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Abstract

Promising outcomes have been reported in elder patients with acute myeloid leukemia
(AML) using combined therapy of venetoclax (VEN) and azacytidine (AZA) in recent years.
However, approximately one-third of patients appear to be refractory to this therapy. Vitamin
K2 (VK2) shows apoptosis-inducing activity in AML cells, and daily oral VK2 (menaquinone-
4, Glakay") has been approved for patients with osteoporosis in Japan. We observed a high
response rate to AZA plus VEN therapy, with no 8-week mortality in the newly diagnosed
AML patients consuming daily VK2 in our hospital. The median age of the patients was 75.9
years (range 66—84) with high-risk features. Patients received AZA 75 mg/m? on D1-7, VEN
400 mg on D1-28, and daily VK2 45 mg. The CR/CRi ratio was 94.7% (18/19), witha CR
rate of 79%. Complete cytogenetic CR was achieved in 15 of 19 (79%) patients, and MRD
negativity in 2 of 15 (13%) evaluable CR patients. Owing to the extremely high response
rate in clinical settings, we further attempted to investigate the underlying mechanisms. The
combination of VK2 and VEN synergistically induced apoptosis in all five AML cell lines
tested. VK2, but not VEN, induced mitochondrial reactive oxygen species (ROS), leading to
the transcriptional upregulation of NOXA, followed by MCL-1 repression. ROS scavengers
repressed VK2 induced-NOXA expression and led to the cancellation of pronounced apo-
ptosis and the downregulation of MCL-1 by VK2 plus VEN. Additionally, knockdown and
knockout of NOXA resulted in abrogation of the MCL-1 repression as well as enhanced cyto-
toxicity by the two-drug combination, indicating that VK2 suppresses MCL-1 via ROS-medi-
ated NOXA induction. These data suggest that the dual inhibition of BCL-2 by VEN and
MCL-1 by VK2 is responsible for the remarkable clinical outcomes in our patients. There-
fore, large-scale clinical trials are required.

Introduction

BH3-mimetic agents that directly trigger apoptosis in cancer cells reliant on BCL-2 or its pro-
survival relatives have emerged as powerful agents for treating chronic lymphocytic leukemia
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(CLL) and acute myeloid leukemia (AML) [1]. Venetoclax (VEN) belongs to a novel
BH3-mimetic class of small molecules that selectively target BCL-2, which binds to and sup-
presses pro-apoptotic proteins and activates the apoptosis effectors BAX and BAK to drive
mitochondrial outer membrane permeabilization and cell death [1]. The current clinical
data suggests that VEN, as a highly specific therapeutic agent, hits the bulk of CLL cells,
which rapidly induces cell death by direct inhibition of BCL-2 because most CLL cells
highly express BCL-2 and are reliant on BCL-2 [2, 3]. In contrast, in AML cells, there is het-
erogeneity in the response to VEN, reflecting the degree to which each cell is dependent on
Bcl-2, and this varies between patients depending on the genetic and epigenetic features of
each AML patient [4, 5]. For example, the anti-apoptotic protein MCL-1 is upregulated in
VEN-resistant AML [6]. However, in AML cells, VEN also causes cell death in a different
manner: direct inhibition of BCL-2 triggers a secondary wave that induces cell death [3, 7].
This may be due to the activation of other pro-apoptotic proteins through the dissociation
of BCL-2 or a reduction in oxidative phosphorylation due to permeabilized mitochondria
in AML cells [4, 7].

The use of VEN in clinical settings has resulted in promising outcomes in patients with
AML [8]. Although VEN has shown limited activity as a single agent in patients with relapse,
in recent studies, high response rates and promising remission periods were observed in older
patients newly diagnosed with AML who were not candidates for intensive induction chemo-
therapy when treated with a methylation inhibitor or low-dose cytarabine [8, 9]. Treatment
with VEN and azacytidine (AZA) is now recommended as the standard therapy for AML-
unfit patients according to the NCCN clinical practice guidelines [10].

While we await confirmatory results, the high response rates reported for VEN-based com-
binations are exciting. However, up to one-third of patients appear to be refractory, and this
population does not have obvious traditional biological risk factors, except for patients with
TP53 mutations, who may have lower response rates [5, 11, 12]. In addition, the majority of
newly diagnosed patients respond to VEN-based combination therapy, but the median dura-
tion of response is approximately one year, and we need to understand how resistance devel-
ops and how this can be targeted [11, 12].

We have previously shown that the vitamin K2 (VK2) analog menaquinone-4 (MK4) selec-
tively and effectively induces apoptosis in various types of AML cells and blasts in myelodys-
plastic syndrome (MDS) [13-16]. An open-label single-arm prospective phase II clinical trial
of VK2 in MDS, VK2 showed improvements in anemia and thrombocytopenia [17]. The effect
of VK2 on normal hematopoietic progenitors also verified that VK2 induces normal myeloid
progenitor differentiation and exhibits an anti-apoptotic effect on normal erythroid progeni-
tors. [18]. MK4 (Glakay"™) has been approved to treat patients with osteoporosis due to its
activity of y-carboxylation of osteocalcin in Japan [19, 20]. The non-toxicity and safety of long-
term daily administration of Glakay" have already been well established and appear to be clini-
cally beneficial in treating elderly patients [19, 21].

In the present study, we investigated the combined effects of VK2 in elderly AML patients
treated with VEN and AZA. We observed that the incidence of complete remission (CR) was
extremely high in patients administered VK2 during treatment with VEN and AZAs. Further-
more, preclinical results indicated that VK2 suppresses MCL-1 through NOXA induction.
NOXA is a pro-apoptotic BH3-only protein that interacts with and suppresses MCL-1. The
combined results of the cell-based and clinical studies suggest that VK2 exhibits sufficient
activity against patients with AML and warrants consideration for combined use with VEN
and hypomethylating agents.
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Materials and methods
Protocol and patients

Between October 1, 2021, and April 30, 2022, 19 patients who had already diagnosed with
AML and treated with azacitidine, venetoclax, and vitamin K2 (diagnosed after April 1, 2021)
or newly diagnosed with AML were enrolled in this study. All patients received vitamin K2 (45
mg/day) as osteoporosis therapy during treatment. The patients received azacitidine 75 mg/m>
on Day 1-7, and venetoclax 400 mg on Day 1-28. Patients were monitored for response and
toxicity according to their intent-to-treat. The study was conducted in accordance with the
International Conference on Harmonization, Good Clinical Practice Guidelines, and the Dec-
laration of Helsinki. The Institutional Ethics Committee of Shinyurigaoka General Hospital
approved the trial protocol (#STR-3-9-29). Written informed consent was obtained from all
patients. For consolidation, some patients were sequentially treated with Gemtuzumab and
Ozogamicin (cases 2 and 12) or gilteritinib (case 13).

Reagents

Venetoclax (VEN) was obtained from MedChemexpress Co. (Monmouth Junction, NJ, USA)
and dissolved in dimethyl sulfoxide (DMSO; Nacalai Tesque, Kyoto, Japan) to prepare 10 mM
stock solutions. Vitamin K2 (VK2) (menaquinone-4; KaytwoN Intravenous Injection® con-
taining 10 mg MK-4 in each vial) was obtained from Eisai Co. (Tokyo, Japan). KaytwoN intra-
venous Injection” was diluted with RPMI-1640 culture medium to obtain a 1 mM solution. As
VK2 is photosensitive and easily degraded by light, it was prepared for each experiment with-
out preparing a stock solution. All untreated controls were supplemented with DMSO to
match the volume of VEN treatments. N-acetyl-1-cysteine (NAC), melatonin, 5-Azacytidine
(5-Aza), and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were obtained from Nacalai
Tesque. Trolox was obtained from the Tokyo Chemical Industry (Tokyo, Japan).

Cells and cell culture

Human acute promyelocytic leukemia-derived HL-60, human acute monocytic leukemia-
derived THP-1, and human histiocytic lymphoma-derived U-937 cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). Human AML-derived
MOLM-14 and SKM-1 cells were obtained from JCRB Cell Bank (Osaka, Japan). All cell lines
were cultured with RPMI1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% peni-
cillin/streptomycin solution (FUJIFILM Wako Pure Chemical, Tokyo, Japan) in a humified
5% CO, incubator at 37°C. All cell line experiments were conducted within 10 passages after
thawing. Mycoplasma contamination was tested routinely using the e-Myco Mycoplasma PCR
Detection kit ver.2.0 (iNtRON Biotechnology, Inc., Korea).

Establishment of knockout cells

NOXA-KO SKM-1 and HL-60 cells were established as previously described [22]. SKM-1 and
HL-60 cells were transfected with pSpCas9 (BB)-2A-Puro (PX459) V2.0 plasmid (Addgene,
#62988) with guide sequence for negative control (sgNega: 5'~-CACCGGTAGCGAACGTG
TCCGGCGT-3') or NOXA (sgNOXA: 5'-CACCGCGGCACCGGCGGAGATGCCT-3') by elec-
troporation with Super Electroporator NEPA 21 with a 2 mm gap cuvette (cat. no. EC 002)
(NEPA GENE Co., Ltd., Chiba, Japan). The following conditions were used: Poring pulse
(voltage, 275 V; pulse interval, 1.5 ms; pulse width, 50 ms; pulse number, 2; attenuation rate,
40%); and transfer pulse (voltage, 20 V; pulse interval, 50 ms; pulse width, 50 ms; pulse
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number, 5; and attenuation rate, 40%). From the next day, cells were treated with 0.5 pg/ml
puromycin for 3 days and surviving cells were used in the following experiments.

Knockdown experiments

For the gene silencing of NOXA in SKM-1 cells and HL-60 cells, NOXA siRNA and control
siRNA were synthesized as follows (FASMAC): siNOXA: sense GUAAUUAUUGACACAUUU
CATdT and antisense GAAAUGUGUCAAUAAUUACATAT [23]; siControl: sense GUUAAAG
GUUUGACUCGCGATAT and antisense CGCGAGUCAAACCUUUAACATAT [24]. siRNA was
diluted to 1500 nM in 100 pL Opti-MEM (Thermo) containing 1 x 10° cells. Transfection was
performed by electroporation with a Super Electroporator NEPA 21 with a 2 mm gap cuvette.
The experimental conditions were the same as those described above. Twenty-four hours after
the transfection, the cells were treated with VK2, VEN, or VK2 plus VEN for 48 h and used for
cell viability assay or immunoblotting as described below.

Cell viability assay

Cell viability was assessed using the CellTiter Blue Cell Viability Assay Kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions with HL-60 (wild-type and NOX-
A-KO), SKM-1 (wild-type and NOXA-KO), THP-1, U-937, and MOLM-14 cell lines. Briefly,
2 x 10* cells/ well were seeded into a 96-well plate with venetoclax +VK2 and cultured for 48
or 72 h. CellTiter Blue reagent was added to each well and fluorescence was measured (excita-
tion, 560 nm; emission, 590 nm) using a SpectraMax iD3 fluorometer (Molecular Devices,
LLC, San Jose, CA, USA). The mean fluorescence relative to that of untreated cells was
expressed as a percentage of cellular proliferation.

Apoptosis assay

To assess apoptosis, HL-60 and SKM-1 cells were treated with VK2 with or without VEN for
48 h and resuspended in Annexin V-binding buffer at 1x10° cells/ml and stained using the
Annexin V-FITC Apoptosis Detection Kit (Nacalai Tesque, Inc.) according to the manufactur-
er’s instructions. Flow cytometry was performed using the Attune Acoustic Focusing Cytome-
ter. Data analysis was performed using the Attune Cytometric Software v2.1 (Life
Technologies, Carlsbad, CA, USA).

May-Griinwald-giemsa staining

HL-60 and SKM-1 cells were treated with either VK2, VEN, or VK2 plus VEN for 48 h and
then cell spreads were prepared on glass slides using a Cytospin 4 centrifuge (Thermo Fisher
Scientific, Inc.) at 1,000 x g for 5 min at room temperature (RT). May-Griinwald-Giemsa
staining was performed using the May-Griinwald staining solution (without dilution; cat. no.
15053; Muto Pure Chemicals, Tokyo, Japan) for 3 min at RT followed by Giemsa staining (1
drop/1 ml H,O; cat. no. 15003; Muto Pure Chemicals, Tokyo, Japan) for 15 min at RT. The
glass slides were examined under a digital light microscope (BZ-800; Keyence Corporation,
Osaka, Japan). Representative images were selected for further analysis.

Immunoblotting

HL-60 (wild-type or NOXA-KO) and SKM-1 (wild-type or NOXA-KO) cells were treated
with either VK2, VEN, or VK2 plus VEN for 24 h or 48 h. Then, the cells were lysed using
RIPA buffer (Nacalai Tesque) containing a protease and phosphatase inhibitor cocktail (Naca-
lai Tesque). Equal amounts of protein were separated by sodium dodecyl sulfate-

PLOS ONE | https://doi.org/10.1371/journal.pone.0307662  July 25, 2024 4/19


https://doi.org/10.1371/journal.pone.0307662

PLOS ONE

Vitamin K2 sensitizes venetoclax in AML

polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto Immobilon-P mem-
branes (Millipore Corp., Bedford, MA, USA). These membranes were probed with primary
antibodies, such as anti-NOXA Ab (sc-56169, 1:1,000), anti-GAPDH Ab (sc-32233, 1:1,000),
anti-BAX Ab (sc-493, 1:1,000), (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-BCL-2
ADb (#551097, 1:1,000, BD Biosciences s, Bedford, MA), anti-BAK Ab (06-536, 1:1,000) (Merk
Millipore, Burlington, MA, USA), anti-PARP Ab (#9542, 1:1000), anti-cleaved Caspase-3 Ab
(#9661, 1:1000), anti-Mcl-1 Ab (#5453, 1:1000), anti-BCL-XL Ab (#2764, 1:1000) (Cell Signal-
ing Technology, Danvers, MA, USA) for 16 h at 4°C. The immunoreactive proteins were
detected using horseradish peroxidase-conjugated secondary antibodies (cat. no. 115-035-003;
1:2,500; or anti-rabbit; cat. no. 711-035-152; 1:2,500; both from Jackson ImmunoResearch) for
1 h at room temperature. Immobilon Western Chemiluminescent HRP Substrate (cat. no.
WBKLS0500; Merck Millipore) was added and protein expression was detected using a WSE-
6300H/C Luminograph III (ATTO). Uncropped images of western blotting are shown in

S3 Fig.

Realtime PCR

Total RNA was extracted using the NucleoSpin RNA Plus (Takara Bio Inc. Otsu, Japan).
cDNA was synthesized using the PrimeScript RT Master Mix (Takara Bio, Inc.). To assess the
gene expression levels, QPCR was performed using TB Green Ex Taq II (Tli RNase H Plus)
(Takara Bio, Inc.). The target mRNA expression level was calculated, relative to GAPDH
expression levels in the same sample, based on the A(ACt) method. Following primers were
used; NOXA-F GGAGATGCCTGGGAAGAAG, NOXA-R CCTGAGTTGAGTAGCACACTCG;
MCL-1-F AAGCCAATGGGCAGGTCT, MCLI-R TGTCCAGTTTCCGAAGCAT; BCL-2-F TCA
GCATGGCTCAAAGTGCAG, BCL-2-R GAAACAGATGTCCCTACCAACCAGA; BAX-F CATGGG
CTGGACATTGGACT, BAX-R GAGAGGAGGCCGTCCCAA; BAK-F CCATTCCTGGAAACTGG
GCT, BAK-R GACGGGATCAGCCTGCC; BCL-XL-F AAAAGATCTTCCGGGGGCTG, BCX-XL-R
TCTGAAGGGAGAGAAAGAGATTCA; GAPDH-F GCACCGTCAAGGCTGAGAAC, GAPDH-R
TGGTGAAGACGCCAGTGGA. Quantitative real-time PCR was performed using a CFX Opus 96
Real-Time PCR System (Bio-Rad). Data analysis was performed using the CFX Maestro soft-
ware Ver 2.3 (Bio-rad).

Measurement of ROS

Whole-cell ROS levels were determined using dihydroethidium (DHE) (Calbiochem). HL-60
or SKM-1 cells were treated with VEN * VK2 for 48 h and then 5 pM DHE was added into the
culture medium and incubated for 15 min in CO, incubator. The cells were then washed with
PBS and observed under a digital light microscope (BZX-800; Keyence Corporation). Mito-
chondrial ROS levels were determined using MitoSox-Red staining. HL-60 cells and SKM-1
cells were treated with VEN + VK2 for 24 or 48 h and then incubated with 2.5 uM MitoSox
Red in Hanks Balanced Salt Solution (HBSS; FUJIFILM Wako Pure Chemical Corp.) for 30
min in CO, incubator. After washing with PBS, the cells were resuspended in PBS and assessed
using a flow cytometer (Attune Acoustic Focusing Cytometer; Life Technologies). Healthy
cells gated with forward scatter (FSC) and side scatter (SSC) of flow cytometry were used for
the analysis. Data analysis was performed using the Attune Cytometric Software v2.1 (Life
Technologies).

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was assessed using tetramethylrhodamine ethyl ester
(TMRE) (Thermo Fisher Scientific). HL-60 and SKM-1 cells were treated with a vehicle,
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VEN + VK2 + NAGC, or 10 uM CCCP for 24 h. After treatment, the TMRE probe was added to
each cell line (final concentration, 250 nM). The cells were incubated in a CO, incubator for
30 min, harvested, and washed twice with PBS. The TMRE fluorescence was measured using
an Attune flow cytometer (Thermo Fisher Scientific). Similar to the mitochondrial ROS mea-
surement, healthy cells were gated for analysis.

Statistical analysis

The synergistic effect of VK2 and VEN on the inhibition of cellular proliferation was statisti-
cally analyzed using Combenefit software ver. 2.021 [25]. All quantitative data are expressed as
the mean + standard deviation. One-way ANOV A followed by post-hoc tests were used to
compare multiple groups, and pairwise comparisons were performed using Tukey’s honest
significant difference test (if all groups were to be compared) or the Games-Howell test when-
ever all groups were compared with a single reference group. p<0.05 was considered to indi-
cate a statistically significant. All raw data used for graphs are available in S1-S5 Files.

Results

High CR/CRi rates by AZA plus VEN in the AML patients who received
daily VK2

Nineteen AML patients were enrolled in this study. All patients received oral VK2 (45 mg/day)
during the course of AZA plus VEN chemotherapy. Patient characteristics are shown in

Table 1. The median age was 75.9 years (range 66—-84). Most patients had high-risk features:

13 patients (68.4%) had ELN (European Leukemia Network) adverse risk, 47% ECOG PS
(Eastern Cooperative Oncology Group Performance Status) 2 >, and 2 (10.5%) had TP53 dele-
tion. The patients were evaluated for response and toxicity according to their intention-to-
treat status. The complete remission (CR) with incomplete count recovery (CRi) rate was
94.7% (18/19), with a CR rate of 79% (Table 2). The eight-week mortality was 0%. All patients

Table 1. Characteristics of 19 AML patients enrolled in the study.

Characteristics N =19 (%)
Age, median (range) 75.9 (66-84)
ECOG PS

0 2 (10.5)

1 8 (42.1)

2 7 (36.8)

3 2 (10.5)
Mutations

NPM1 3(15.7)

FLT-3TKD/ITD 1(5.2)

TP53 2 (10.5)

KIT 1(5.2)
ELN Risk

Favorable 1(5.2)

Intermediate 5(26.3)

Adverse 13 (68.4)
Complex Karyotype 9 (47.7)

Abbreviations: N, number; ECOG PS, Eastern Cooperative Oncology Group Performance Status; ELN, European

Leukemia Network.

https://doi.org/10.1371/journal.pone.0307662.t001
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Table 2. Responses of 19 AML patients enrolled in the study.

Results N =19 (%)
ORR 19 (100)
CR/CRi 18 (95)
CR 15 (79)
CRi 2 (10)
MLES 1(5)
No Response 0 (0)
Time to first response (months) 0.8
Median time to ANC>0.5 (days) 35
Median time to platelet>50 (days) 28
4-week mortality 0(0)
8-week mortality 0(0)

Abbreviations: N, number; ORR, overall response rate; CR, complete remission; CRi, complete remission with

incomplete count recovery; MLES, morphological leukemia-free state; ANC, absolute neutrophil count.

https://doi.org/10.1371/journal.pone.0307662.t002

achieved a response after cycle 1. The median times to absolute neutrophil count (ANC) recov-
ery (> 0.5) and platelet recovery (50) among the CR/CRi patients were 35 days and 28 days,
respectively. Complete cytogenetic CR was achieved in 15 of 19 (79%) evaluable and minimal
residual disease (MRD) negativity in 2 of 15 (13%) evaluable CR patients. After a median fol-
low-up, one patient (case 16) with TP53 deletion had CNS relapse and died 15.4 months after
the beginning of treatment, and five patients died 15.6, 16.6, 17.8, 19.2, and 26.4 months after
the beginning of treatment after bone marrow relapse respectively (Fig 1). Although overall
survival in this study was similar to that in previous reports, an extremely high incidence of
complete remission was observed in AML patients treated with VEN, AZA, and VK2.

Enhanced apoptosis induction in AML cells by combined treatment with
VK2 plus VEN

The extremely high CR/CRi rate in patients with AML who received AZA plus VEN therapy
with daily oral VK2 prompted us to investigate the underlying molecular mechanisms. Our
previous in vitro study showed that VK2 induces apoptosis in AML cells with low BCL-2
expression and induces differentiation in AML cells with higher BCL-2 expression [14].
Because all patients have simultaneously received a specific BCL-2 inhibitor, VEN, with VK2
(45 mg/day, po) during the entire cycle of chemotherapy, we hypothesized that the drug com-
bination of VEN plus VK2 rather than AZA plus VK2 might be attributed to the higher
response rate after cycle 1. Therefore, we focused on the combined effects of VEN and VK2 in
AML cell lines. As previously reported, VK2 inhibited the growth of AML cell lines (Fig 2)
[13, 14, 20]. In all five AML cell lines tested, simultaneous treatment with VK2 and VEN
resulted in synergistically enhanced cell growth inhibition compared to cells treated with VEN
or VK2 alone (Fig 2). The slightly weaker synergistic effect in MOLM-14 cells compared to
that in other cell lines appeared to be due to the high sensitivity to VK2 monotherapy (Fig 2E).
In addition, the combination of AZA and VK2 did not show synergistic effects in contrast to
the combination of VEN and VK2 (S1 Fig). These data suggested that VK2 invariably sensitizes
AML cells to VEN.

After treatment with VEN and VK2, HL-60 and SKM-1 cells showed nuclear fragments,
apoptotic bodies, and chromatin condensation, which are typical morphological features of
cells undergoing apoptosis (Fig 3A and 3B). We also observed an increase in annexin-V-
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Fig 1. Therapeutic outcome of 19 AML patients receiving VEN+AZA+VK2. CR, complete response; CRi, CR with incomplete count recovery; MLEFS,

morphologic leukemia-free state; MRD, minimal residual disease; M, months after the initiation of AZA+VEN treatment.

https://doi.org/10.1371/journal.pone.0307662.g001

positive/PI-positive cell numbers by flow cytometry (Fig 3C and 3D) and increased expression
of cleaved caspase-3 as well as cleaved PARP by immunoblotting after treating the cells with
VEN plus VK2 as compared with those treated with VEN or VK2 alone (Fig 3E and 3F).
These data show enhanced apoptosis induction by the two-drug combination. We also
assessed the expression of apoptosis-related proteins by immunoblotting after treatment with
VEN and/or VK2 for 24 h and 48 h (Fig 3E and 3F). Notably, the expression of the proapopto-
tic BH3-only protein, NOXA, was clearly increased after treatment with VK2 and VK2 plus
VEN, whereas the expression of other BCL-2 family proteins, including MCL-1, decreased
after 48 h of exposure to VEN plus VK2. VEN monotreatment did not increase NOXA levels
in either cell line. These data indicated that VK2, but not VEN, induces NOXA expression.

Reactive oxygen species (ROS) production in response to VK2 leads to the
pronounced cytotoxicity of VEN with up-regulation of NOXA and down-

regulation of MCL-1

Previous studies have shown that ROS is responsible for VK2-induced cytotoxicity. [16, 26—

29]. DHE staining showed that VK2, but not VEN, enhanced ROS production in both the cell
lines (Fig 4A and 4B). Additionally, MitoSOX red staining confirmed that these ROS were
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Fig 2. Enhanced cell growth inhibition by combination treatment of VK2 and VEN in AML cell lines. (A-E) AML cell lines (HL-60,
SKM-1, THP-1, U-937, and MOLM-14) were treated with VK2 in the presence or absence of VEN at indicated concentrations for 48 h and
72 h. Upper: The viable cell number was assessed by CellTiter Blue assay. Data are presented as the mean + SD. *p<0.05 vs. VEN 0 nM.
Lower: The synergistic effect of VK2 and VEN combined treatment on AML cell proliferative inhibition was statistically analyzed using
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denser blue indicates a stronger synergistic effect. n = 3.

https://doi.org/10.1371/journal.pone.0307662.9002
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Fig 3. Pronounced apoptosis induction by simultaneous treatment with VK2 and VEN along with up-regulation
of NOXA and repression of MCL-1 in HL-60 and SKM-1 cells. (A, B) HL-60 and SKM-1 cells were treated with
either VK2 (10 uM for HL-60, 25 uM for SKM-1), VEN (25 nM for HL-60, 2.5 uM for SKM-1), or VK2 plus VEN for
48 h, and stained with May-Grunwald-Giemsa. Scale bar = 20 um. (C, D) Cells were treated with either VK2 (10 uM
for HL-60, 25 uM for SKM-1), VEN (25 nM for HL-60, 2.5 uM for SKM-1), or VK2 plus VEN for 48 h. Flow cytometry
was performed with Annexin V and PI double staining. The number of each area indicates the percentage of cells.

n =3 (E, F) Cellular proteins were lysed, separated by SDS-PAGE, and immunoblotting was performed using indicated
antibodies. Immunoblotting with anti-GAPDH mAb was performed as an internal loading control.

https://doi.org/10.1371/journal.pone.0307662.9003
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Fig 4. ROS production in response to VK2 and/or VEN in HL-60 and SKM-1 cells. Cells were treated with VK2 (10 uM for HL-60,

25 uM for SKM-1) or VEN (25 nM for HL-60, 2.5 uM for SKM-1) for 24 and 48 h. (A, B) ROS production in whole cells was assessed by
staining with dihydroethidium (DHE) and detected by fluorescence microscopy in HL-60 and SKM-1 cells 48 h after treatment. Scale
bar = 100 um. (C, D) Mitochondrial ROS levels were determined using flow cytometry after staining with MitoSox-Red. The cells treated
with a mitochondrial uncoupler, CCCP (10 uM) were used as a positive control for mitochondrial ROS production. Data are presented as
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the mean + SD. n = 3, *p<0.05 vs. cont. (E) The mitochondrial membrane potential was assessed by flow cytometry after TMRE staining.
CCCP was used as the positive control. Data are presented as the mean + SD. n = 3, *p<<0.05 vs. cont. (F) The effect of ROS scavengers on
the mitochondrial membrane potential was assessed by flow cytometry. Data are presented as the mean + SD. n = 3, *p<0.05 vs. 0 mM
NAC. (G, H) Cells were treated with VK2 (10 pM for HL-60, 25 pM for SKM-1) and/or VEN (25 nM for HL-60, 2.5 uM for SKM-1) in the
presence of ROS scavengers, namely NAC, melatonin (MEL), and Trolox (TRO) at the indicated concentrations for 48 h. The number of
viable cells was assessed using the CellTiter Blue assay. Data are presented as the mean + SD. *p<0.05 vs. 0 mM NAC, MEL, or TRO. (I, ])
Immunoblotting with anti-NOXA, anti-MCL-1, and anti-PARP mAbs. Immunoblotting with anti-GAPDH mAb was performed as an
internal loading control.

https://doi.org/10.1371/journal.pone.0307662.g004

derived from mitochondria (Fig 4C and 4D). The combination of VK2 and VEN did not fur-
ther increase mitochondrial ROS production compared with VK2 alone (Fig 4C and 4D). The
VK2-induced reduction in the mitochondrial membrane potential was moderate and was
restored by NAC treatment (Fig 4E and 4F). This suggests that mitochondrial ROS were not
produced due to mitochondrial dysfunction, but rather that VK2-induced ROS damage the
mitochondria. Similar results have also been observed in bladder cancer cells [30].

Next, we treated HL-60 and SKM-1 cells with VK2 and VEN in the presence of ROS scav-
engers, namely N-acetyl-L-cysteine (NAC), melatonin, and Trolox. Except for SKM-1 cells
treated with melatonin, all ROS scavengers canceled or repressed the pronounced cytotoxicity
induced by the VK2 plus VEN combination to the extent of VEN mono-treatment in both cell
lines (Fig 4G and 4H). Notably, these ROS scavengers canceled the enhanced cytotoxicity
induced by VK2 but had no or moderate effects on the cytotoxicity of VEN. Thus, VK2-in-
duced ROS are essential for the pronounced induction of apoptosis in response to the combi-
nation of VK2 and VEN.

As shown in Fig 3E and 3F, the anti-apoptotic protein MCL-1 was suppressed after 48 h of
treatment with VK2 and VEN. It is well known that NOXA determines the localization and
stability of MCL-1 on the mitochondrial outer membrane [31]. NOXA physically interacts
with MCL-1, leading to MCL-1 degradation via polyubiquitination [32]. Thus, NOXA is a
determinant for MCL-1 expression [33, 34]. Additionally, the expression of MCL-1 is one of a
determinant of VEN sensitivity in AML cells [35]. Therefore, we investigated the effect of ROS
on NOXA and MCL-1 expression in VK2-treated AML cells. The presence of NAC attenuated
NOXA induction along with the cancelation of MCL-1 suppression and PARP cleavage in
VK2- and VK2 + VEN-treated cells (Fig 4I and 4]J). These data suggested that mitochondrial
ROS production in response to VK2 treatment is critical upstream of the NOXA-MCL-1 axis
to exert pronounced cytotoxicity.

NOXA is crucial for the synergistic apoptosis induction by concomitant
VEN and VK2 treatment in AML cells

Our results showed an increased expression of NOXA in response to VK2 treatment in AML
cells (Figs 3E, 3F, 41 and 4J). Gene expression profiles of BCL-2 family proteins showed that
VK2 treatment induced more prominent transcriptional activation of NOXA than other BCL-
2 family genes in HL-60 and SKM-1 cells (Fig 5A and 5B). Concomitant exposure to VK2 and
VEN did not increase NOXA expression. The VK2-induced transcriptional activation of
NOXA was repressed in the presence of NAC in HL-60 and SKM-1 cells, similar to protein
expression, indicating that the induction of NOXA was regulated at the transcriptional level
(Fig 5C and 5D). Finally, we confirmed the importance of NOXA induction in synergistic cell
death caused by the co-administration of VK2 and VEN. Knockdown (KD) and knockout
(KO) of NOXA in HL-60 and SKM-1 cells resulted in the abrogation and attenuation of syner-
gistic cell death by VK2 and VEN, as well as the repression of PARP cleavage (Fig 6A-6D, S2
Fig). After treatment with VK2 and VEN, control SKM-1 and HL-60 cells exhibited MCL-1
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Fig 5. Gene expressions of BCL-2 family members after treatment with VK2 and/or VEN in HL-60 and SKM-1 cells. (A, B) HL-60 and
SKM-1 cells were treated with VK2 (10 pM for HL-60, 25 pM for SKM-1) and/or VEN (25 nM for HL-60, 2.5 uM for SKM-1) for 24 h and 48
h. Gene expressions of the BCL-2 family members were assessed by real-time PCR. Data are presented as the mean + SD. *p<0.05 vs. cont.

n = 3. (C, D) Effect of NAC treatment on NOXA mRNA expression was assessed by real-time PCR with HL-60 and SKM-1 cells. Data are
presented as the mean + SD., *p<0.05 vs. cont, #p<0.05 v.s. NAC (-),n = 3.

https://doi.org/10.1371/journal.pone.0307662.9005

repression along with NOXA upregulation, whereas KD and KO of NOXA in both cell lines
attenuated MCL-1 repression in response to VK2 and VEN (Fig 6C and 6D, S2 Fig). Taken
together, we conclude that NOXA upregulation in response to VK2 is crucial for synergistic
apoptosis induction by VEN and VK2.

Discussion

The extremely high CR/CRi rate in 19 elderly AML patients who received AZA plus VEN ther-
apy with daily oral Glakay" (VK2) prompted us to investigate the underlying molecular mech-
anisms. Simultaneous exposure to VEN and VK2 synergistically induced apoptosis in all AML
cell lines tested (Figs 2 and 3). VK2, but not VEN, induced ROS-mediated transcriptional acti-
vation of NOXA (Figs 4 and 5). Repression of NOXA induction by ROS scavengers, as well as
KD and KO of NOXA, resulted in almost complete cancellation of the synergistic cell death by
the VEN + VK2 combination (Figs 5 and 6). Thus, as shown in Fig 6E, ROS-mediated NOXA
induction appears to be crucial for enhancing apoptosis in AML cells. Transcriptional upregu-
lation of NOXA by ROS has also been reported in CLL cells [37]. Notably, along with NOXA
upregulation, the repression of the anti-apoptotic MCL-1 protein was always accompanied by
a series of experiments when AML cells were treated with VEN plus VK2 (Figs 3, 4, and 6).
Since VEN is a BCL-2-selective inhibitor with Ki <0.01 nM and no activity against MCL-1 in
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Fig 6. Effect of NOXA-knockout in HL-60 and SKM-1 cells on the cytotoxicity and MCL-1 repression by VK2 and VEN combination
treatment. (A, B) Control and NOXA knockout (KO) HL-60 and SKM-1 cells were treated with VK2 with/without VEN at indicated
concentrations, and the viable cell numbers were assessed by CellTiter Blue assay. Data are presented as the mean + SD. *p<0.05 vs. VEN 0 nM.
The synergistic effect of VK2 and VEN combined treatment on each cell proliferative inhibition was statistically analyzed using Combenefit
software. (C, D) After treatment with VK2 with/without VEN for 48 h, cellular proteins were separated by SDS-PAGE and immunoblotted with
anti-NOXA, anti-MCL-1, and anti-PARP Abs. Immunoblotting with anti-GAPDH mAb was performed as an internal control. (E) Proposal scheme
of the molecular mechanism of VK2 for sensitization to VEN in AML cells. VEN-treatment specifically inhibits BCL-2 but not MCL-1 [36].
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VK2-treatment induces mitochondrial ROS production leading to up-regulation of NOXA, which results in inhibition and/or repression of MCL-1
to relieve BAK inhibition. Thus, concomitant treatment with VEN plus VK2 results in simultaneous inhibition of BCL-2 and MCL-1. This appears
to enhance BAK- and/or BAK/BAX-mediated apoptosis induction in AML cells.

https://doi.org/10.1371/journal.pone.0307662.9006

cell-free assays [36], VK2-mediated MCL-1 repression appears to compensate for the full acti-
vation of BAK and BAX, which are responsible for forming oligomeric pores on the mitochon-
drial outer members to release cytochrome c for apoptosis induction [38, 39]. Previous studies
showed that MCL-1 expression is a determinant of VEN sensitivity in AML patients [35].
Additionally, the ratio of MCL-1 to BCL-2 expression determined the response to VEN in
myeloma cell lines [40]. Upregulation of MCL-1 was observed in VEN-resistant AML and
MDS, and the combination of VEN and MCL-1 inhibitor was synergistic in all MDS subtypes
without significant injury to normal hematopoiesis in humanized MISTRG6 mice [6]. Addi-
tionally, the dual inhibition of BCL-2 and MCL-1 improves the therapeutic efficiency of
BH3-mimetics in AML cell lines [41]. NOXA binds to MCL-1 and disrupts the interaction
between BAK and MCL-1, thus relieving BAK inhibition [1, 34, 42, 43]. Alternatively, NOXA
physically interacts with MCL-1, which leads to its MCL-1 degradation in mitochondria via
polyubiquitination by the E3 ligase Mule [32]. This indicates that NOXA upregulation by
VK2, as shown in this study, is sufficient for MCL-1 inhibition, regardless of the decrease in
MCL-1. Therefore, the ROS-NOXA-MCL-1 axis in response to VK2 appears to be attributed
to VEN sensitization in AML cells, which appears to be the underlying molecular mechanism
of the high response rate in our clinical outcomes (Table 2, Fig 1). Recent research on tran-
scriptional and phenotypic heterogeneity within or among patients has shown that resistance
to venetoclax in AML is not solely dependent on MCL1 expression [44]. Further studies is
needed to identify the type of AML sensitized by VK2 in combination with venetoclax.

Although we have shown the underlying mechanism of enhanced apoptosis induction in
terms of the dual inhibition of BCL-2 by VEN and MCL-1 via NOXA upregulation by VK2,
there is another possibility. We previously showed that the VK2-2,3 epoxide, an intracellular
metabolite of VK2 induced by gamma-glutamyl carboxylase (GGCX), covalently binds to Bak,
directly leading to Bak-mediated apoptosis in leukemia cells [28]. Additionally, hypomethylat-
ing agents, including AZA, have been shown to reduce the levels of MLC-1 in primary AML
cells and induce a DNA damage response, leading to the upregulation of BH3-only proteins
such as NOXA [45]. Thus, in clinical applications, the therapeutic effects of the combination
of VK2 and AZA should also be discussed.

Consistent with our results, many reports show that ROS production is involved in VK2-in-
duced apoptotic and non-apoptotic cell death in various kinds of cancer cells [26, 27, 29, 30].
Although it is not clear how VK2-derived ROS are produced, it is well established that VK2 is
metabolized in the vitamin K cycle, where it is located in the endoplasmic reticulum (ER) and
undergoes electron reduction to a reduced form called vitamin K hydroquinone, catalyzed by
vitamin K epoxide reductase (VKOR) or ferroptosis suppressor protein 1 (FSP1) [46, 47]. Sub-
sequently, gamma-glutamyl carboxylase oxidizes vitamin K hydroquinone to vitamin K epox-
ide and this reaction is coupled with carboxylation of Glu to Gla. The VK epoxide is then
converted to vitamin K by VKOR [48]. However, according to our data, ROS levels increased
with VK2 treatment in the mitochondria instead of the ER. Although the ER is distributed
inside the cell to form a network with organelles, including the mitochondria, the precise
mechanism of ROS production in response to VK2 remains unclear.

Regarding the pharmacokinetics of VK2, the Cmax of 15 mg of orally administered mena-
quinone-4 (Glakay") has been reported to be approximately 1 uM [49], which is one-tenth that
of our in vitro study shown in Fig 2. However, VK2 is a fat-soluble vitamin that has been
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shown to be more than 10 times higher in the bone marrow than in the blood in a murine
model [50, 51]. Thus, the concentration of VK2 that synergizes with VEN for apoptosis induc-
tion observed in our study appears to be physiological in clinical settings.

Although the clinical outcomes presented here are based on a small number of patients
from a single institute, the high CR rate and tolerability in unfavorably patients with AML are
noteworthy. Since VK2 (Glakay®) itself is nontoxic and has been administered daily for a long
time to patients with osteoporosis in Japan, the use of VK2 as a chemosensitizer for VEN via
NOXA-mediated MCL-1 suppression appears to be a promising strategy. We emphasize that a
large-scale prospective randomized trial of AZA plus VEN in the presence or absence of VK2
for AML patients with are unfit for intensive chemotherapy is warranted.

Supporting information

S1 Fig. Combination treatment of VK2 and AZA did not show synergistic cell death in
AML cell lines.
(PDF)

$2 Fig. NOXA-knockdown attenuated enhanced cell death caused by coadministration of
VK2 and VEN.
(PDF)

S3 Fig. Uncropped images of western blotting.
(PDF)

S1 File. Raw data used for graphs in Fig 2.
(XLSX)

S2 File. Raw data used for graphs in Fig 4.
(XLSX)

S$3 File. Raw data used for graphs in Fig 5.
(XLSX)

$4 File. Raw data used for graphs in Fig 6.
(XLSX)

S5 File. Raw data used for graphs in S1 and S2 Figs.
(XLSX)

Author Contributions
Conceptualization: Tetsuzo Tauchi, Keisuke Miyazawa.

Data curation: Tetsuzo Tauchi, Shota Moriya, Seiichi Okabe, Hiromi Kazama, Naoharu
Takano.

Formal analysis: Tetsuzo Tauchi, Naoharu Takano.
Funding acquisition: Shota Moriya, Naoharu Takano.

Investigation: Tetsuzo Tauchi, Shota Moriya, Seiichi Okabe, Hiromi Kazama, Naoharu
Takano.

Methodology: Tetsuzo Tauchi, Shota Moriya, Seiichi Okabe, Keisuke Miyazawa, Naoharu
Takano.

Project administration: Tetsuzo Tauchi, Keisuke Miyazawa, Naoharu Takano.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307662  July 25, 2024 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307662.s008
https://doi.org/10.1371/journal.pone.0307662

PLOS ONE

Vitamin K2 sensitizes venetoclax in AML

Resources: Tetsuzo Tauchi, Keisuke Miyazawa.
Supervision: Keisuke Miyazawa.

Validation: Tetsuzo Tauchi, Shota Moriya, Seiichi Okabe, Hiromi Kazama, Keisuke Miya-
zawa, Naoharu Takano.

Visualization: Tetsuzo Tauchi, Shota Moriya, Hiromi Kazama, Keisuke Miyazawa, Naoharu
Takano.

Writing - original draft: Tetsuzo Tauchi, Shota Moriya, Keisuke Miyazawa, Naoharu
Takano.

Writing - review & editing: Tetsuzo Tauchi, Shota Moriya, Keisuke Miyazawa, Naoharu
Takano.

References

1. Diepstraten ST, Anderson MA, Czabotar PE, Lessene G, Strasser A, Kelly GL. The manipulation of
apoptosis for cancer therapy using BH3-mimetic drugs. Nat Rev Cancer. 2022; 22(1): 45-64. https:/
doi.org/10.1038/s41568-021-00407-4 PMID: 34663943.

2. Eichhorst B, Niemann CU, Kater AP, Furstenau M, von Tresckow J, Zhang C, et al. First-Line Veneto-
clax Combinations in Chronic Lymphocytic Leukemia. N Engl J Med. 2023; 388(19): 1739-1754.
https://doi.org/10.1056/NEJMoa2213093 PMID: 37163621.

3. Lasica M, Anderson MA. Review of Venetoclax in CLL, AML and Multiple Myeloma. J Pers Med. 2021;
11(6). https://doi.org/10.3390/jpm11060463 PMID: 34073976.

4. Sullivan GP, Flanagan L, Rodrigues DA, T NC. The path to venetoclax resistance is paved with muta-
tions, metabolism, and more. Sci Transl Med. 2022; 14(674): eabo6891. https://doi.org/10.1126/
scitransimed.abo6891 PMID: 36475901.

5. Daver NG, Maiti A, Kadia TM, Vyas P, Majeti R, Wei AH, et al. TP53-Mutated Myelodysplastic Syn-
drome and Acute Myeloid Leukemia: Biology, Current Therapy, and Future Directions. Cancer Discov.
2022; 12(11): 2516-2529. https://doi.org/10.1158/2159-8290.CD-22-0332 PMID: 36218325.

6. Fischer MA, Song Y, Arrate MP, Gbyli R, Villaume MT, Smith BN, et al. Selective inhibition of MCL1
overcomes venetoclax resistance in a murine model of myelodysplastic syndromes. Haematologica.
2023; 108(2): 522—-531. https://doi.org/10.3324/haematol.2022.280631 PMID: 35979721.

7. Roberts AW. Therapeutic development and current uses of BCL-2 inhibition. Hematology Am Soc
Hematol Educ Program. 2020; 2020(1): 1-9. https://doi.org/10.1182/hematology.2020000154 PMID:
33275682.

8. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei AH, et al. Azacitidine and Venetoclax
in Previously Untreated Acute Myeloid Leukemia. N Engl J Med. 2020; 383(7): 617—629. https://doi.
org/10.1056/NEJM0a2012971 PMID: 32786187.

9. Kayser S, Levis MJ. The clinical impact of the molecular landscape of acute myeloid leukemia. Haema-
tologica. 2023; 108(2): 308—320. https://doi.org/10.3324/haematol.2022.280801 PMID: 36722402.

10. Pollyea DA, Bixby D, Perl A, Bhatt VR, Altman JK, Appelbaum FR, et al. NCCN Guidelines Insights:
Acute Myeloid Leukemia, Version 2.2021. J Natl Compr Canc Netw. 2021; 19(1): 16—27. https://doi.
org/10.6004/jnccn.2021.0002 PMID: 33406488.

11. Dhakal P, Bates M, Tomasson MH, Sutamtewagul G, Dupuy A, Bhatt VR. Acute myeloid leukemia
resistant to venetoclax-based therapy: What does the future hold? Blood Rev. 2023; 59: 101036.
https://doi.org/10.1016/j.blre.2022.101036 PMID: 365499609.

12. Diekmann B, Timmerman M, Hempenius L, van Roon E, Franken B, Hoogendoorn M. New treatment
opportunities for older patients with acute myeloid leukemia and the increasing importance of frailty
assessment—An oncogeriatric perspective. J Geriatr Oncol. 2023: 101631. https://doi.org/10.1016/j.
jg0.2023.101631 PMID: 37783588.

13. Yaguchi M, Miyazawa K, Katagiri T, Nishimaki J, Kizaki M, Tohyama K, et al. Vitamin K2 and its deriva-
tives induce apoptosis in leukemia cells and enhance the effect of all-trans retinoic acid. Leukemia.
1997; 11(6): 779-787. https://doi.org/10.1038/sj.leu.2400667 PMID: 9177427.

14. Miyazawa K, Yaguchi M, Funato K, Gotoh A, Kawanishi Y, Nishizawa Y, et al. Apoptosis/differentiation-
inducing effects of vitamin K2 on HL-60 cells: dichotomous nature of vitamin K2 in leukemia cells. Leu-
kemia. 2001; 15(7): 1111-1117. https://doi.org/10.1038/sj.leu.2402155 PMID: 11455981.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307662  July 25, 2024 17/19


https://doi.org/10.1038/s41568-021-00407-4
https://doi.org/10.1038/s41568-021-00407-4
http://www.ncbi.nlm.nih.gov/pubmed/34663943
https://doi.org/10.1056/NEJMoa2213093
http://www.ncbi.nlm.nih.gov/pubmed/37163621
https://doi.org/10.3390/jpm11060463
http://www.ncbi.nlm.nih.gov/pubmed/34073976
https://doi.org/10.1126/scitranslmed.abo6891
https://doi.org/10.1126/scitranslmed.abo6891
http://www.ncbi.nlm.nih.gov/pubmed/36475901
https://doi.org/10.1158/2159-8290.CD-22-0332
http://www.ncbi.nlm.nih.gov/pubmed/36218325
https://doi.org/10.3324/haematol.2022.280631
http://www.ncbi.nlm.nih.gov/pubmed/35979721
https://doi.org/10.1182/hematology.2020000154
http://www.ncbi.nlm.nih.gov/pubmed/33275682
https://doi.org/10.1056/NEJMoa2012971
https://doi.org/10.1056/NEJMoa2012971
http://www.ncbi.nlm.nih.gov/pubmed/32786187
https://doi.org/10.3324/haematol.2022.280801
http://www.ncbi.nlm.nih.gov/pubmed/36722402
https://doi.org/10.6004/jnccn.2021.0002
https://doi.org/10.6004/jnccn.2021.0002
http://www.ncbi.nlm.nih.gov/pubmed/33406488
https://doi.org/10.1016/j.blre.2022.101036
http://www.ncbi.nlm.nih.gov/pubmed/36549969
https://doi.org/10.1016/j.jgo.2023.101631
https://doi.org/10.1016/j.jgo.2023.101631
http://www.ncbi.nlm.nih.gov/pubmed/37783588
https://doi.org/10.1038/sj.leu.2400667
http://www.ncbi.nlm.nih.gov/pubmed/9177427
https://doi.org/10.1038/sj.leu.2402155
http://www.ncbi.nlm.nih.gov/pubmed/11455981
https://doi.org/10.1371/journal.pone.0307662

PLOS ONE

Vitamin K2 sensitizes venetoclax in AML

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yaguchi M, Miyazawa K, Otawa M, Katagiri T, Nishimaki J, Uchida Y, et al. Vitamin K2 selectively
induces apoptosis of blastic cells in myelodysplastic syndrome: flow cytometric detection of apoptotic
cells using APO2.7 monoclonal antibody. Leukemia. 1998; 12(9): 1392—1397. https://doi.org/10.1038/
sj.leu.2401143 PMID: 9737687.

Xv F, Chen J, Duan L, Li S. Research progress on the anticancer effects of vitamin K2. Oncol Lett.
2018; 15(6): 8926—-8934. https://doi.org/10.3892/01.2018.8502 PMID: 29805627.

Akiyama N, Miyazawa K, Kanda Y, Tohyama K, Omine M, Mitani K, et al. Multicenter phase Il trial of
vitamin K(2) monotherapy and vitamin K(2) plus 1alpha-hydroxyvitamin D(3) combination therapy for
low-risk myelodysplastic syndromes. Leuk Res. 2010; 34(9): 1151-1157. https://doi.org/10.1016/j.
leukres.2010.04.006 PMID: 20569983.

Sada E, Abe Y, Ohba R, Tachikawa Y, Nagasawa E, Shiratsuchi M, et al. Vitamin K2 modulates differ-
entiation and apoptosis of both myeloid and erythroid lineages. Eur J Haematol. 2010; 85(6): 538—548.
https://doi.org/10.1111/j.1600-0609.2010.01530.x PMID: 20887388.

Orimo H, Shiraki M, Tomita A, Morri H, Fujita T, Ohata M. Effects of menatetrenone on the bone and cal-
cium metabolism in osteoporosis: a double-blind placebo-controlled study. J Bone Miner Metab. 1998;
16:106-112.

lwamoto J. Vitamin Kz therapy for postmenopausal osteoporosis. Nutrients. 2014; 6(5): 1971-1980.
https://doi.org/10.3390/nu6051971 PMID: 24841104.

Ishii M, Shimomura M, Hasegawa J, Morishita N, Nakai H, Kayano M, et al. Evaluation of pharmacoki-
netics and bioequivalence of soft capsules of menatetrenone. J Clin Therap Med. 1992; 8: 571-585.

Moriya S, Kazama H, Hino H, Takano N, Hiramoto M, Aizawa S, et al. Clarithromycin overcomes stro-
mal cell-mediated drug resistance against proteasome inhibitors in myeloma cells via autophagy flux
blockage leading to high NOXA expression. PLoS One. 2023; 18(12): €0295273. https://doi.org/10.
1371/journal.pone.0295273 PMID: 38039297.

Barbone D, Ryan JA, Kolhatkar N, Chacko AD, Jablons DM, Sugarbaker DJ, et al. The Bcl-2 repertoire
of mesothelioma spheroids underlies acquired apoptotic multicellular resistance. Cell Death Dis. 2011;
2(6): e174. https://doi.org/10.1038/cddis.2011.58 PMID: 21697949.

Saito Y, Moriya S, Kazama H, Hirasawa K, Miyahara K, Kokuba H, et al. Amino acid starvation culture
condition sensitizes EGFR-expressing cancer cell lines to gefitinib-mediated cytotoxicity by inducing
atypical necroptosis. Int J Oncol. 2018; 52(4): 1165-1177. https://doi.org/10.3892/ij0.2018.4282 PMID:
29484439.

Di Veroli GY, Fornari C, Wang D, Mollard S, Bramhall JL, Richards FM, et al. Combenefit: an interactive
platform for the analysis and visualization of drug combinations. Bioinformatics. 2016; 32(18): 2866—
2868. https://doi.org/10.1093/bioinformatics/btw230 PMID: 27153664.

Yokoyama T, Miyazawa K, Naito M, Toyotake J, Tauchi T, ltoh M, et al. Vitamin K2 induces autophagy
and apoptosis simultaneously in leukemia cells. Autophagy. 2008; 4(5): 629—-640. https://doi.org/10.
4161/auto.5941 PMID: 18376138.

Shibayama-Imazu T, Sonoda |, Sakairi S, Aiuchi T, Ann WW, Nakajo S, et al. Production of superoxide
and dissipation of mitochondrial transmembrane potential by vitamin K2 trigger apoptosis in human
ovarian cancer TYK-nu cells. Apoptosis. 2006; 11(9): 1535-1543. https://doi.org/10.1007/s10495-006-
7979-5 PMID: 16763728.

Karasawa S, Azuma M, Kasama T, Sakamoto S, Kabe Y, Imai T, et al. Vitamin K2 covalently binds to
Bak and induces Bak-mediated apoptosis. Mol Pharmacol. 2013; 83(3): 613-620. https://doi.org/10.
1124/mol.112.082602 PMID: 23229512.

Miyazawa S, Moriya S, Kokuba H, Hino H, Takano N, Miyazawa K. Vitamin K(2) induces non-apoptotic
cell death along with autophagosome formation in breast cancer cell lines. Breast Cancer. 2020; 27(2):
225-235. https://doi.org/10.1007/s12282-019-01012-y PMID: 31625014.

DuanF, YuY, Guan R, Xu Z, Liang H, Hong L. Vitamin K2 Induces Mitochondria-Related Apoptosis in
Human Bladder Cancer Cells via ROS and JNK/p38 MAPK Signal Pathways. PLoS One. 2016; 11(8):
e0161886. https://doi.org/10.1371/journal.pone.0161886 PMID: 27570977.

Nakajima W, Hicks MA, Tanaka N, Krystal GW, Harada H. Noxa determines localization and stability of
MCL-1 and consequently ABT-737 sensitivity in small cell lung cancer. Cell Death Dis. 2014; 5(2):
e1052. https://doi.org/10.1038/cddis.2014.6 PMID: 24525728.

Gomez-Bougie P, Ménoret E, Juin P, Dousset C, Pellat-Deceunynck C, Amiot M. Noxa controls Mule-
dependent Mcl-1 ubiquitination through the regulation of the Mcl-1/USP9X interaction. Biochem Bio-
phys Res Commun. 2011; 413(3): 460—464. https://doi.org/10.1016/j.bbrc.2011.08.118 PMID:
21907705.

Guikema JE, Amiot M, Eldering E. Exploiting the pro-apoptotic function of NOXA as a therapeutic
modality in cancer. Expert Opin Ther Targets. 2017; 21(8): 767—779. https://doi.org/10.1080/
14728222.2017.1349754 PMID: 28670929.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307662  July 25, 2024 18/19


https://doi.org/10.1038/sj.leu.2401143
https://doi.org/10.1038/sj.leu.2401143
http://www.ncbi.nlm.nih.gov/pubmed/9737687
https://doi.org/10.3892/ol.2018.8502
http://www.ncbi.nlm.nih.gov/pubmed/29805627
https://doi.org/10.1016/j.leukres.2010.04.006
https://doi.org/10.1016/j.leukres.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20569983
https://doi.org/10.1111/j.1600-0609.2010.01530.x
http://www.ncbi.nlm.nih.gov/pubmed/20887388
https://doi.org/10.3390/nu6051971
http://www.ncbi.nlm.nih.gov/pubmed/24841104
https://doi.org/10.1371/journal.pone.0295273
https://doi.org/10.1371/journal.pone.0295273
http://www.ncbi.nlm.nih.gov/pubmed/38039297
https://doi.org/10.1038/cddis.2011.58
http://www.ncbi.nlm.nih.gov/pubmed/21697949
https://doi.org/10.3892/ijo.2018.4282
http://www.ncbi.nlm.nih.gov/pubmed/29484439
https://doi.org/10.1093/bioinformatics/btw230
http://www.ncbi.nlm.nih.gov/pubmed/27153664
https://doi.org/10.4161/auto.5941
https://doi.org/10.4161/auto.5941
http://www.ncbi.nlm.nih.gov/pubmed/18376138
https://doi.org/10.1007/s10495-006-7979-5
https://doi.org/10.1007/s10495-006-7979-5
http://www.ncbi.nlm.nih.gov/pubmed/16763728
https://doi.org/10.1124/mol.112.082602
https://doi.org/10.1124/mol.112.082602
http://www.ncbi.nlm.nih.gov/pubmed/23229512
https://doi.org/10.1007/s12282-019-01012-y
http://www.ncbi.nlm.nih.gov/pubmed/31625014
https://doi.org/10.1371/journal.pone.0161886
http://www.ncbi.nlm.nih.gov/pubmed/27570977
https://doi.org/10.1038/cddis.2014.6
http://www.ncbi.nlm.nih.gov/pubmed/24525728
https://doi.org/10.1016/j.bbrc.2011.08.118
http://www.ncbi.nlm.nih.gov/pubmed/21907705
https://doi.org/10.1080/14728222.2017.1349754
https://doi.org/10.1080/14728222.2017.1349754
http://www.ncbi.nlm.nih.gov/pubmed/28670929
https://doi.org/10.1371/journal.pone.0307662

PLOS ONE

Vitamin K2 sensitizes venetoclax in AML

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Roufayel R, Younes K, Al-Sabi A, Murshid N. BH3-Only Proteins Noxa and Puma Are Key Regulators
of Induced Apoptosis. Life (Basel). 2022; 12(2). https://doi.org/10.3390/life 12020256 PMID: 35207544.

Hormi M, Birsen R, Belhadj M, Huynh T, Cantero Aguilar L, Grignano E, et al. Pairing MCL-1 inhibition
with venetoclax improves therapeutic efficiency of BH3-mimetics in AML. Eur J Haematol. 2020; 105
(5): 588-596. https://doi.org/10.1111/ejh.13492 PMID: 32659848.

Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al. ABT-199, a potent and
selective BCL-2 inhibitor, achieves antitumor activity while sparing platelets. Nat Med. 2013; 19(2):
202-208. https://doi.org/10.1038/nm.3048 PMID: 23291630.

Tonino SH, van Laar J, van Oers MH, Wang JY, Eldering E, Kater AP. ROS-mediated upregulation of
Noxa overcomes chemoresistance in chronic lymphocytic leukemia. Oncogene. 2011; 30(6): 701-713.
https://doi.org/10.1038/onc.2010.441 PMID: 20935673.

Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis by the BCL-2 protein family:
implications for physiology and therapy. Nat Rev Mol Cell Biol. 2014; 15(1): 49-63. https://doi.org/10.
1038/nrm3722 PMID: 24355989.

Germain M, Milburn J, Duronio V. MCL-1 inhibits BAX in the absence of MCL-1/BAX Interaction. J Biol
Chem. 2008; 283(10): 6384—6392. https://doi.org/10.1074/jbc.M707762200 PMID: 18089567.

Osada N, Kikuchi J, Koyama D, Kuroda Y, Yasui H, Leverson JD, et al. mTOR inhibitors sensitize multi-
ple myeloma cells to venetoclax via IKZF3- and Blimp-1-mediated BCL-2 upregulation. Haematologica.
2021; 106(11): 3008-3013. https://doi.org/10.3324/haematol.2021.278506 PMID: 34261294.

Moujalled DM, Pomilio G, Ghiurau C, Ivey A, Salmon J, Rijal S, et al. Combining BH3-mimetics to target
both BCL-2 and MCL1 has potent activity in pre-clinical models of acute myeloid leukemia. Leukemia.
2019; 33(4): 905-917. https://doi.org/10.1038/s41375-018-0261-3 PMID: 30214012.

Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti GP, Hsieh JJ, et al. Hierarchical regulation of
mitochondrion-dependent apoptosis by BCL-2 subfamilies. Nat Cell Biol. 2006; 8(12): 1348—1358.
https://doi.org/10.1038/ncb1499 PMID: 17115033.

Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, et al. Proapoptotic Bak is sequestered by Mcl-
1 and Bcl-xL, but not Bcl-2, until displaced by BH3-only proteins. Genes Dev. 2005; 19(11): 1294—
1305. https://doi.org/10.1101/gad.1304105 PMID: 15901672.

Mohanty V, Baran N, Huang Y, Ramage CL, Cooper LM, He S, et al. Transcriptional and phenotypic
heterogeneity underpinning venetoclax resistance in AML. bioRxiv. 2024. https://doi.org/10.1101/2024.
01.27.577579 PMID: 38352538.

Jin S, Cojocari D, Purkal JJ, Popovic R, Talaty NN, Xiao Y, et al. 5-Azacitidine Induces NOXA to Prime
AML Cells for Venetoclax-Mediated Apoptosis. Clin Cancer Res. 2020; 26(13): 3371-3383. https://doi.
org/10.1158/1078-0432.CCR-19-1900 PMID: 32054729.

Mishima E, Ito J, Wu Z, Nakamura T, Wahida A, Doll S, et al. A non-canonical vitamin K cycle is a potent
ferroptosis suppressor. Nature. 2022; 608(7924): 778-783. https://doi.org/10.1038/s41586-022-
05022-3 PMID: 35922516.

Jin DY, Chen X, Liu Y, Williams CM, Pedersen LC, Stafford DW, et al. A genome-wide CRISPR-Cas9
knockout screen identifies FSP1 as the warfarin-resistant vitamin K reductase. Nat Commun. 2023; 14
(1): 828. https://doi.org/10.1038/s41467-023-36446-8 PMID: 36788244.

Stafford DW. The vitamin K cycle. J Thromb Haemost. 2005; 3(8): 1873-1878. https://doi.org/10.1111/
j.1538-7836.2005.01419.x PMID: 16102054.

Uematsu T, Nagashima S, Niwa M, Kohno K, Sassa T, Ishii M, et al. Effect of dietary fat content on oral
bioavailability of menatetrenone in humans. J Pharm Sci. 1996; 85(9): 1012—1016. https://doi.org/10.
1021/js9600641 PMID: 8877895.

Harshman SG, Fu X, Karl JP, Barger K, Lamon-Fava S, Kuliopulos A, et al. Tissue Concentrations of
Vitamin K and Expression of Key Enzymes of Vitamin K Metabolism Are Influenced by Sex and Diet but
Not Housing in C57BI6 Mice. J Nutr. 2016; 146(8): 1521-1527. https://doi.org/10.3945/jn.116.233130
PMID: 27385762.

Booth SL, Peterson JW, Smith D, Shea MK, Chamberland J, Crivello N. Age and dietary form of vitamin
K affect menaquinone-4 concentrations in male Fischer 344 rats. J Nutr. 2008; 138(3): 492—-496.
https://doi.org/10.1093/jn/138.3.492 PMID: 18287355.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307662  July 25, 2024 19/19


https://doi.org/10.3390/life12020256
http://www.ncbi.nlm.nih.gov/pubmed/35207544
https://doi.org/10.1111/ejh.13492
http://www.ncbi.nlm.nih.gov/pubmed/32659848
https://doi.org/10.1038/nm.3048
http://www.ncbi.nlm.nih.gov/pubmed/23291630
https://doi.org/10.1038/onc.2010.441
http://www.ncbi.nlm.nih.gov/pubmed/20935673
https://doi.org/10.1038/nrm3722
https://doi.org/10.1038/nrm3722
http://www.ncbi.nlm.nih.gov/pubmed/24355989
https://doi.org/10.1074/jbc.M707762200
http://www.ncbi.nlm.nih.gov/pubmed/18089567
https://doi.org/10.3324/haematol.2021.278506
http://www.ncbi.nlm.nih.gov/pubmed/34261294
https://doi.org/10.1038/s41375-018-0261-3
http://www.ncbi.nlm.nih.gov/pubmed/30214012
https://doi.org/10.1038/ncb1499
http://www.ncbi.nlm.nih.gov/pubmed/17115033
https://doi.org/10.1101/gad.1304105
http://www.ncbi.nlm.nih.gov/pubmed/15901672
https://doi.org/10.1101/2024.01.27.577579
https://doi.org/10.1101/2024.01.27.577579
http://www.ncbi.nlm.nih.gov/pubmed/38352538
https://doi.org/10.1158/1078-0432.CCR-19-1900
https://doi.org/10.1158/1078-0432.CCR-19-1900
http://www.ncbi.nlm.nih.gov/pubmed/32054729
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1038/s41586-022-05022-3
http://www.ncbi.nlm.nih.gov/pubmed/35922516
https://doi.org/10.1038/s41467-023-36446-8
http://www.ncbi.nlm.nih.gov/pubmed/36788244
https://doi.org/10.1111/j.1538-7836.2005.01419.x
https://doi.org/10.1111/j.1538-7836.2005.01419.x
http://www.ncbi.nlm.nih.gov/pubmed/16102054
https://doi.org/10.1021/js9600641
https://doi.org/10.1021/js9600641
http://www.ncbi.nlm.nih.gov/pubmed/8877895
https://doi.org/10.3945/jn.116.233130
http://www.ncbi.nlm.nih.gov/pubmed/27385762
https://doi.org/10.1093/jn/138.3.492
http://www.ncbi.nlm.nih.gov/pubmed/18287355
https://doi.org/10.1371/journal.pone.0307662

