represents the CpG island and purple bar represents exons of FLT3. Both MLL and H3K79me2 were used as positive controls. (F and G) The
effects of knockdown of Tet1 on expression of FIt3 in MLL-AF9 transformed colony cells (F) and in leukemic bone marrow (BM) blast cells of bone marrow transplan-
tation (BMT) recipient mice that developed MLL-AF9-induced AML (G). *P<0.05; **P<0.01; ***P<0.001; t-test. Error bar, mean+Standard Deviation.
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4 FLT3 is a direct target of TET1 and is suppressed by

the homoharringtonine 4 TET1/5hmC/ axis

We next performed 5hmC-seq and RNA-seq of AML
cells with or without HHT treatment to identify down-
stream  targets that are regulated by the
HHT ATET1/5hmC axis. As TET1 has been reported to
positively regulate expression of many target genes
through a ShmC-dependent mechanism,”* we sought to
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identify responsive targets that exhibit reduced ShmC
level and downregulation in expression upon HHT treat-
ment (Figure 5A). By overlapping such responsive targets
with the list of TET1 potential direct targets as detected
by ChlIP-on-chip or ChIP-seq in the mammalian
genome,”™ we identified 1,687 potential TET1 targets
that showed significant decreases in ShmC level and sig-
nificant downregulation in expression (Figure 5B, top
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Figure 6. Pathways affected by the homoharringtonine (HHT)-SP1/TET1/5hmC axis. (A) Integrative analysis of our HHT-treatment RNA-sequencing (RNA-seq) data
with published Tet1 knockout RNA-seq data* to identify pathways or gene sets that were commonly affected by both HHT treatment and Tetl knockout. RNA-seq
data from MA9.3RAS and MA9.3ITD AML cells treated with phosphate-buffered saline (PBS) or HHT (10 ng/mL) for 48 hours (h), along with RNA-seq data from mouse
BM Lin-/c-Kit'/Scal' (LSK) and multipotent progenitor (MPP) cells with or without Tet1 knockout,** were used in the analysis. Six gene sets were identified to be
affected by both HHT treatment and Tet1 knockout in all four conditions. (B) Normalized enrichment score (NES) of the six gene sets. (C) Among the six signaling
pathways, MYC targets V1, MYC targets V2, E2F targets, and G2M checkpoints gene sets were significantly suppressed upon both HHT treatment and Tet1 knockout.
(D) Decreased relative expression levels of genes of the MYC targets V1/V2 gene sets in MA9.3ITD and MA9.3RAS upon HHT treatment. The dot inside represents
the median expression levels of the gene sets. (E) Western blot analysis of TET1, FLT3, and MYC in PBS- or HHT-treated MA9.3ITD and MONOMAC-6 cells and in
MONOMAC-6 cells with or without TET1 knockdown. ACTIN was used as an endogenous control.
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panel, and Online Supplementary Table S3). Across the
genomic locus of these potential targets, the top ten tar-
geted genes with the most significant decreases in ShmC
levels were listed (Figure 5B, bottom panel). Notably,
FLT3, a well-recognized oncogene related to leukemogen-
esis,”” is in the top list, associated with substantially
decreased ShmC abundance and significant downregula-
tion in expression after HHT treatment (Figure 5C and
Ounline Supplementary Figure S5A). Our ChIP-qPCR further
confirmed the decreased 5ShmC abundance on FLT3 gene
locus upon HHT treatment in AML cells (Figure 5D).

The ChIP-seq data reported previously® showed that
Flt3 is a direct target gene of Tetl in mouse embryonic
stem cells (Online Supplementary Figure S5B). To validate
whether FLT3 is also a direct target of TET1 in human
AML cells, we performed ChIP-qPCR in MONOMAC 6
cells and showed that TET1 was especially enriched at the
CpG area (Site 1) rather than the distal upstream area (Site
2) of FLT3 (in Figure 5SE MLL and H3K79me?2 are included
as positive controls). Moreover, we showed that knock-
down of Tet! resulted in decreased expression of Fit3 in
MLL-AF9 transformed colony cells (Figure 5F) and in BM
cells of MLL-AF9 leukemia mice (Figure 5G). Conversely,
forced expression of wild-type Tetl (but not catalytically
inactive mutant Tetl) in non-AILL rearranged human AML
cells, such as Kasumi-1 cells (carrying t(8;21)/AML1-ETO),
results in a significantly elevated expression of FLT3
(Online Supplementary Figure S5C). Similarly, in human
CD34" hematopoietic stem/progenitor cells (HSPC), we

observed a strong positive correlation between FLT3 and
TET1 in expression during both granulocytic and mono-
cytic differentiation models (Online Supplementary Figure
S5D). Furthermore, both HHT treatment and TET1
knockdown suppressed FLT3 expression in human AML
cells (Online Supplementary Figure SSE). Taken together, our
results suggest that FLT3 is a direct target of TET1 and
HHT treatment-induced TET1 inhibition or knockdown
of TET1 suppresses FLT3 expression through a 5hmC-
related mechanism.

We previously reported that HOXA9 and MEIS1 were
directly targeted by TET1 in AML cells.” Consistently,
here we showed that HHT treatment could also decrease
expression of HOXA9 and MEIS1 in human AML cells
(Online Supplementary Figure S5F). Interestingly, we and
others have also reported previously that HOXA9/MEIS1
and FLT3 may each positively regulate the expression of
the other.®**Indeed, here we showed that forced expres-
sion of either wild-type FLT3 or FLT3-ITD could signifi-
cantly up-regulate expression of HOXA9 and MEIS1 in
human 293T cells (Online Supplementary Figure S5G) in a
manner similar to FLT3-ITD-mediated upregulation of
HOXA9 and MEIS1 in human MONOMAC 6 AML cells,
as we had reported previously.® Conversely, we also
showed that forced expression of HOXA9 and MEIS1
could substantially increase FLT3 level in mouse bone
marrow progenitor cells (Online Supplementary Figure S6A).
Thus, there may be a reciprocal positive regulatory loop
between TET1 targets, such as FLT3 and HOXA9/MEIS1.
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Figure 7. Acute myeloid leukemia (AML) with FLT3 mutations are highly sensitive to homoharringtonine (HHT) treatment. (A) The sensitivity of AML cells with and
without FLT3 mutations to HHT treatment. The AML cells were treated with a series of concentrations of HHT for 48 hours. (B) The HHT-based treatment regimen
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ly through suppression of the SP1/TET1/5hmC/FLT3-HOXA9-MEIS1/MYC axis.
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Notably, MA9.3ITD cell line was established from
human cord blood CD34" cells virally transduced with
MLL-AF9 and FLT3-ITD.* Thus, one may expect that
ectopic expression of FLT3-ITD in this cell line would not
be suppressed by HHT/TET1 and thereby should show
resistance to HHT, which is somewhat opposite to what
we observed (e.g. Figure 1A and B). We presumed that
such a discrepancy might be due to the possibility that
virally transduced FLT3-ITD in MA9.3ITD cells was by
chance integrated to a locus that is also under control of
TET1. Actually, there are a total of 11,632 genes that are
associated with Tetl enrichment in their promoter regions
[-2kb to +2kb relative to annotated transcription start sites
(TSS)] as detected by at least 2 out of 3 genome-wide
ChIP-on-chip or ChIP-seq analyses in mouse embryonic
stem cells (mESC).”* Therefore, although many of such
putative targets identified from mESC might not be gen-
uine targets of TET1 in human AML cells, there is still a
good chance that the virally transduced FLT3-ITD in
MA9.3ITD cell line was integrated, by chance, to a locus
that is also under control of TET1. Indeed, HHT treatment
could dramatically decrease the overall FLT3 (including
FLT3-ITD) protein level, suggesting that is highly likely
that FLT3-ITD expression in MA9.3ITD cell line is also
under control of HHT/TET1 (Figure 6E). To determine
whether non-TET1-controlled ectopic expression of FLT3
or FLT3-ITD can cause resistance to HHT in transduced
AML cells, we virally transduced human Kasumi-1 AML
cells with a high titer of FLT3 or FLT3-ITD viruses. In this
way, each transduced cell had multiple copies of FLT3 or
FLT3-ITD, and thus there would be a good chance that at
least one copy was integrated into a locus not controlled
by TET1. We sorted transduction-positive cells (i.e. REP*
cells) 48 hours post transduction and then treated the cells
with HHT or PBS for 24 hours. Forced expression of FLT3
or FLT3-ITD conferred at least partial resistance in trans-
duced Kasumi-1 cells to HHT, while TET1 expression was
still suppressed by HHT (Online Supplementary Figure 5H-
J). Taken together, our data suggest that FLT3 is a down-
stream target of HHT/TET1 and mediates the sensitivity
of AML cells to HHT.

MYC signaling is a major downstream pathway
affected by the homoharringtonine 4 SP1/TET1/5hmC
axis

To further identify downstream pathways affected by
the HHT 4 TET1/5hmC axis, we conducted an integrative
analysis of our RNA-seq data of HHT-induced TET1 inhi-
bition in AML cells and RNA-seq data of Tet1 knockout in
mouse HSPCs [Lin7/c-Kit"/Scal® (LSK) and multipotent
progenitor (MPP) cells] reported by Cimmino et al®
Through gene set enrichment analysis (GSEA), we identi-
fied six gene sets strongly enriched in both HHT-induced
TET1 inhibition and Ter1 knockout, including MYC targets
V1, MYC targets V2, E2F targets, G2M checkpoints,
MTORCI1 signaling, and DNA repair (Figure 6A). The nor-
malized enrichment score (NES) of the six co-enriched sig-
naling pathways in all four pairs of samples are shown in
Figure 6B. Among the six gene sets, MYC targets V1,
MYC targets V2, E2F targets, and G2M checkpoints were
significantly suppressed upon HHT treatment and Tet?
knockout (Figure 6C). The violin plots showed the down-
regulated expression of the clustering genes in MYC tar-
gets V1 and MYC targets V2 after HHT treatment in AML
cell lines (Figure 6D). Among these suppressed signal path-

ways, MYC functions as universal transcriptional amplifi-
er and directly and indirectly regulates expression of mul-
tiple core enriched genes.” More interestingly, MYC was
reported as a downstream target of FLT3, and was signifi-
cantly enriched in FLT3 constitutively activated cells and
largely suppressed with the treatment of FLT3
inhibitor."*" Indeed, we showed that forced expression of
either FLT3 or FLT3-ITD can substantially increase expres-
sion of MYC (Online Supplementary Figure S6B). In addi-
tion, consistent with previous studies showing that
HOXA9/MEIST can up-regulate expression of MYC,* we
found that forced expression of HOXA9 and MEIS1 could
also  substantially increase MYC level (Ownline
Supplementary Figure S6A). Our Western blot results also
confirmed the decreased expression of TET1, FLT3 and
MYC in HHT-treated or TET7-knockdown human
MLL-rearranged or non-MLL-rearranged AML cells (Figure
6E and Omnline Supplementary Figure S6C). These findings
suggest that M YC is an essential downstream target of the
HHT 4 SP1/TET1/5hmC/FLT3-HOXA9-MEIS1 axis and
MYC signaling is a major pathway inhibited by HHT
treatment in AML.

Homoharringtonine treatment represents a promising
therapeutic strategy for the treatment of acute
myeloid leukemia with FLT3 mutations

In line with the above discoveries, we found that
human AML cell lines with FLT3 mutations are indeed
much more sensitive to HHT than those without (Figure
7A). Next, we collected four primary AML samples from
de novo or relapse/refractory patients with FLT3-ITD muta-
tion (Online Supplementary Table S4). Notably, all the pri-
mary AML samples are highly sensitive to HHT treat-
ment, with ICs, values < 30 nM; in contrast, these AML
samples are relatively resistant to sorafenib, a tyrosine
kinase inhibitor that was usually recommended to
patients with FLT3-ITD mutation in clinic,” with ICs, val-
ues >2.7 wM (Figure 7C). The superior effect of HHT, rel-
ative to sorafenib, might be owing to the fact that HHT
can suppress expression of not only FLT3 but also other
critical oncogenic targets of TET1 (e.g. HOXA9 and
MEIS1), as mentioned above. Furthermore, we have suc-
cessfully applied the HHT-based salvage chemotherapy in
treating relapse/refractory patients in Zhejiang, China,
and some of them were successfully bridged to BMT
(Figure 7B and Jie et al., unpublished data). Together with
our mechanistic studies described above, our data suggest
that the high sensitivity of HHT in AML with FLT3 muta-
tions is largely attributed to the HHT-induced inhibition
of FLT3/HOXA9/MEIS1 expression/function through the
HHT 4 SP1/TET1/5hmC axis (Figure 7D).

Discussion

Previous studies have reported that HHT-based
chemotherapy exhibited a high efficiency in treating de
novo AML patients,”” but the underlying mechanism has
not been well elucidated. In the present study, we showed
that HHT treatment alone caused potent inhibition of
AML cell growth/survival in vitro and substantial suppres-
sion of AML progression in vivo, and such inhibitory
effects are likely attributed to HHT-induced cell cycle
blockage and apoptosis, as well as enhanced myeloid dif-
ferentiation. Mechanistically, we showed that, by target-
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ing SP1/TET1, HHT treatment causes a substantial
decrease in global 5hmC abundance and thereby marked-
ly changes DNA epigenome and reprograms the down-
stream pathways. We demonstrated that SP1 is a direct
drug target of HHT and a positive transcriptional regulator
of TET1, and HHT competitively inhibits the binding of
SP1 to the promoter region of TET4 and thereby suppress-
es SP1-mediated TETY transcription; knockdown of either
SP1 or TETY can largely recapitulate the effects of HHT in
AML. In addition, we have previously showed that deple-
tion or suppression of TETY expression dramatically inhib-
ited AML progression and substantially prolonged survival
in AML mice,"”" recapitulating the potent in vivo anti-AML
effect of HHT. Moreover, depletion of TET1 expression
could make AML cells much less sensitive to HHT, further
suggesting that the anti-AML activity of HHT relies on the
suppression of the SP1/TET1/5hmC axis. However, fur-
ther systematical studies are warranted to determine
which particular sites/domains of SP1 are bound by HHT;
such information would help us better understand how
HHT disrupts the transcription-factor activity of SP1.
Interestingly, SP1 has also been reported to positively reg-
ulate expression of BCR-ABL in chronic myeloid leukemia
(CML) cells.” Thus, the antileukemic effect of HHT in
CML might not be solely due to its binding to ribosome,’
but likely also through targeting SP1 directly and thereby
suppressing SP1-mediated activation of the BCR-ABL and
TET1 signaling pathways.

Furthermore, our 5hmC-seq and RNA-seq analyses
identified FLT3 as a critical target of the
HHT A SP1/TET1/5hmC axis; HHT treatment or TET1
knockdown markedly reduced 5hmC abundance on FLT3
locus and decreased FLT3 expression in AML cells, and our
ChIP-gPCR assay confirmed that FLT3 is a direct target of
TET1. Interestingly, consistent with previous reports,”**!
here we showed that FLT3 exhibits a positive reciprocal
regulation relationship with HOXA9/MEIS1, two known
targets of TET1.” Thus, our data suggest that, by suppres-
sion of TET1 expression, HHT simultaneously inhibits
expression of multiple target genes of TET1 (which may
form a reciprocal positive regulatory loop) in AML cells
and thereby displays a potent antileukemic effect.

FLT3 encodes a class III receptor tyrosine kinase that
regulates hematopoiesis and the mutation of FLT3 is the
most common driven mutation found in more than 30%
of AML patients.” Both ITD and tyrosine kinase domain
mutation of FLT3 result in its constitutive activation and
thus lead to leukemogenesis by promoting expression of a
number of critical oncogenic downstream targets such as
MYC."*#Despite the extensive efforts in developing and
testing FLT3 inhibitors in the clinic, AML patients with
high allelic ratio FLT3-ITD are still classified as adverse
risk category in 2017 European LeukemiaNet recommen-
dation due to the high relapse rate and poor overall sur-
vival.”""** Thus, the development of improved therapeu-
tics for treating FLT3-ITD AML is still an unmet need.

Here we also showed that primary AML patients with
FLT3 mutations, including both newly diagnosed and
relapsed patients, exhibit a high sensitivity to HHT treat-
ment (with ICs <30 nM). Consistent with our findings,
another group also reported recently that HHT exhibited
preferential antileukemic effect against AML carrying
FLT3-ITD as detected by an in vitro drug screening on
patients' samples.” In addition, they conducted a phase II

clinical trial in relapsed/refractory FLT3-ITD AML
patients, in which 20 out of 24 patients achieved complete
remission with sorafenib and HHT combination treat-
ment (median leukemia-free survival and overall survival:
12 and 33 weeks, respectively).” While they showed
sorafenib alone reduced the amount of pFLT3 protein, and
HHT alone reduced the amount of both FLT3 and pFLT3
protein in FLT3-ITD AML cell lines, no further mechanis-
tic studies were carried out.” Our studies elucidated the
molecular mechanism underlying the high sensitivity of
FLT3-mutated AML to HHT treatment. This mechanism
involves HHT-induced reprogramming of DNA
epigenome by targeting the SP1/TET1/5hmC axis and
thereby inhibition of transcription of a set of critical onco-
genic targets, especially FLT3, which in turn leads to the
suppression of FLT3 downstream pathways, such as MYC
signaling. Notably, it is well known that FLT3-ITD muta-
tion patients under therapy often develop secondary FLT3
mutations which result in drug resistance. Interestingly,
we found that MONOMAC 6, which carries the FLT3
V592A mutation,” was also sensitive to HHT. Moreover,
the relapsed/refractory FLT3-ITD AML patient also
showed sensitivity to HHT treatment and could be
bridged to transplantation in subsequent treatment”
(Figure 7B). Therefore, HHT-based therapeutics (i.e. HHT
plus other therapeutic agents such as FLT3 inhibitors
and/or standard chemotherapy) represent effective novel
treatments for de novo or relapsed/refractory FLT3-mutated
AML patients.

In summary, here we show that HHT, approved by the
FDA for CML treatment, also exhibits potent therapeutic
efficacy in AML and decreases global 5ShmC abundance by
targeting the SP1/TET1/5hmC axis. Although other mech-
anisms, such as inhibition of protein synthesis, may also
contribute to the overall antileukemic effects of HHT in
AML, which warrant further systematical studies in the
future, our work reveals a novel mechanism involving
suppression of the SP1/TET1/5hmC/FLT3-HOXAY-
MEIS1T/MYC signaling through which HHT exhibits
potent therapeutic activity in treating AML. Since AML is
characterized by cytogenetic and molecular heterogeneity;,
targeted therapy is a growing trend for selected subtypes
of AML, especially for those with adverse prognosis. Here
we provide compelling functional and mechanistic data
suggesting that an HHT-based therapeutic approach repre-
sents effective target therapeutics to treat AML carrying
FLT3 mutations and/or with overexpression of endoge-
nous TET1/FLT3/HOXA9/MEIS1, which accounts for
more than 40% of total human AML cases.”
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