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Abstract

TAS4464, a potent, selective small molecule NEDD8-activating enzyme (NAE) inhibitor, leads to inactivation of cullin-
RING E3 ubiquitin ligases (CRLs) and consequent accumulations of its substrate proteins. Here, we investigated the
antitumor properties and action mechanism of TAS4464 in acute myeloid leukemia (AML). TAS4464 induced apoptotic cell
death in various AML cell lines. TAS4464 treatments resulted in the activation of both the caspase-9-mediated intrinsic
apoptotic pathway and caspase-8-mediated extrinsic apoptotic pathway in AML cells; combined treatment with inhibitors of
these caspases markedly diminished TAS4464-induced apoptosis. In each apoptotic pathway, TAS4464 induced the mRNA
transcription of the intrinsic proapoptotic factor NOXA and decreased that of the extrinsic antiapoptotic factor c-FLIP. RNA-
sequencing analysis showed that the signaling pathway of the CRL substrate c-Myc was enriched after TAS4464 treatment.
Chromatin immunoprecipitation (ChIP) assay revealed that TAS4464-induced c-Myc bound to the PMAIPI (encoding
NOXA) and CFLAR (encoding c-FLIP) promoter regions, and siRNA-mediated c-Myc knockdown neutralized both
TAS4464-mediated NOXA induction and c-FLIP downregulation. TAS4464 activated both caspase-8 and caspase-9 along
with an increase in NOXA and a decrease in c-FLIP, resulting in complete tumor remission in a human AML xenograft
model. These findings suggest that NAE inhibition leads to anti-AML activity via a novel c-Myc-dependent apoptosis
induction mechanism.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease
characterized by numerous genetic mutations and chromo-
somal abnormalities [1]. Although extensive efforts are
being made to develop novel therapeutics, current che-
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motherapies have shown limited efficacy and overall sur-
vival has not been significantly changed because most AML
patients develop chemoresistance during treatment and
relapse after exhibiting an initial response [2]. Recently, the
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expression level of antiapoptotic factors has been widely
implicated in chemoresistance and correlated with poor
prognosis in AML [3-6]. Therefore, modulation of
apoptosis-related proteins has emerged as a promising
treatment strategy. Indeed, a novel BCL-2 inhibitor, vene-
toclax, was recently approved for use in combination with
decitabine, azacitidine, or low-dose cytarabine for the
treatment of adult patients with AML [7]. However, as in
the case of essentially all targeted agents, intrinsic or
acquired resistance to this agent generally occurs, prompt-
ing us to develop new apoptosis regulators to treat AML.

Neddylation is one of the posttranscriptional modifica-
tion processes by which NEDDS is conjugated to substrate
proteins [8]. NEDDS8 is a ubiquitin-like protein that can
induce a conformational change in its target substrates, and
neddylation is thought to control various biological pro-
cesses including cell proliferation, cellular senescence, and
apoptosis [9-13]. Conjugation of NEDDS to its substrates is
catalyzed by NEDDS§-activating enzyme E1 (NAE; a het-
erodimer comprising the APPBP1 and UBA3 subunits) and
NEDDS-conjugating enzyme E2 (Ubcl2/UBE2M or
UBE2F) [14, 15]. The most well-characterized neddylation
substrates are cullin family proteins, which are core scaffold
components of cullin-RING E3 ubiquitin ligases (CRLs)
[16, 17]. The CRLs family is the largest ubiquitin E3 ligase
family, and its members are activated by neddylation.
Activated CRLs promote to the conjugation of ubiquitin to
their substrate proteins, and ubiquitinated proteins are
degraded via the ubiquitin-proteasome system [18]. To date,
several studies have reported that neddylation is involved in
tumor growth and survival [19-21]. Therefore, inhibition of
the neddylation pathway by targeting NAE is considered as
a novel therapeutic approach for cancers to disrupt cell
growth or survival. Indeed, MLN4924/TAK-924 (pevone-
distat), an NAE inhibitor, has been developed as a clinical
antitumor agent [22-26].

We recently reported a novel NAE inhibitor, TAS4464,
which is the most potent and selective NAE inhibitor
reported to date and shows widespread antiproliferative
activity against various cancer cell lines [27]. TAS4464 also
had a broad therapeutic index due to its long-acting NAE
inhibition effect in tumors and reduced amount of off-target
effects. Although MLLN4924 has been reported to induce
apoptosis in AML cells through induction of the proa-
poptotic BCL-2 family protein NOXA [28], the molecular
mechanism underlying NOXA induction has not been fully
elucidated. Here, we extensively investigated the effect of
TAS4464 in AML cells and found that TAS4464 activates
both the intrinsic and extrinsic apoptotic pathways.
TAS4464 activates caspases by increasing the NOXA level
and decreasing the c-FLIP level. These molecules are
transcriptionally regulated by c-Myc as direct targets.
Indeed, we confirmed the tumor remission with TAS4464
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treatment in a human AML xenograft model after the
involvement of target molecules. This TAS4464-mediated
antitumor mechanism could explain how NAE inhibition
can be applied in patients as a novel therapeutic strategy.

Results

TAS4464 induces apoptosis in AML cell lines
independent of their genetic background

To evaluate the tumor-suppressive effect of TAS4464, we
measured the ATP content in AML cell lines after treat-
ments. Although each tested AML cell line harbored var-
ious types of genetic abnormalities such as MLL-AF9 or
FLT3-ITD translocation, TAS4464 treatments decreased
cell viability, which was accompanied by cell death in all
evaluated AML cell lines (Fig. 1A).

To address the mechanism of TAS4464-induced tumor
suppression, cell-cycle profiles were analyzed by flow
cytometry in two AML cell lines, HL-60 and THP-1 cells,
by treatment with 0.1 pmolL~! TAS4464 treatment.
Among the cell-cycle phases investigated, including the G1/
S and G2/M transition, cells of both lines were found to
accumulate in sub-G1 phase over time after up to 24 h of
TAS4464 exposure (Supplementary Fig. S1a, b), suggesting
that TAS4464 induced apoptosis in AML cell lines inde-
pendent of their genetic background. Then, we confirmed
by Annexin V staining that the apoptotic cell death was
induced by TAS4464 treatment in HL-60 cells (Fig. 1B, C).
Next, we performed proteomics analysis and selected the
differentially expressed molecules in HL-60 cells at time
points of up to 24 h after TAS4464 treatment to evaluate the
overall protein expression profile (Fig. 1D). Gene Ontology
analysis revealed that TAS4464 treatment influenced
apoptotic pathways, cell cycle-related pathways and ubi-
quitination pathways over time (Fig. 1D). Considering these
results collectively, we assumed that TAS4464 treatment
induces apoptosis in AML cells and inhibits tumor growth
as an underlying mechanism accompanied by degradation
pathway activity.

TAS4464 activates both the intrinsic and extrinsic
apoptotic pathways

There are two well-characterized apoptosis cascades: the
extrinsic and intrinsic pathways, which are mediated by
caspase-8 and caspase-9, respectively [29]. The other cas-
pase family members play critical roles as initiator or
effector caspases in each apoptotic pathway [30]. To assess
the involvement of these apoptotic pathways in TAS4464-
induced tumor suppression, changes in the caspase activities
upon treatment with TAS4464 were evaluated in HL-60 and
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Fig. 1 TAS4464 induces apoptosis in AML cell lines. A AML cell
lines were seeded in 96-well plates and treated the next day with
various concentrations of TAS4464. After 3 days, cell viability was
determined by measurement of the cellular ATP contents. B Apoptotic
cell death was evaluated by flow cytometric analysis. HL-60 cells were
treated with 0.1 umol L' TAS4464 for 0, 8, and 24h. C Total

THP-1 cells. TAS4464 treatment activated caspase-8 and
caspase-9 among the initiator caspases (Fig. 2A), suggesting
that TAS4464 activates both the intrinsic and extrinsic
apoptotic pathways.

percentage of cells with each status shown in (B). D Heatmap showing
differentially expressed molecules identified by proteomics analysis in
HL-60 cells. Cells were treated with TAS4464 (0.1 pmol L Yforo,1,
4, 8, 16, and 24 h (left). Pathways enriched with time-dependently
upregulated or downregulated molecules, as identified by Gene
Ontology analysis, are listed (right).

To examine whether these initiator caspases are involved
in TAS4464-induced apoptosis, the cells were pretreated
with caspase inhibitors—either z-IETD-FMK for caspase-8
or z-LEHD-FMK for caspase-9—for 1h and were then
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Fig. 2 TAS4464 activates both A
intrinsic and extrinsic HL-60 THP-1

apoptotic pathways. A HL-60
and THP-1 cells were treated
with 0.1 umol L™! TAS4464 for
1, 4, 8, 16, and 24 h, and total
protein was extracted. The active
form of each caspase was
detected with the indicated
antibodies. B Cells were treated

Initiator
caspase

Cleaved caspase-8

Cleaved caspase-2 M l——ﬁ‘"—w

TAS4464 0 1 4 8 16 24
“m

01 4 81624(h)

: -1
with 1 pmol L 7IZ—IETD—FMK . © | Cleaved caspase-3 ‘ 1
alone, 1 pmol L™" z-LEHD- on >

= © -
FMK alone, and a combination 3 % Cleaved caspase-6 t w ‘ -
of these inhibitors for 1 h prior s ®
to exposure to TAS4464. Then, tw © ] Cleaved caspase-7 ‘ -.‘ ‘ -
cells were treated with 0.1 umol Cleaved PARP -— - -
L' TAS4464 for 16 h. Caspase- I —
3/7 activity levels are expressed a-Tubulin | SERSEEE T -
as relative luminescence units
(RLU), which were normalized B

to the number of viable cells
under each condition (relative
fluorescence units, RFU). Data
are presented as the mean +
SEM values of data from three
independent experiments.

'y
a

(3]

Caspase-3/7 activity (RLU)
/ viable cell (RFU)
)

0

TAS4464 (0.1pmol/L) = +

Caspase-8 Inhibitor
Caspase-9 Inhibitor

treated with 0.1 pmol L™! of TAS4464 for an additional
16 h. Although TAS4464 alone activated the downstream
effector caspases caspase-3 and caspase-7 in the cells, both
of the caspase inhibitors suppressed the activation of those
caspases (Fig. 2B). In particular, combined treatment with
the caspase-8 and caspase-9 inhibitors markedly diminished
TAS4464-induced activation of caspase-3 and caspase-7.
These results indicate that not only the intrinsic apoptotic
pathway mediated by caspase-9 but also the extrinsic
pathway mediated by caspase-8 is also involved in
TAS4464-induced apoptosis in AML cells.

TAS4464 increases NOXA expression and decreases
c-FLIP expression at the mRNA transcriptional level

We previously reported the inhibitory effect of TAS4464 on
the neddylation pathway in several hematopoietic cancers
[27, 31], and in this study, a similar drug functionality of
TAS4464 was shown in AML cell lines by confirming the
decrease in NEDDS conjugation by Ubc12 or cullinl (Fig.
3A). To identify the apoptotic factors involved in TAS4464-
mediated apoptosis as upstream signaling mediators of
caspase activity, we surveyed Bcl-2 family proteins and
death receptor signal-related proteins. Protein analysis
showed that TAS4464 treatment time-dependently
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increased the expression of NOXA among the Bcl-2

family proteins and reduced that of c-FLIP among the
death receptor signal-related proteins in HL-60 and THP-1
cells (Fig. 3A). c-FLIP, an antiapoptotic protein, can bind to
the FADD in competition with caspase-8, resulting in
inhibition of death receptor-mediated apoptosis [32]. This
drug effect was also observed in the increase in the mRNA
levels of PMAIPI (the gene encoding NOXA) and in the
decrease in that of CFLAR (the gene encoding c-FLIP) by
Quantitative reverse-transcribed polymerase chain reaction
(qQRT-PCR) analysis (Fig. 3B), suggesting that TAS4464

modulates these molecules at the transcriptional level.

TAS4464 treatment activates c-Myc pathway by
escaping protein degradation

RNA-sequencing (RNA-seq) was used to evaluate the gene
expression in HL-60 cells after TAS4464 treatment com-
pared to that in DMSO-treated control cells. The entire
expression pattern was altered in a time-dependent manner
after exposure (Fig. 4A). We selected the differentially
expressed genes that were affected by TAS4464 treatment
within 24 h (Fig. 4B) and predicted the upstream regulators
by comparing the gene expression pattern in untreated cells
to that in treated cells at 24h (Fig. 4C). We identified
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candidate genes, including TP53 and MYC, as key reg-
ulators by their induction in response to TAS4464. Pro-
teomic data (Fig. 1D) also indicated similar overall
alterations (Supplementary Fig. S2a) and upstream candi-
dates as regulators (Supplementary Fig. S2b). The genetic
status of TP53 status was different in each AML cell line
that we analyzed, but TAS4464 treatment demonstrated
similar efficiency in all cells (Fig. 1A). The expression of
apoptotic molecules, including NOXA and c-FLIP, also
exhibited a similar response after TAS4464 treatment in
HL-60 [p53-null], THP-1 [p53-mutant (p. Argl74fs*3)],
Kasumi-1 [p53-mutant (p. Arg248GlIn)] and MV-4-11 [p53-
wild type] cells (Figs. 2A, 3A and Supplementary Fig. S2¢).
Moreover, we performed comprehensive analyses with the

TAS4464 (0.1pmol/L) TAS4464 (0.1pmol/L)

pS53-null cell line HL-60. From the results, MYC was con-
sidered the most relevant upstream gene. In fact, many
MYC-related genes were included among the differentially
expressed genes in the clusters affected by TAS4464
(Fig. 4B). In addition, the actual gene expression levels after
TAS4464 treatment both in the upregulated cluster
(Fig. 4D) and in the downregulated cluster (Fig. 4E) were
validated by qRT-PCR.

Since c-Myc transcriptionally regulates downstream
genes, we focused on the early time point after TAS4464
induction. While the RNA-seq data did not indicate a drastic
increase in the level of MYC itself (Fig. 4B), our proteomic
data revealed that the c-Myc protein was included among
the molecules highly upregulated after 4h of TAS4464

SPRINGER NATURE
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Fig. 4 RNA-seq results for TAS4464-treated HL-60 cells. A Prin-
cipal component analysis showing the clusters of HL-60 cells
depending on the duration of TAS4464 treatment. DMSO (control)
was used for the untreated condition. B RNA-seq data for each
population. Differentially expressed mRNAs are listed using hier-
archical clustering. Representative c-Myc target genes are shown in the
list. C Upstream regulators were predicted using Ingenuity Pathway
Analysis based on the difference in gene expression between untreated
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cells and cells treated with TAS4464 for 24 h. qRT-PCR was per-
formed to compare the mRNA levels of CDKNIA, TNF, E2F1, E2F2
(D) and IDH2 (E) in cells treated with 0.1 umol L~! TAS4464 and
control cells. 18S rRNA expression was used for normalization and
data are presented as the mean + SD values of data from three inde-
pendent experiments. *P <0.05, **P <0.01, ***P <0.001, ****P<
0.0001.
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protein expression levels identified in proteomic analysis during
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sented as the mean+SD values of data from three independent
experiments. C Immunoblotting for c-Myc in HL-60 and THP-1 cells
treated with 0.1 umol L' TAS4464. Samples were harvested at 1, 4, 8,
16, and 24 h after treatment. D Cycloheximide (CHX)-chase analysis

treatment in HL-60 cells (Fig. 5A). Throughout the time
course, the c-Myc protein level obviously peaked at ~4 h
after treatment (Fig. 5B). Accordingly, we verified that
TAS4464 treatment resulted in transient accumulation of
the c-Myc protein in both HL-60 and THP-1 cells (Fig. 5C),
suggesting that TAS4464 stabilizes the c-Myc protein by
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for HL-60 cells. The HL-60 cells were treated with DMSO (Untreated)
or TAS4464 (0.1 umol L") in the presence of CHX (100 pg mL ") for
the indicated time points (hours). Immunoblotting for c-Myc was
performed to evaluate the protein stability. E Immunoblotting for HA-
tagged ubiquitin and FLAG-tagged c-Myc after immunoprecipitation
of c-Myc. 3xFLAG-c-Myc and HA-ubiquitin were transfected into
HEK293T cells. After 8 h of transfection, cells were treated with
MG132 (1 mM) and TAS4464 (0.1 umol L") for the last 16 h, and the
extracted proteins were subjected to ubiquitination assay for c-Myc.

facilitating its escape from the degradation machinery.
Then, we confirmed the increase in c-Myc stability after
TAS4464 treatment via a pulse-chase experiment (Fig. 5D).
TAS4464 is a drug that suppresses the neddylation path-
way; thus, we next evaluated c-Myc ubiquitination. c-Myc
was precipitated with an anti-FLAG antibody (Ab) after
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exogenous overexpression, and ubiquitination of those
proteins was assessed by immunoblotting with an anti-HA
Ab on those proteins. c-Myc ubiquitination was found to be
decreased after TAS4464 treatment, as we hypothesized
(Fig. 5E).

TAS4464-induced c-Myc activation transcriptionally
regulates NOXA and c-FLIP level

c-Myc regulates PMAIPI and CFLAR expression by
recruitment to their promoters even though their promoters
do not contain a conventional Myc-binding consensus
sequence [33, 34]. To determine whether PMAIPI and
CFLAR are direct transcriptional targets of c-Myc in
TAS4464-treated AML cells, we evaluated c-Myc-binding
at their promoter regions by ChIP-qPCR scanning.
Regarding PMAIPI, we found that c-Myc proteins were
enriched ~200 bp upstream of the transcription start site
(TSS) in HL-60 cells upon treatment with 0.1 umol L~
TAS4464 for 4 h (Fig. 6A). c-Myc binding at this location
was observed even under steady-state conditions, but it was
significantly increased by TAS4464 induction (Fig. 6B). In
addition, we identified c-Myc binding in the CFLAR pro-
moter region downstream of its TSS (Supplementary Fig.
S3a). Similar to its effect on c-Myc recruitment to the
PMAIP promoter, TAS4464 treatments tended to increase c-
Myc recruitment to this region of the CFLAR promoter
(Supplementary Fig. S3b). This TAS4464-induced recruit-
ment was also observed in the promoter regions of the other
c-Myc target molecules (Supplementary Fig. S3c); there-
fore, TAS4464 treatment induced global c-Myc accumula-
tion on its transcriptional targets. To evaluate the
involvement of c-Myc in the TAS4464-mediated modula-
tion of NOXA and c-FLIP expression, we gave TAS4464
treatment to HL-60 cells with MYC siRNA. c-Myc knock-
down diminished the both TAS4464-induced increase in
NOXA and decrease in c-FLIP protein expression (Fig. 6c¢).
Taken together, we concluded that TAS4464 treatment
enhances PMAIPI transcription and reduces CFLAR tran-
scription by recruiting c-Myc to their promoters.
Moreover, NAE1 binds to UBA3 to form the NEDDS-
activating enzyme complex that neddylates target proteins.
Therefore, we generated HL-60 cells with NAE1 knock-
down by siRNA transfection to determine whether mole-
cular interference with the NEDDS8 pathway induces the
same effects as TAS4464 treatment (Supplementary Fig.
S4). Expectedly, NAE1 knockdown promoted apoptosis by
activating c-Myc (Fig. 6D, E). Consequently, we confirmed
caspase cleavage both in intrinsic pathway and extrinsic
pathway, and downstream transcription (Fig. 6E, F).
TAS4464 has previously been reported to suppress cell
growth in various malignancies [27], but its effectiveness
differs across cell types. Therefore, we investigated the
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mechanisms by which the above-mentioned machinery
contributes to solid tumor development. c-Myc accumula-
tion resulted from TAS4464 treatment in MCF7 (breast
cancer) cells, similar to the finding in AML cell lines
(Supplementary Fig. S5a), and c-Myc knockout (c-Myc
KO) decreased TAS4464-mediated molecular responses,
such as NOXA induction, Caspase cleavage and transcrip-
tional suppression of CFLAR (Supplementary Fig. S5a, b).
Consistently, p53 was also activated by TAS4464 (Sup-
plementary Fig. S5c), and both c-Myc KO and p53
knockout (p53 KO) inhibited the cell death, even though the
basal survival rate was higher in control cells (Supple-
mentary Fig. S6a, b). In particular, the spheroid culture
system, which is more similar to the in vivo condition than
to conventional two-dimensional cell culture conditions,
exemplified the drastic suppression of TAS4464-induced
cell death by single knockout targeting either c-Myc or p53
(Supplementary Fig. S6c, d). This response was partly
different from that in AML cells such as p53-null HL-60
cells, therefore suggesting that the molecular effects of
TAS4464 could vary depending on cell type or culture
condition.

TAS4464 exhibits antitumor activity via activation
of both the intrinsic and extrinsic apoptotic
pathways accompanied by increase in the NOXA and
decrease in the c-FLIP level in a human AML
xenograft model

To examine whether an increase in NOXA and decrease in
c-FLIP expression occurs at concentrations therapeutically
achievable in vivo, the activity of TAS4464 was evaluated
in a human AML THP-1 xenograft mouse model. TAS4464
was administered intravenously (100 mgkg™') to THP-1
xenograft model mice, and tumors were collected at 1, 4,
and 24 h after administration of TAS4464 to assess the
pharmacodynamic response. Elevation of c-Myc was
observed in accordance with NAE inhibition by TAS4464,
as evidenced by the changes in the amount of NEDDS8-
cullin binding, with the maximal effect occurring 1-4 h after
administration of TAS4464 (Fig. 7A). TAS4464 treatments
also resulted in the accumulation of the NOXA and a
reduction in the amount of c-FLIP, and subsequently led to
the activation of caspase-3, -8 and -9 (Fig. 7A). These
findings further support our notion that TAS4464 induces
apoptosis via both the intrinsic and extrinsic apoptotic
pathways, accompanied by an increase in the NOXA and a
decrease in the c-FLIP level in AML.

TAS4464 showed antitumor activity in this AML model.
Intravenous administration of 100 mg kg’1 TAS4464 twice
weekly for 3 weeks induced complete tumor remission
without severe weight loss in mice, while twice-weekly
administration of cytarabine, a standard chemotherapeutic
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Fig. 6 TAS4464-induced c-Myc activation transcriptionally med-
iates apoptotic gene expression. A Schematic representation of the
PMAIPI promoter region and c-Myc enrichment at each site. The
regions targeted by the primer pairs are indicated as “BS1” to “BS5”
and “3’ UTR”. B Enrichment of c-Myc protein in the BS4 region in
(A). The fold enrichment value compared to the untreated condition
was used to evaluate the effect of TAS4464 induction. HL-60 cells
were treated with TAS4464 (0.1 umol LY for 4h. C MYC siRNAs
were transfected into HL-60 cells. After 48 h, cells were treated with
0.1 umol ™" TAS4464 for 16 h except for c-Myc detection (1 h). Total

siRNA: Control

NAE1#1

NAE1#2 NAE1#3

protein was extracted and then immunoblotting for NEDD8-cullinl, c-
Myc, c-FLIP, NOXA and cleaved caspase-3 was performed. D
Apoptotic cell death was evaluated by flow cytometric analysis. HL-60
cells were treated with NAEI siRNAs for 16 h. E Immunoblotting for
c-Myc, Cleaved caspase-8 and Cleaved caspase-9 after NAE! siRNAs
transfection. Cells were harvested 8 h after transfection. F qRT-PCR to
measure the level of PMAIP/ mRNA was performed in HL-60 cells
after NAE] siRNA transfection at 16 h time point. Data are presented
as the mean + SD values of data from three independent experiments.
*P<0.05, ##*P <0.001, ****P <0.0001.
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agent for AML, had only a small impact on tumor growth
(Fig. 7B). These results suggest that at concentrations
therapeutically achievable in vivo, TAS4464 activates both
the intrinsic and extrinsic apoptotic pathways accompanied
by an increase in the NOXA level and a decrease in c-FLIP
level, leading to antitumor activity.

Discussion

Protein neddylation is a newly proposed posttranslational
modification, and its regulation is related to various diseases
including cancer [35]. The inhibition of the neddylation
pathway has been proposed to suppress tumor growth in
patients. In this study, we demonstrated the molecular
mechanism of a novel NAE inhibitor, TAS4464, in human
AML regression.

Among the proposed mechanisms of NAE inhibition in
AML, we found that TAS4464 increased the NOXA level
and decreased the c-FLIP level in several AML cell lines.
Consistent with this observation, these molecules suppress
tumor growth via apoptosis mediated through both the
intrinsic and extrinsic apoptotic pathways [36, 37]. Indeed,
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our comprehensive analysis revealed that the Myc pathway
is highly associated with the molecules affected by
TAS4464 treatment. c-Myc is broadly accepted to be a
protooncogene, since its activation has been observed in
more than 70% of all cancers and plays roles in initiating
oncogenic process and cell proliferation. The transcriptional
activity of c-Myc is regulated mostly by its dimerization
with Max, and dysregulation of this dimerization has been
proposed as a therapeutic target for cancers [38]. On the
other hand, overexpression of c-Myc leads to an apoptotic
response independent of Max recruitment. For instance, c-
Myc is responsible for cell death in Burkitt’s lymphoma
cells deprived of autocrine factors. Epithelial cells have also
been shown to be susceptible to c-Myc-mediated apoptosis.
In addition, c-Myc is required for an efficient response to a
variety of apoptotic stimuli, including transcription and
translation inhibitors, hypoxia, heat shock, DNA damage,
and cancer chemotherapeutics [39]. In cells with high c-
Myc expression, pS3 is activated and the metabolic status is
altered [40]. Moreover, a recent study showed that NAE
inhibition induces Myc accumulation followed by NOXA
induction [28]. c-FLIP is another known c-Myc target
molecule, and c-Myc enhances the apoptotic effect of NAE
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inhibition by inhibiting c-FLIP. Downregulation of c-FLIP
can facilitate c-Myc-induced apoptosis.  Although
MLN4924 was previously reported to facilitate c-FLIP
degradation through promoting its ubiquitination in head
and neck cancer cells [41], the change in c-FLIP protein
expression induced by TAS4464 treatment paralleled the
change in the mRNA levels in AML cells. In our study, we
demonstrated the involvement of c-Myc in the transcription
of NOXA and c-FLIP. These pathways induce apoptosis in
AML cell lines; thus, their transactivation by c-Myc could
confer beneficial therapeutic effects in cancer. C-FLIP has
been reported to play critical roles in AML survival,
because it is highly expressed in AML cells, and its
expression is correlated with poor prognosis in AML
patients [4]. Thus, downregulation of c-FLIP might be a
rational therapeutic approach for AML.

However, our findings regarding the antitumor activity of
TAS4464 via apoptosis might not be fully explained by c-
Myc regulation alone. First, both cultured tumor cells and
xenograft tumor cells exhibited c-Myc activation, but the
duration was limited to the initial few hours. However, the
effect of TAS4464 treatment presumably lasted days
in vitro and weeks in vivo. Second, c-Myc inhibition did not
completely reverse the altered NOXA and c-FLIP expres-
sion levels to the basal levels, and TAS4464 retained its
antitumor activity under c-Myc inhibition. Third, p53
knockdown also showed the inhibitory effect on TAS4464-
mediated apoptosis similar to that of c-Myc knockdown in
certain cell types. Therefore, our results indicate that c-Myc
regulation could act cooperatively with the other possible
regulators, such as mechanisms involving the TP53 path-
way or E2F family. Further investigation is needed to
clarify their mutual coordination upon a TAS4464-mediated
apoptosis.

In conclusion, we demonstrated TAS4464-mediated
activation of apoptotic pathways in AML cells. This reg-
ulation was mediated by NOXA and c-FLIP, resulting in
activation of caspases in both the intrinsic and extrinsic
pathways. Our study provides crucial evidence supporting
TAS4464 as an antitumor agent.

Materials and methods
Chemical compounds and antibodies

TAS4464 was designed and synthetized at Taiho Pharma-
ceutical Co., Ltd. and cytarabine (cytosine beta-D-
arabinofuranoside hydrochloride) and the anti-Actin anti-
body (#A2066) were purchased from Sigma-Aldrich Co.,
LLC. Anti-cleaved caspase-3 (#9664), anti-cleaved caspase-
6 (#9761), anti-cleaved caspase-7 (#8438), anti-cleaved
caspase-8 (#9496), anti-cleaved caspase-9 (#9501, #20750),

anti-cleaved PARP (#9541), anti-Bak (#3814), anti-Bax
(#2772), anti-Mcl-1 (#4572), anti-Puma (#4976), anti-Bim
(#2819), anti-Bcl-2 (#2872), anti-Bcl-x1 (#2762), anti-
Bcl2l10 (#3869), anti-XIAP (#2042), and anti-c-Myc
(#5605) antibodies were purchased from Cell Signaling
Technology, Inc. Anti-c-FLIP (sc-5276), anti-FAS (sc-715),
anti-FAS-L (sc-957) and anti-c-Myc (sc-40) antibodies were
purchased from Santa Cruz Biotechnology, Inc. Anti-
NEDDS (ab81264), anti-NOXA (ab13654), anti-c-Myc
(ab32072), and anti-a-Tubulin (ab4047) antibodies were
purchased from Abcam plc.

Cell-cycle analysis and apoptosis analysis

Cells were treated with TAS4464 for the indicated times.
For cell cycle analysis, the cells were harvested and stained
with a BD Cycletest™ Plus DNA Reagent Kit (BD Bios-
ciences). Cell-cycle distributions were determined by using
a flow cytometer [FACSVerse™, (BD Biosciences)]. For
apoptosis analysis, the harvested cells were stained a FITC
Annexin V Apoptosis Detection Kit I (BD Pharmingen ™)
for HL-60 cells or with an Annexin V -633 Apoptosis
Detection Kit™ (nacalai tesque™) for MCF7 cells
according to the manufacturer’s protocol. In brief, 1 x 10°
cells were incubated with 5pul of Annexin V and 5yl of
propidium iodide at room temperature in the dark. The cells
were analyzed immediately by flow cytometry [FACS-
Canto™II, (BD Biosciences)] immediately.

Chromatin immunoprecipitation (ChiIP)

HL-60 cells (1 x 10%) were seeded and were fixed 2 days
later with 0.5% formaldehyde in IMDM for 10 min at
37 °C. The reaction was quenched by the addition of 700 pl
of 2.5M glycine, and the cells were washed with PBS.
Pelleted nuclei were dissolved in lysis buffer [SO mM Tris-
HCI (pH 8.0), 1% SDS and 10 mM EDTA] and sonicated in
a UD-201ultrasonic disruptor (Tomy) with 50 cycles of
sonication for 5s followed by rest for 5s at the power
specified in programmed memory setting 4. Ten micro-
grams of an anti-c-Myc antibody mixture [a mixture of anti-
c-Myc (SC-40) and anti-c-Myc (ab32072)] was separately
prebound to Dynabeads Protein A/G (Invitrogen) and then
added individually to the diluted chromatin complexes in
parallel aliquots. The samples were incubated overnight at
4 °C, washed, and eluted for 6 h at 65 °C in ChIP elution
buffer [40mM Tris-HCl (pH 6.5), 0.1 M NaHCO;, 1%
SDS, 0.2 M NaCl, 10 mM EDTA and 10 pg uL ™! proteinase
K]. Precipitated chromatin fragments were cleaned using a
PCR purification kit (Qiagen). The samples were analyzed
by qPCR at the region sites in the PMAIPI and CFLAR
promoters. The primer sequences used are listed in Sup-
plemental Table 1.
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RNA-sequence analysis and non-target proteomics
analysis

HL-60 cells were either not treated (control) or treated with
TAS4464 (0.1 pmol L’l) for 24 or 48 h. Then, RNA was
isolated from the cell samples using a phenol-guanidinium
isothiocyanate reagent according to the manufacturer’s
protocol [42]. RNA was precipitated from the aqueous
phase with isopropanol, and proteins were precipitated from
the phenol/ethanol phase by the addition of acetone. A total
of single-end-read RNA-seq tags were generated using a
HiSeq 2000 sequencer according to the standard protocol.
The generated sequence tags were mapped onto the human
genome sequence (hgl9 from the University of California
Santa Cruz Genome Browser) using the Eland program
(Ilumina). RNA-seq data are available in Dryad database
(doi:10.5061/dryad.hqbzkh1f6) [43]. The protein extract
was digested, and the peptides were analyzed by LC-MS/
MS (Q Exactive Orbitrap HF-X). Differential expression
was estimated and analyzed with the TCC software package
in R/Bioconductor 3.1 for each library with reference to the
control. The mass spectrometry proteomics data have been
deposited in the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the jPOST
partner repository (http://jpostdb.org) with the dataset
identifier PXD021012/ JPST000944.

In vivo efficacy studies

THP-1 cells were subcutaneously implanted into 5-week-
old male BALB/c nude mice (CLEA Japan, Inc.) and
allowed to grow. Six animals were assigned to each group.
TAS4464 formulated in 5% (w/v) glucose solution (Otsuka
Pharmaceutical Factory, Inc.) was administered intrave-
nously twice weekly for three weeks. Cytarabine formulated
in normal saline solution (Otsuka Pharmaceutical Factory,
Inc.) was administered intravenously twice weekly at a
dosage of 100 mg kg~ per day for three weeks. The dose of
cytarabine was equivalent to the maximum tolerated dose
determined by internal evaluation. The tumor volume (TV)
was calculated with the formula [length x (width)?)/2.
During the treatment period, the TV and weight of the mice
were measured twice weekly. Dunnett’s test was used as to
assess the differences in TVs between the drug-treated
groups and the control group. P<0.05 was considered
statistically significant. For pharmacodynamic analysis,
tumors were harvested at the indicated time points after the
administration of TAS4464. The excised tumors were
homogenized in lysing matrix D (MP Biomedicals, LLC)
containing lysis buffer, and lysates were prepared for
immunoblot analysis. All animal experiments were per-
formed with the approval of the institutional animal care
and use committee of Taiho Pharmaceutical Co., Ltd. and
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carried out according to the Taiho Pharmaceutical Co., Ltd.
guidelines for animal experiments.

The following detailed methods are listed in Supple-
mentary Materials and methods, including the Cell lines and
cell cultures, cell viability assay and quantification of
apoptosis induction, Immunoblot analysis, RNA inter-
ference, qRT-PCR, Spheroid culture, cycloheximide
(CHX)-chase analysis, Ubiquitination assay for c-Myc,
Generation of knockout cell lines, and Statistical analysis.
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