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The FLT3-ITD mutation occurs in about 30% of acute myeloid leukemia (AML) and is
associated with poor prognosis. However, FLT3 inhibitors are only partially effective and
prone to acquired resistance. Here, we identified Yes-associated protein 1 (YAP1) as a
tumor suppressor in FLT3-ITD+ AML. YAP1 inactivation conferred FLT3-ITD+ AML cell
resistance to chemo- and targeted therapy. Mass spectrometric assay revealed that DNA
damage repair gene poly (ADP-ribose) polymerase 1 (PARP1) might be the downstream of
YAP1, and the pro-proliferative effect by YAP1 knockdown was partly reversed via PARP1
inhibitor. Importantly, histone deacetylase 10 (HDAC10) contributed to decreased YAP1
acetylation levels through histone H3 lysine 27 (H3K27) acetylation, leading to the reduced
nuclear accumulation of YAP1. Selective HDAC10 inhibitor chidamide or HDAC10
knockdown activated YAP1, enhanced DNA damage, and significantly attenuated
FLT3-ITD+ AML cell resistance. In addition, combination chidamide with FLT3 inhibitors
or chemotherapy agents synergistically inhibited growth and increased apoptosis of FLT3-
ITD+ AML cell lines and acquired resistant cells from the relapse FLT3-ITD+ AML patients.
These findings demonstrate that the HDAC10-YAP1-PARP1 axis maintains FLT3-ITD+

AML cells and targeting this axis might improve clinical outcomes in FLT3-ITD+ AML
patients.
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INTRODUCTION

Acute myeloid leukemia (AML) represents a group of highly heterogeneous myeloid malignancies
characterized by acquired genetic abnormalities in hematopoietic progenitors. Among these
recurrent mutations, internal tandem duplications (ITDs) of the FMS-like receptor tyrosine
kinase 3 (FLT3) are the most frequent, presenting in 25–30% AML patients. Patients with
FLT3-ITD mutation have a high risk of relapse and low cure rates (Kiyoi et al., 2005; De
Kouchkovsky et al., 2016; Daver et al., 2019). Despite several FLT3 inhibitors, such as sorafenib,
midostaurin, gilteritinib, and quizartinib (AC220), having been approved for targeted therapy in
clinical usage, a large number of FLT3-ITD+ AML cases only achieve a transient clinical response and
gradually become resistant to monotherapy or in combination with conventional chemotherapy
(Papaemmanuil et al., 2016; Daver et al., 2019). It is now widely accepted that the defects in the core
machinery of the DNA damage pathway contribute to drug resistance (Caracciolo et al., 2021; Wang
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et al., 2021). Moreover, we have previously shown the important
function of DNA damage repair gene poly (ADP-ribose)
polymerase 1 (PARP1) in the progression of AML (Wang
et al., 2015). Thus, exploration of novel effective therapeutic
agents is urgently needed to prevent FLT3-ITD+ AML
resistance and improve patient prognosis. Identifying
molecular mechanisms involved in FLT3-ITD+ AML
maintenance and drug resistance may therefore be the key to
providing such novel treatment approaches.

Yes-associated protein 1 (YAP1) is one of the key
transcriptional effectors in the Hippo pathway, which is a
crucial regulator of tissue homeostasis, organ size, and cell
proliferation. Once cells proliferate to a high density and the
Hippo pathway is activated (Zhao et al., 2007), phosphorylated
YAP1 will promote its cytoplasmic retention and subsequent
degradation by the ubiquitin proteasome pathway (Yu and Guan,
2013; Ma et al., 2016; Meng et al., 2016). Relatively,
unphosphorylated YAP1 entering into the nucleus, where
YAP1 activates transcription factors, alters the expression of
genes involved in cell proliferation and apoptosis (Pobbati and
Hong, 2013). YAP1 has been demonstrated to play a critical role
in the development and progression of cancers (Pan, 2010;
Moroishi et al., 2015). YAP1 has recently been defined to limit
cancer transformation in response to DNA damage (Pefani and
O’Neill, 2016). It behaves as an oncogene in several solid tumors
and hematologic malignances, including chronic myeloid
leukemia (CML) (Bertini et al., 2009; Cottini et al., 2014; Li
et al., 2016). Nevertheless, YAP1 was also found to be a tumor
suppressor gene. Specifically, restoring the level of YAP1
significantly inhibits proliferation and increases
chemosensitivity of hepatic carcinoma cells (Bai et al., 2013).
Therefore, the role of YAP1 is cell context–dependent and its
effect on FLT3-ITD+ AML maintenance needs to be further
clarified.

Aberrant histone deacetylase (HDAC) expression and the
association with poor prognosis are well reported in several
types of human solid cancers and specifically in AML (West
and Johnstone, 2014; San José-Enériz et al., 2019; Zhou et al.,
2021). Histone modifications have been central in the
understanding of post-translational modifications and their
effects on the regulation of gene expression. Therefore, it is
not surprising that aberrant activity of HDACs can cause
deregulated gene expression and protein function, which may
serve as pivotal mechanisms to promote tumorigenesis and
drug resistance. In the case of AML, mutations in HDAC
genes have not been detected, but interestingly, it has been
described that oncogenic fusion proteins can recruit HDACs
to specific gene promoters to drive leukemogenesis. For
instance, AML1-ETO chimeric fusion protein recruits
HDAC1, HDAC2, and HDAC3, silencing AML1 target
genes and therefore leading to differentiation arrest and
transformation (Liu et al., 2006). Moreover, HDAC3
enhances the DNA damage repair capability of leukemia
cells through activating AKT and thereby protecting
leukemia cells from chemotoxicity, suggesting that HDACs
can participate in drug resistance by facilitating DNA damage
repair (Lahue and Frizzell, 2012). However, no reports have

been published regarding the role of HDACs in the regulation
of YAP1 in leukemia. Our preliminary study demonstrated
that HDAC inhibitor chidamide treatment concomitantly
facilitated the nuclear localization of YAP1 and enhanced
its acetylation level in FLT3-ITD+ AML cells, which led us to
conduct the current study to determine whether and how
dysregulation of YAP1 could contribute to chidamide-
induced inhibitory effects in human AML.

In this study, our data identified a suppressive role of YAP1 in
FLT3-ITD+ AML. These results provided supportive evidence
that YAP1 inactivation could be involved in the resistance to
chemo- and targeted therapy in FLT3-ITD+ AML cells. Selective
HDAC10 inhibitor in combination with FLT3 inhibitors or
chemotherapy showed a synergistic cytotoxic effect on the
resistant FLT3-ITD+ AML patient cells. We proposed that
simultaneous targeting of FLT3 and HDAC10 may be a
promising strategy to improve the treatment outcome of
FLT3-ITD+ AML.

MATERIALS AND METHODS

Patient Samples
Bone marrow (BM) samples from FLT3-ITD+ AML patients
were obtained from Qilu Hospital, Shandong University,
including cases with sorafenib-sensitive FLT3-ITD+ AML
(n = 5) and cases with relapsed/refractory FLT3-ITD+ AML
(n = 5). FLT3-ITD+ AML cases were defined according to the
classification in the NCCN guidelines and received FLT3
inhibitor sorafenib combined with chemotherapy. The
detailed information of AML patients is provided in
Supplementary Table S1. The study is approved by the
Qilu Hospital Ethics Review Board in accordance with the
Declaration of Helsinki. Acquisition of bone marrow samples
was performed with the informed consent of the patients.
Mononuclear cells were isolated by density gradient
centrifugation using Lymphocyte Separation Medium
(Haoyang, China) and cultured in IMDM (Gibco,
United States) supplemented with 10% fetal bovine serum
(Gibco, United States), and 1% penicillin/streptomycin.

Cell Lines and Culture
The FLT3-ITD+ human leukemic cell lines MV4-11 cell line
and MOLM13 were grown at 37°C, 5% CO2 in Iscove’s
Modified Dulbecco’s Medium (IMDM, Gibco,
United States) supplemented with 10% fetal bovine serum
(FBS, Gibco, United States) and 1% penicillin/streptomycin,
respectively.

Sorafenib-resistant cell models are developed in the
laboratory by long-time exposure of cells growing in cell
culture to incremental concentrations of sorafenib. Briefly,
the method comprises two steps. In the adaptation stage,
MV4-11 cells and MOLM13 were treated with sorafenib for
48 h by a stepwise increase in drug concentration from 10 to
50 nmol/L (10, 25, and 50 nmol/L). After each dose-induced
step, we discarded apoptotic cells and amplified surviving cells
in a sorafenib-free culture medium. The cells were then
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exposed to the next increment of sorafenib. In the
consolidation stage, previously selected cells were treated
with different final concentrations of sorafenib (50 nmol/L)
until they grew normally in a conditioned medium. The
surviving daughter resistant cells are then compared to the
parental sensitive cells using combination cell viability assays,
CCK8 assay.

Reagents
Chidamide (CS055, purity >95%) was supplied by Chipscreen
Bioscience Ltd. (Shenzhen, China) and dissolved in dimethyl
sulfoxide (DMSO) to obtain a stock solution of 10 mM. PARP1
inhibitor Olaparib (AZD2281, KU0059436) was supplied by
Selleck (United States) and dissolved in DMSO to obtain a
stock solution of 10 mM. Sorafenib, Midostaurin, and AC220
were supplied by Medchemexpress (United States) and dissolved
in DMSO to obtain a stock solution of 10 mM. The stock
solutions were stored at −80 °C. They were diluted to the
required concentrations in subsequent experiments with
culture medium.

Lentiviral Transduction
Lentiviral constructs expressing YAP1 were purchased from
Genechem (Shanghai, China). We introduced object
lentivirus or control lentivirus into MV4-11 cells seeded in
24-well plate for 5 × 104 cells. After 3 days, the infected cells
were subject to puromycin (4 μg/ml) selection for 7 days.
Puromycin-resistant colonies were picked up and then
expanded in 6-well plates.

siRNA Transfection
YAP1 siRNA was purchased from Genepharma (Shanghai,
China). MV4-11 cells were transfected with 100 nM siRNA
using lipofectamineTM 2000 (Invitrogen). Then, 24 h post
transfection, the transfected cells were treated with 10 μM of
Olaparib and viable cell counts were quantified by CCK8 assay,
and 48 h post transfection, the transfected cells were collected for
Western blot.

Total RNA Isolation and RT-qPCR
Total RNA was isolated using Trizol (TaKaRa, China) according
to the manufacturer’s protocols. RNA (1 μg) was reverse
transcribed into cDNA using RT reagent kit (TaKaRa, China).
The quantitative real-time polymerase chain reactions were
performed by an Applied Biosystem 7900HT System (ABI)
with appropriate primers, using SYBR Green PCR Master Mix
(Toyobo, Japan). The human housekeeping gene GAPDH was
used as the RNA-loading control. Each sample was amplified in a
10 μl reaction volume according to the manufacturer’s
instructions. The primers used in this assay were: YAP1,
forward primer: CCACAGGCAATGCGGAATATC, reverse
primer: GGTGCCACTGTTAAGGAAAGG; VCP, forward
primer: AGTTGCCAAGGATGTGGACT, reverse primer: GGT
TTGTCTGCCTCTCTCGT; PARP1, forward primer: GAATGC
CAGCGTTACAAGCC, reverse primer: TCTCCCTGAGAC
GTATGGCA; GAPDH, forward primer: GCACCGTCAAGG
CTGAGAAC, reverse primer: TGGTGAAGACGCCAGTGGA.

Western Blot
The protein expression levels were determined by staining with
primary antibodies and relevant secondary (1:5000,
Zhongshanjinqiao, China) antibodies. The primary antibodies
[PARP, #9532; γ-H2AX, #9718; TATA-binding protein (TBP),
#44059; H3, #4499; AceH3(K27), #8173, cell signaling
technology, Herts, United Kingdom; YAP1, #13584-1-AP,
Proteintech, China] were diluted at 1:1000 in 5% fat-free milk
phosphate-buffered saline (PBS, Servicebio, China) with 0.05%
TWEEN 20 (Solarbio, China) (PBST). Anti-β-actin (1:1000,
#ZM-0003SMA, Zhongshanjinqiao, China) was used as the
loading control of cell lines, and GAPDH (1:1000, #60004-1-
Ig, Proteintech, Wuhan, China) was used as the loading control of
primary cells from the relapsed FLT3-ITD+ AML patients. The
protein bands were visualized using a FluorChem E
Chemiluminescent Western Blot Imaging System (Cell
Biosciences). The bidimensional optical densities of proteins
on the films were quantified and analyzed with Quantity One
software (ImageJ), and the relative values were calculated by
comparing with the loading control.

Cell Counting Kit-8
The cytotoxic effects of homoharringtonine calculated by
comparing with ringtonine (HHT), cytarabine (Ara-C),
sorafenib, midostaruin, and AC220 with or without
chidamide on MV4-11 cells were determined by the Cell
Counting Kit-8 (CCK-8, Beibo, China) assay. Cells (1 × 105

cells/well) were seeded in 96-well plates containing 100 μl
growth medium and treated with designated doses of HHT,
Ara-C, sorafenib, midostaruin, and AC220 in combination
with or without 2, 4 μM chidamide and incubated at 37°C in a
5% CO2 incubator for 48 h; CCK-8 reagents (10 μl/well) were
then added and continued to incubate for an additional 2–4 h;
finally, absorbance (450 nm) was measured by a microplate
reader (Thermo Scientific) and IC50 determination was
calculated.

Apoptosis
Cells were treated with HHT, Ara-C, sorafenib, midostaruin,
and AC220 with or without chidamide for 24 h, stained with
Annexin V/PI (BestBio, Shanghai, China) or Annexin V/7-
AAD (BestBio, Shanghai, China) for 15 min at room
temperature in the dark according to the manufacturer’s
instructions, and apoptosis was analyzed by flow cytometry
(Beckman Coulter).

Subcellular Fractionation
The chidamide-treated MV4-11 cells were lysed with a
Nuclear Protein Extraction Kit (BestBio, Shanghai, China)
in proper conditions to obtain two fractions: one fraction
enriched in cytoplasm/membrane proteins, and one in
nuclear proteins. The cells were treated with 200 μl buffer
A added with proteases and phosphatase inhibitors. After
15 min of mild agitation in ice, the cells were centrifuged at
400×g at 4°C. The supernatant was then centrifuged at 15000 ×
g to clarify the extract and the supernatant, representing the
cytoplasm/membrane enriched fraction, was collected. The
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pellet obtained from the 400 × g centrifugation was treated
with 100 μl buffer B added with protease and phosphatase
inhibitors, mildly agitated for 40 min in ice, and then
centrifuged at 15000 × g at 4C. The supernatant was
collected and the nuclear enriched fraction was represented.

Immunofluorescence
Cells were cultured with or without 2, 4 μM chidamide for
24 h. The cells were harvested and dropped in glass coverslips,
which were then fixed with 4% paraformaldehyde for 20 min,
followed by washing thrice with PBS, permeabilizing with
0.1% Triton X-100 (Sigma) for 15 min, and blocking with 5%
BSA in PBS for 1 h at room temperature (RT). The samples
were then stained overnight at 4°C with primary antibody
against YAP1 (1:100, Cell Signaling, United Kingdom),
followed by incubation with FITC goat anti-rabbit IgG
(Sigma) for 1 h at RT in the dark, and then were
counterstained using DAPI. Subsequently, the coverslips
were mounted on glass slides and cell nuclei. The cells
were scanned and images were captured by a fluorescence
microscope.

RNA Sequencing
We performed RNA sequencing of MV4-11 cells cultured in
the presence of low-dose sorafenib of 10 nM for 24 days. The
total RNAs were isolated from Trizol. Complementary DNA
(cDNA) libraries were prepared with the RNA Hyper Prep Kit
according to the manufacturer’s instructions, and high-
throughput sequencing of the cDNA libraries was
performed on an Illumina X ten platform for 150 bp
paired-end sequencing. |Log2Fold change| >1 and false
discovery rate p < 0.05 were set as the cutoffs to screen for
differentially expressed genes. The fragments per kilobase of
transcript per million reads mapped (FPKM) assay was
applied to measure transcript expression levels in RNA
sequencing isoform quantification software.

Co-Immunoprecipitation
MV4-11 cells were treated with or without 2 μM chidamide
for 24 h. Cell lysates were prepared by lysing cells in buffer
containing 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-
40, 1 mM EDTA, and protease and phosphatase inhibitors
(Thermo Scientific, #87787), and cell debris was removed by
centrifugation. Total protein was incubated with anti-YAP1
or anti IgG antibodies (16 h, 4°C, rotation), and then protein
A/G PLUS Agarose beads were added (20 μl, 1 h, 4°C, rotation;
Santa Cruz Biotechnology). The captured agarose beads
Ab–Ag complexes were washed (five times, PBS) and
detected by Western blot with rabbit polyclonal YAP1
antibody (#13584-1-AP, Proteintech, Wuhan) and pan-
acetylation antibody (#66289-1-Ig, Proteintech, Wuhan).

Immunoprecipitation and Mass
Spectrometry
Cell lysates were prepared by lysing cells in buffer containing
25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM

EDTA, and protease and phosphatase inhibitors (#87787,
Thermo Scientific). Total protein was then incubated with
anti-YAP1 or anti IgG antibodies (16 h, 4°C, rotation), and
protein A/G PLUS Agarose beads were added (20 μl, 1 h, 4°C,
rotation). The captured agarose beads Ab–Ag complexes were
washed (five times, PBS) and detected by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-page),
followed by dyeing the strips with coomassie brilliant blue,
cutting the strips in the lanes, and mixing them for mass
spectrometry analysis, which was performed by Thermo’s Q
Exactive™ LC/MS system. Next, the YAP1-interacting
proteins of control and YO groups selected Score Sequest
HT ≥ 1.5, deleted contaminating proteins, and removed high
molecular weight proteins and negative reference proteins of
the IgG group.

Statistical Analyses
Data are presented as mean ± standard deviation (SD). Each
experiment was repeated in triplicate at least. Differences between
two groups were analyzed using an unpaired Student t-test.
Differences between three or four groups were analyzed using
one-way ANOVA or two-way ANOVA followed by LSD test with
normally distributed data. The Mann–Whitney U test was used
for cases with unequal variances. p < 0.05 was considered
statistically significant.

RESULT

YAP1 Played a Tumor Suppressor Role in
FLT3-ITD+ AML
It is well known that YAP1 plays a pivotal role in the pathogenesis
and progression of cancers, including leukemia (Li et al., 2016).
Due to the uncertain effect of YAP1 on FLT3-ITD+ AML, we
performed the bioinformatics analysis of YAP1. Based on GEO
and TCGA database, the expression level of YAP1 was lower in
AML cells than that in normal cells (Figure 1A and
Supplementary Figure S1A). Compared to FLT3-ITDWT

AML patients, the YAP1 expression was even lower in FLT3-
ITD+ AML patients (Figure 1B). Similar results were found in
FLT3-ITDWT and FLT3-ITD+ cell lines (Supplementary Figure
S1B,C). To explore the potential role of YAP1, we overexpressed
YAP1 in MV4-11 cells and MOLM13 cells by lentivirus infection.
Overexpression of YAP1 was verified by RT-qPCR and Western
blot (Figures 1C,D). YAP1 upregulation markedly inhibited
growth and induced apoptosis of FLT3-ITD+ AML cells
(Figures 1E,F). In addition, the decreased expression of YAP1
was associated with worse prognosis in AML patients
(Figure 1G). These results demonstrated that YAP1 might be
a tumor suppressor in FLT3-ITD+ AML.

Inactivation of YAP1 Conferred FLT3-ITD+

AML Cell Resistance to Chemo- and
Targeted Therapy
To further identify whether YAP1 was involved in the drug
resistance of FLT3-ITD+ AML, we established two new
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sorafenib-resistant cell lines, MV4-11-SorR and MOLM13-
SorR. The resistance index was calculated according to the
IC50 of resistant cells relative to the parental cells (5-fold)
(Supplementary Figure S2A). RNA sequencing offered 285
altered KEGG pathways that conferred resistance to
sorafenib, and the Hippo signaling pathway was identified

among these pathways (Supplementary Figure S2B,C).
Interestingly, the resistant cells showed an even lower
YAP1 level than the parental cells (Figures 2A–C). We
also found that the YAP1 mRNA level was lower in
resistant FLT3-ITD+ AML samples (Figure 2D). YAP1
upregulation decreased the IC50 of FLT3 inhibitor

FIGURE 1 | YAP1 plays a tumor suppressor role in FLT3-ITD+ AML. (A) YAP1 expression in AML patient samples (n = 18, red) and control BM samples (n = 49,
blue) from GEO database, GSE48558. (B) YAP1 expression in FLT3 mutant AML patients (n = 50, red) and without FLT3 mutant AML patients (n = 116, orange) from
TCGA database. (C) and (D) YAP1 overexpression (YO) or control (NC) MV4-11 cells and MOLM13 cells were selected by puromycin, followed by RT-qPCR and
Western blot with indicated antibodies. (E) Proliferation of YO and NC cells were assessed by CCK8 assays, and proliferation rates at 0, 12, 24, 48, and 72 h were
calculated normalized to the absorbance at 0 h. (F) Apoptosis of YO and NC cells were measured by flow cytometry. (G)OS analysis of AML patients (n = 101) using the
expression of YAP1 from TCGA database. Data are shown as mean ± SD of three independent experiments; *p < 0.05.
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sorafenib, HHT, and cytarabine Ara-C, confirming that YAP1
activation could resensitize FLT3-ITD+ AML cells
(Figure 2E). In addition, apoptotic cell death induced by

FLT3 inhibitor and chemotherapeutics increased after YAP1
overexpression in MV4-11 cells (Figure 2F). Our data
indicated that downregulation of YAP1 was sufficient to

FIGURE 2 | Inactivation of YAP1 promotes drug resistance to chemo- and targeted therapy in FLT3-ITD+ AML cells. (A–C) YAP1 expression wasmeasured by RT-
qPCR,Western blot, and immunofluorescence in sorafenib-resistant cells and the parental cells of MV4-11 andMOLM13. (D) YAP1 expression was analyzed in resistant
FLT3-ITD+ AML patients (n = 5, red) and sensitive FLT3-ITD+ AML patients (n = 5, blue). (E) Cell growth inhibition of YO and NC cells was calculated after 48 h of
treatment with serial dilutions of homoharringtonine (HHT), cytarabine (Ara-C), and sorafenib. (F) YO and NC cells were treated with HHT (10 nM), Ara-C (1.2 μM),
and sorafenib (50 nM or 100 nM) for 24 h to measure apoptosis by flow cytometry. Data are shown as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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confer resistance to chemo- and targeted therapy in FLT3-
ITD+ AML.

YAP1 Suppression Promoted Resistance
Through DNA Damage Response
Dependent of PARP1 in FLT3-ITD+ AML
Cells
Subsequently, we conducted mass spectrometric analysis to explore
the molecular mechanism of YAP1 that confers acquired resistance
in FLT3-ITD+ AML cells. Data showed that a total of 155 proteins
were screened out by YAP1 antibody pull-down in control cells;
meanwhile, 85 proteins were screened out in YAP1-overexpressed
MV4-11-SorR cells (Supplementary Material). Interestingly, YAP1
upregulation resulted in an obvious change of 36 overlap proteins,
including DNA damage repair gene PARP1 and valosin-containing
protein (VCP) (Figure 3A). Consistently, RT-qPCR analysis

revealed that the PARP1 transcript level reduced by 35%,
following activation of YAP1 (Figure 3B). Next, we investigated
the DNA damage degree in response to sorafenib. TheWestern blot
analysis of γ-H2AX showed that MV4-11 cells had a distinct higher
level of DNA damage response after sorafenib treatment thanMV4-
11-SorR cells, demonstrating that MV4-11-SorR cells are less than
MV4-11 cells in the level of damaged DNA induced by sorafenib
(Figure 3C).

To further examine whether PARP1 was the downstream
target of YAP1, we carried out gain- and loss-of-function
experiments. The siRNA-mediated knockdown of YAP1 was
able to increase the protein level of PARP1, and YAP1
activation had an opposite effect (Figure 3D). Notably, the
CCK8 proliferation assay showed that small molecular PARP1
inhibitor Olaparib alleviated the pro-proliferative function of
YAP1 knockdown to a certain degree (Figure 3E). These
results provided the mechanistic evidence that YAP1-mediated

FIGURE 3 | YAP1 suppression promoted FLT3-ITD+ AML cell resistance through DNA damage response dependent of PARP1. (A) Mass spectrometry analyzed
selected proteins (Score Sequest HT ≥ 1.5) of YO (red) and NC (blue) cells. (B) RT-qPCR detected the mRNA expression level of PARP1 and VCP in YO and NC cells. (C) γ-
H2AX protein expression of MV4-11-sorR and MV4-11 cells was examined after 6 h of treatment with or without sorafenib (50 nM). (D) PARP1 and YAP1 protein expression
was analyzed by Western blot in YO and NC cells as well as in YAP1 knockdown (si-YAP1) and non-silencing scrambled control (si-Con) cells, respectively. (E)
Proliferation of si-YAP1 and si-Con cells with or without PARP1 inhibitor Olaparib (iPARP1) was assessed by CCK8 assays, and viable cell rates at 12, 24, 48, 72, and 96 h
were calculated normalized to the absorbance at 0 h. Data are shown as mean ± SD of three independent experiments; *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 4 |HDAC10 contributed to the resistance of FLT3-ITD+ AML cells, and selective HDAC10 inhibitor chidamide synergistically enhanced the cytotoxic effect
of FLT3 inhibitors. (A) Volcano plot showed both positively (red) and negatively (green) selected genes by the RNA sequence at 24 d post sorafenib treatment. (B)
Validation of selected genes in the Volcano plot using Fpkm assay in RNA sequence. (C) OS analysis of AML patients (n = 144) using the expression of HDAC10 from
TCGA database. (D) Expression level of HDAC10 was analyzed by Western blot in MV4-11 cells and MV4-11-sorR cells. (E) Cell growth inhibition of MV4-11 cells
was calculated after 48 h of treatment with serial dilutions of FLT3 inhibitors sorafenib, midostaurin, and AC220 combined with chidamide (2 mM). (F)MV4-11 cells were
treated with serial dilutions of sorafenib, midostaurin, and AC220 combinedwith chidamide (2uM, 4uM) for 24 h tomeasure apoptosis by flow cytometry. Data are shown
as mean ± SD of three independent experiments; *p < 0.05; **p < 0.01; ***p < 0.001.
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FLT3-ITD+ AML resistance was in part due to PARP1 activation
involved in DNA damage repair.

HDAC10 Contributed to the Resistance of
FLT3-ITD+ AMLCells and Selective HDAC10
Inhibitor Chidamide Synergistically
Enhanced the Cytotoxic Effect of FLT3
Inhibitors
Although HDAC family members were known as mediators of
AML chemoresistance, there was little knowledge about their
effects on FLT3-ITD+ AML cell resistance (San José-Enériz et al.,
2019). In the first instance, we sought to identify altered HDACs
that confer acquired resistance of FLT3-ITD+ AML cells,

following 24 days of post-sorafenib treatment. The volcano
plot showed both upregulated and downregulated selected
genes as assessed by RNA sequencing in MV4-11-SorR cells
(Figure 4A). By FPKM assay, the HDAC4-8 and HDAC10
mRNA expression levels were increased, which might confer
resistance (Figure 4B). We subsequently analyzed those
upregulated selected genes through TCGA database; only the
high level of HDAC10 was indicative of poor survival in AML
patients (Figure 4C and Supplementary Figure S3). The
HDAC10 protein level was also elevated in MV4-11-SorR cells
(Figure 4D). Therefore, HDAC10 might facilitate the resistance
of MV4-11 cells. In addition, selective HDAC10 inhibitor
chidamide combined with FLT3 inhibitors had a higher
inhibitory rate in MV4-11 cells than that in FLT3 inhibitors

FIGURE5 | Acetylation level of YAP1was enhanced by HDAC10 knockdown through H3K27 acetylation, accompanied with the increased nuclear accumulation of
YAP1 and the decreased expression of PARP1. (A) Expression levels of HDAC10, YAP1, and PARP1were analyzed byWestern blot in MV4-11 cells after treatment with
chidamide (0, 0.5, 1, 2μM) for 24 h. (B) Expression levels of HDAC10, YAP1, and PARP1 were analyzed by Western blot in YAP1 knockdown (si-YAP1) and non-
silencing scrambled control (si-Con) MV4-11 cells. (C) Acetylation level of YAP1 was assessed by co-immunoprecipitation assay in chidamide-treated MV4-11
cells. (D) Expression levels of Histone3, acetyl H3K27, and YAP1 were analyzed by Western blot in MV4-11 cells after treatment with chidamide (0, 0.5, 1, 2, 4, 8uM) for
24 h. (E) Western blot analyzed the cytoplasm and nuclear levels of YAP1.
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FIGURE 6 | Chidamide-potentiated YAP1 expression and the combination chidamide with FLT3 inhibitors or chemotherapy agents synergistically promoted
apoptosis in the acquired resistant FLT3-ITD+ AML cells ex vivo. (A) Expression level of YAP1 was analyzed by Western blot in FLT3-ITD+ AML cells after treatment with
chidamide for 24 h. (B) and (C) Apoptosis rate was analyzed by flow cytometry in relapse FLT3-ITD+ AML patient cells after treatment with chidamide (2 or 4μM)
combined with sorafenib (50 or 100 nM). (D) and (E) Apoptosis rate was analyzed by flow cytometry in relapse FLT3-ITD+ AML patient cells after treatment with
chidamide (2 or 4nM) combined with HHT (1 or 2 nM) or Ara-C (0.2 or 0.4μM). (F) Schematic summary of this study. HDAC10 mediates the chemoresistance of FLT3-ITD+

AML cells to FLT3 inhibitors by deacetylating YAP1. Targeting the HDAC10 sensitizes FLT3-ITD+ AML cells to FLT3 inhibitor treatment by enhancing acetylation of YAP1
through acetyl H3K27, promoting its transcriptional control, and strengthening nuclear YAP1-induced DNA damage repair. Data are shown as mean ± SD of three
independent experiments; *p < 0.05; **p < 0.01.
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alone, suggesting that HDAC10 suppression could enhance the
sensitivity of FLT3 inhibitors, including sorafenib, midostaurin,
and AC220 (Figure 4E). The apoptosis analysis also
demonstrated a similar result (Figure 4F). Therefore,
HDAC10 might play an important role in poor prognosis and
resistance of FLT3-ITD+ AML.

Acetylation Level of YAP1 was Enhanced by
HDAC10 Knockdown Through H3K27
Acetylation, Accompanied With the
Increased Nuclear Accumulation of YAP1
and the Decreased Expression of PARP1
Next, we investigated whether YAP1 was deacetylated by
HDAC10 and further identified the specific lysine acetylation
site. HDAC10 expression was dose-dependently decreased by
chidamide treatment, leading to the increased expression of
YAP1 and the decreased expression of its downstream target
PARP1 (Figure 5A). Furthermore, HDAC10 knockdown by
siRNA has consistent results with chidamide (Figure 5B).
Through the enrichment of Ac-lysine, we uncovered that the
YAP1 acetylation level markedly boosted following chidamide
treatment (Figure 5C). Western blot revealed that the acetylated
level of histone H3 lysine 27 (H3K27) was markedly increased
after chidamide treatment (Figure 5D), suggesting that YAP1
might exert its transcriptional control through H3K27
acetylation. In addition, chidamide could induce the nuclear
accumulation of YAP1 in a dose-dependent manner as
demonstrated by the Western blot analysis (Figure 5E). Thus,
these data indicate that inhibition of HDAC10 by chidamide
could enhance the acetylation of YAP1 through acetylated H3K27
and impair the ability of nuclear YAP1-induced DNA damage
repair.

Chidamide Potentiated YAP1 Expression
and the Combination of Chidamide and
FLT3 Inhibitors or Chemotherapy Agents
Synergistically Promoted Apoptosis in the
Acquired Resistant AML Cells ex vivo
To further evaluate the survival-inhibitory effects of either
chidamide and/or FLT3 inhibitors or chemotherapy agents on
the acquired resistant AML cells, we performed an apoptosis
assay in the sorted BMMCs from the relapsed FLT3-ITD+ AML
patients previously administrated with sorafenib plus HHT and
Ara-C. Those acquired resistant AML cells were regarded as
insensitive to sorafenib, HHT, and Ara-C. The Western blot
analysis showed that a lower YAP1 level was detected in acquired
resistant cells and chidamide was able to increase the YAP1
protein levels (Figure 6A). As shown in Figure 6B, we found that
2 or 4 mm of chidamide together with sorafenib exhibited a more
pro-apoptosis effect in acquired resistant FLT3-ITD+ AML cells.
Furthermore, the combination of chidamide and HHT or Ara-C
synergistically decreased the amount of viable resistant AML cells
(Figure 6C). Together, these results demonstrated that chidamide
potentiated YAP1 expression, selectively inhibited cell survival,
and the combination of chidamide and FLT3 inhibitors or

chemotherapy agents displayed more lethality in acquired
resistant FLT3-ITD+ AML cells ex vivo.

DISCUSSION

Despite the recent advances in AML therapy, the 5-year survival
rate of FLT3-ITD+ AML patients remains very low (De
Kouchkovsky et al., 2016; Daver et al., 2019). In such patients,
FLT3 inhibitors are limited by transient clinical responses and the
development of acquired resistance that are assumed to be the
source of treatment failure. Therefore, a better understanding of
molecular events contributing to drug resistance would aid in the
development of strategies to improve treatment outcomes of
FLT3-ITD+ AML patients. In the current study, we
characterized the role for YAP1, a new tumor suppressor, in
the resistance to chemo- and targeted therapy of FLT3-ITD+

AML cells through DNA damage repair. We also demonstrated
that HDAC10 downregulation could increase the acetylated level
and nuclear accumulation of YAP1, and selective HDAC10
inhibitor in combination with FLT3 inhibitors or
chemotherapy showed a synergistic cytotoxic effect on the
resistant FLT3-ITD+ AML patient cells.

We reported that the expression level of YAP1 was lower in
AML cells than that in normal cells, which was even lower in FLT3-
ITD+ AML patients than in FLT3-ITDWT AML patients. These
data for the first time implicated that YAP1 might play a critical
role in FLT3-ITD+ AML. YAP1, an essential component of the
Hippo pathway, is identified as an oncoprotein which participated
in the progression of various malignancies (Kowalik et al., 2011;
Avruch et al., 2012). Moreover, targeting YAP1 might enhance the
response of CML cells to timatinib via downregulating the
expression of c-MYC and surviving (Li et al., 2016). However,
our results suggested YAP1 to be a negative regulator of drug
resistance in FLT3-ITD+ AML. We believe that the divergent
results are not contradictory. Since the gene-regulated network
is abundant, they are not only regulated by signals of proliferation
and anti-apoptosis (Yu et al., 2010) but also have a relationship
with epigenetic regulation, such as methylation and acetylation.
Consequently, there may be other pathways that exist which can
regulate YAP1 without the Hippo signaling pathway. Here, we
clarified that YAP1-mediated FLT3-ITD+ AML resistance was in
part due to PARP1 activation involved in DNA damage repair.
Accordingly, YAP1 is also shown to enhance DNA
damage–induced apoptosis of hepatocellular carcinoma cells by
modulation of p53 (Bai et al., 2013).

The various functions of YAP1 were determined by abundant
transcription factors, which could bind to YAP1 (Wang et al., 2009).
In our study, HDAC10 downregulation was found to promote YAP1
acetylation through H3K27 and thus induce nuclear accumulation of
YAP1. Consistently, recent data showed that YAP1 largely exerts its
transcriptional control by acetylation through HDAC family
members, including sirtuin-1 (SIRT1) and HDAC1 (Hata et al.,
2012; Demchak et al., 2014; Yuan et al., 2019). SIRT1 is reported to
participate in the YAP acetylation of specific residue (K494), and
SIRT1-mediated deacetylation is responsible for the regulatory
network of YAP and p53, which may contribute to lung
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tumorigenesis (Yuan et al., 2019). Moreover, the SIRT1-YAP
signaling pathway in which YAP is regulated by SIRT1-mediated
deacetylation promotes gastric cancer cell growth through an
endocrine mechanism (Li et al., 2017). In addition, SIRT1 is
activated by the c-MYC oncogenic network in human FLT3-ITD+

AML leukemia stem cells (LSCs), which contributes to their
maintenance and drug resistance. Inhibition of this oncogenic
network could be an attractive approach for targeting FLT3-ITD+

AML LSCs to improve treatment outcomes (Li et al., 2014). Recent
data also demonstrate that HDAC8 upregulation is an important
mechanism to resist FLT3 inhibitors and promote leukemia
maintenance; thereafter, HDAC8 inhibition in combination with
FLT3 inhibitor treatment could be a promising strategy to treat FLT3-
ITD+ AML (Long et al., 2020). Together, we speculate that YAP1
deacetylated by HDAC10 upregulation might be a possible
mechanism of drug resistance, and a combination of HDAC10
inhibitors and FLT3 inhibitors or chemotherapy would be a
promising strategy to overcome drug resistance and achieve
sustained remission in FLT3-ITD+ AML.

HDAC inhibitors are considered to possess therapeutic
properties in various types of cancers, including lung cancer,
prostate cancer, breast cancer, multiple myeloma, and lymphoma
(Duvic et al., 2007; Crisanti et al., 2009; Huang et al., 2009; Ogawa
et al., 2016). It has currently emerged as a promising therapeutic
strategy for cancer therapy. Indeed, HDAC inhibitors have shown
an ability to induce differentiation and apoptosis in AML (San
José-Enériz et al., 2019; Zhang et al., 2021), leading to a good
alternative for treatment, especially for those AML patients not
suitable for intensive chemotherapy (Lübbert et al., 2020). Here,
we reported that chidamide, a selective HDAC10 inhibitor,
combined with FLT3 inhibitors or traditional chemotherapy
drugs showed a synergic effect on apoptosis enhancement in
the acquired resistant FLT3-ITD+ AML cells. Our data provided
an alternative combination therapeutic strategy in the treatment
of relapsed/refractory FLT3-ITD+ AML.

In conclusion, our study improves our understanding of
mechanisms underlying the function of YAP1 as an oncogene
versus tumor suppressor gene in specific genetic contexts and
identifies a novel HDAC10/YAP1/PARP1 axis that mediates drug
resistance of FLT3-ITD+ AML. Our work provides a basis for
advanced testing of YAP1 deacetylation by chidamide in vivo.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE196258.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Qilu Hospital Ethics Review Board in
accordance. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

PF, JZ, and CJ designed the research; PF performed the
experiments and drafted the manuscript; DC, MJ, FL, PL, GL,
TS, JL, and JY provided scientific and technical support; JZ, XL,
and LP collected clinical data; and CJ and JZ critically revised the
manuscript. All authors critically reviewed the article and
approved the final manuscript.

FUNDING

This work was supported by the Shandong Provincial Natural
Science Foundation (ZR2020MH119, ZR2020MH118), the
Distinguished Taishan Scholars in Climbing Plan
(tspd20210321), the National Nature Science Foundation of
China (81400118, 81700143, 81800517), and the horizontal
subject of Shandong University (6010120072).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.842214/
full#supplementary-material

REFERENCES

Avruch, J., Zhou, D., and Bardeesy, N. (2012). YAP Oncogene Overexpression
Supercharges colon Cancer Proliferation. Cell Cycle 11 (6), 1090–1096. doi:10.
4161/cc.11.6.19453

Bai, N., Zhang, C., Liang, N., Zhang, Z., Chang, A., Yin, J., et al. (2013). Yes-
associated Protein (YAP) Increases Chemosensitivity of Hepatocellular
Carcinoma Cells by Modulation of P53. Cancer Biol. Ther. 14 (6), 511–520.
doi:10.4161/cbt.24345

Bertini, E., Oka, T., Sudol, M., Strano, S., and Blandino, G. (2009). YAP: at the
Crossroad between Transformation and Tumor Suppression. Cell Cycle 8 (1),
49–57. doi:10.4161/cc.8.1.7259

Caracciolo, D., Riillo, C., Di Martino, M. T., Tagliaferri, P., and Tassone, P. (2021).
Alternative Non-Homologous End-Joining: Error-Prone DNA Repair as
Cancer’s Achilles’ Heel. Cancers (Basel) 13 (6), 1392. doi:10.3390/
cancers13061392

Cottini, F., Hideshima, T., Xu, C., Sattler, M., Dori, M., Agnelli, L., et al. (2014).
Rescue of Hippo Coactivator YAP1 Triggers DNA Damage-Induced Apoptosis
in Hematological Cancers. Nat. Med. 20 (6), 599–606. doi:10.1038/nm.3562

Crisanti, M. C., Wallace, A. F., Kapoor, V., Vandermeers, F., Dowling, M. L.,
Pereira, L. P., et al. (2009). The HDAC Inhibitor Panobinostat (LBH589)
Inhibits Mesothelioma and Lung Cancer Cells In Vitro and In Vivo with
Particular Efficacy for Small Cell Lung Cancer. Mol. Cancer Ther. 8 (8),
2221–2231. doi:10.1158/1535-7163.mct-09-0138

Daver, N., Schlenk, R. F., Russell, N. H., and Levis, M. J. (2019). Targeting FLT3
Mutations in AML: Review of Current Knowledge and Evidence. Leukemia 33
(2), 299–312. doi:10.1038/s41375-018-0357-9

De Kouchkovsky, I., and Abdul-Hay, M. (2016). Acute Myeloid Leukemia: a
Comprehensive Review and 2016 Update. Blood Cancer J. 6 (7), e441. doi:10.
1038/bcj.2016.50

Demchak, B., Hull, T., Reich, M., Liefeld, T., Smoot, M., Ideker, T., et al. (2014).
Cytoscape: the Network Visualization Tool for GenomeSpace Workflows.
F1000Res 3, 151. doi:10.12688/f1000research.4492.1

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 84221412

Feng et al. YAP1 Promotes the Resistance of FLT3-ITD+ AML

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196258
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196258
https://www.frontiersin.org/articles/10.3389/fcell.2022.842214/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.842214/full#supplementary-material
https://doi.org/10.4161/cc.11.6.19453
https://doi.org/10.4161/cc.11.6.19453
https://doi.org/10.4161/cbt.24345
https://doi.org/10.4161/cc.8.1.7259
https://doi.org/10.3390/cancers13061392
https://doi.org/10.3390/cancers13061392
https://doi.org/10.1038/nm.3562
https://doi.org/10.1158/1535-7163.mct-09-0138
https://doi.org/10.1038/s41375-018-0357-9
https://doi.org/10.1038/bcj.2016.50
https://doi.org/10.1038/bcj.2016.50
https://doi.org/10.12688/f1000research.4492.1
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Duvic, M., Talpur, R., Ni, X., Zhang, C., Hazarika, P., Kelly, C., et al. (2007). Phase 2
Trial of Oral Vorinostat (Suberoylanilide Hydroxamic Acid, SAHA) for
Refractory Cutaneous T-Cell Lymphoma (CTCL). Blood 109 (1), 31–39.
doi:10.1182/blood-2006-06-025999

Hata, S., Hirayama, J., Kajiho, H., Nakagawa, K., Hata, Y., Katada, T., et al. (2012).
A Novel Acetylation Cycle of Transcription Co-activator Yes-Associated
Protein that Is Downstream of Hippo Pathway Is Triggered in Response to
SN2 Alkylating Agents. J. Biol. Chem. 287 (26), 22089–22098. doi:10.1074/jbc.
m111.334714

Huang, X., Gao, L., Wang, S., Lee, C.-K., Ordentlich, P., and Liu, B. (2009). HDAC
Inhibitor SNDX-275 Induces Apoptosis in erbB2-Overexpressing Breast
Cancer Cells via Down-Regulation of erbB3 Expression. Cancer Res. 69 (21),
8403–8411. doi:10.1158/0008-5472.can-09-2146

Kiyoi, H., Yanada, M., and Ozekia, K. (2005). Clinical Significance of FLT3 in
Leukemia. Int. J. Hematol. 82 (2), 85–92. doi:10.1532/ijh97.05066

Kowalik, M. A., Saliba, C., Pibiri, M., Perra, A., Ledda-Columbano, G. M., Sarotto,
I., et al. (2011). Yes-associated Protein Regulation of Adaptive Liver
Enlargement and Hepatocellular Carcinoma Development in Mice.
Hepatology 53 (6), 2086–2096. doi:10.1002/hep.24289

Lahue, R. S., and Frizzell, A. (2012). Histone Deacetylase Complexes as Caretakers
of Genome Stability. Epigenetics 7 (8), 806–810. doi:10.4161/epi.20922

Li, H.-J., Fu, J.-K., Che, X.-M., Fan, L., Zhang, Y., and Bai, E. (2017). Obesity
Accelerates Murine Gastric Cancer Growth by Modulating the Sirt1/YAP
Pathway. Oncol. Lett. 14 (4), 4151–4157. doi:10.3892/ol.2017.6715

Li, H., Huang, Z., Gao, M., Huang, N., Luo, Z., Shen, H., et al. (2016). Inhibition of
YAP Suppresses CML Cell Proliferation and Enhances Efficacy of Imatinib In
Vitro and In Vivo. J. Exp. Clin. Cancer Res. 35 (1), 134. doi:10.1186/s13046-016-
0414-z

Li, L., Osdal, T., Ho, Y., Chun, S., McDonald, T., Agarwal, P., et al. (2014). SIRT1
Activation by a C-MYC Oncogenic Network Promotes the Maintenance and
Drug Resistance of Human FLT3-ITDAcuteMyeloid Leukemia StemCells. Cell
Stem Cell 15 (4), 431–446. doi:10.1016/j.stem.2014.08.001

Liu, Y., Cheney, M. D., Gaudet, J. J., Chruszcz, M., Lukasik, S. M., Sugiyama, D.,
et al. (2006). The Tetramer Structure of the Nervy Homology Two Domain,
NHR2, Is Critical for AML1/ETO’s Activity. Cancer Cell 9 (4), 249–260. doi:10.
1016/j.ccr.2006.03.012

Long, J., Jia, M.-Y., Fang, W.-Y., Chen, X.-J., Mu, L.-L., Wang, Z.-Y., et al. (2020).
FLT3 Inhibition Upregulates HDAC8 via FOXO to Inactivate P53 and Promote
Maintenance of FLT3-ITD+ Acute Myeloid Leukemia. Blood 135 (17),
1472–1483. doi:10.1182/blood.2019003538

Lübbert, M., Grishina, O., Schmoor, C., Schlenk, R. F., Jost, E., Crysandt, M., et al.
(2020). Valproate and Retinoic Acid in Combination with Decitabine in Elderly
Nonfit Patients with Acute Myeloid Leukemia: Results of a Multicenter,
Randomized, 2 × 2, Phase II Trial. Jco 38 (3), 257–270. doi:10.1200/jco.19.01053

Ma, K., Xu, Q., Wang, S., Zhang, W., Liu, M., Liang, S., et al. (2016). Nuclear
Accumulation of Yes-Associated Protein (YAP) Maintains the Survival of
Doxorubicin-Induced Senescent Cells by Promoting Survivin Expression.
Cancer Lett. 375 (1), 84–91. doi:10.1016/j.canlet.2016.02.045

Meng, Z., Moroishi, T., and Guan, K.-L. (2016). Mechanisms of Hippo Pathway
Regulation. Genes Dev. 30 (1), 1–17. doi:10.1101/gad.274027.115

Moroishi, T., Hansen, C. G., and Guan, K.-L. (2015). The Emerging Roles of YAP
and TAZ in Cancer. Nat. Rev. Cancer 15 (2), 73–79. doi:10.1038/nrc3876

Ogawa, Y., Ogura, M., Tobinai, K., Ando, K., Suzuki, T., Watanabe, T., et al. (2016).
A Phase I Study of Vorinostat Combined with Bortezomib in Japanese Patients
with Relapsed or Refractory Multiple Myeloma. Int. J. Hematol. 103 (1), 25–33.
doi:10.1007/s12185-015-1897-7

Pan, D. (2010). The Hippo Signaling Pathway in Development and Cancer. Dev.
Cel. 19 (4), 491–505. doi:10.1016/j.devcel.2010.09.011

Papaemmanuil, E., Gerstung, M., Bullinger, L., Gaidzik, V. I., Paschka, P., Roberts,
N. D., et al. (2016). Genomic Classification and Prognosis in Acute Myeloid
Leukemia. N. Engl. J. Med. 374 (23), 2209–2221. doi:10.1056/nejmoa1516192

Pefani, D. E., and O’Neill, E. (2016). Hippo Pathway and protection of Genome Stability
in Response to DNA Damage. FEBS J. 283 (8), 1392–1403. doi:10.1111/febs.13604

Pobbati, A. V., and Hong, W. (2013). Emerging Roles of TEAD Transcription
Factors and its Coactivators in Cancers. Cancer Biol. Ther. 14 (5), 390–398.
doi:10.4161/cbt.23788

San José-Enériz, E., Gimenez-Camino, N., Agirre, X., and Prosper, F. (2019).
HDAC Inhibitors in Acute Myeloid Leukemia. Cancers (Basel) 11 (11), 1794.
doi:10.3390/cancers11111794

Wang, C. J., Li, D., Danielson, J. A., Zhang, E. H., Dong, Z., Miller, K. D., et al.
(2021). Proton Pump Inhibitors Suppress DNA Damage Repair and Sensitize
Treatment Resistance in Breast Cancer by Targeting Fatty Acid Synthase.
Cancer Lett. 509, 1–12. doi:10.1016/j.canlet.2021.03.026

Wang, K., Degerny, C., Xu, M., and Yang, X.-J. (2009). YAP, TAZ, and Yorkie: a
Conserved Family of Signal-Responsive Transcriptional Coregulators in
Animal Development and Human Disease. Biochem. Cel Biol. 87 (1), 77–91.
doi:10.1139/o08-114

Wang, L., Cai, W., Zhang, W., Chen, X., Dong, W., Tang, D., et al. (2015).
Inhibition of poly(ADP-Ribose) Polymerase 1 Protects against Acute Myeloid
Leukemia by Suppressing the Myeloproliferative Leukemia Virus Oncogene.
Oncotarget 6 (29), 27490–27504. doi:10.18632/oncotarget.4748

West, A. C., and Johnstone, R. W. (2014). New and Emerging HDAC Inhibitors for
Cancer Treatment. J. Clin. Invest. 124 (1), 30–39. doi:10.1172/jci69738

Yu, F.-X., and Guan, K.-L. (2013). The Hippo Pathway: Regulators and
Regulations. Genes Dev. 27 (4), 355–371. doi:10.1101/gad.210773.112

Yu, L. L., Dai, N., Yu, H. G., Sun, L. M., and Si, J. M. (2010). Akt Associates with
Nuclear Factor kappaB and Plays an Important Role in Chemoresistance of
Gastric Cancer Cells. Oncol. Rep. 24 (1), 113–119. doi:10.3892/or_00000835

Yuan, F., Wang, J., Li, R., Zhao, X., Zhang, Y., Liu, B., et al. (2019). A New
Regulatory Mechanism between P53 and YAP Crosstalk by SIRT1 Mediated
Deacetylation to Regulate Cell Cycle and Apoptosis in A549 Cell Lines. Cmar
11, 8619–8633. doi:10.2147/cmar.s214826

Zhang, P., Brinton, L. T., Williams, K., Sher, S., Orwick, S., Tzung-Huei, L., et al.
(2021). Targeting DNA Damage Repair Functions of Two Histone
Deacetylases, HDAC8 and SIRT6, Sensitizes Acute Myeloid Leukemia to
NAMPT Inhibition. Clin. Cancer Res. 27 (8), 2352–2366. doi:10.1158/1078-
0432.ccr-20-3724

Zhao, B., Wei, X., Li, W., Udan, R. S., Yang, Q., Kim, J., et al. (2007). Inactivation of
YAP Oncoprotein by the Hippo Pathway Is Involved in Cell Contact Inhibition
and Tissue Growth Control. Genes Dev. 21 (21), 2747–2761. doi:10.1101/gad.
1602907

Zhou, L., Xu, N., Shibata, H., Saloura, V., and Uppaluri, R. (2021). Epigenetic
Modulation of Immunotherapy and Implications in Head and Neck Cancer.
Cancer Metastasis Rev. 40 (1), 141–152. doi:10.1007/s10555-020-09944-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Feng, Zhang, Zhang, Liu, Pan, Chen, Ji, Lu, Li, Li, Sun, Li, Ye and
Ji. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 84221413

Feng et al. YAP1 Promotes the Resistance of FLT3-ITD+ AML

https://doi.org/10.1182/blood-2006-06-025999
https://doi.org/10.1074/jbc.m111.334714
https://doi.org/10.1074/jbc.m111.334714
https://doi.org/10.1158/0008-5472.can-09-2146
https://doi.org/10.1532/ijh97.05066
https://doi.org/10.1002/hep.24289
https://doi.org/10.4161/epi.20922
https://doi.org/10.3892/ol.2017.6715
https://doi.org/10.1186/s13046-016-0414-z
https://doi.org/10.1186/s13046-016-0414-z
https://doi.org/10.1016/j.stem.2014.08.001
https://doi.org/10.1016/j.ccr.2006.03.012
https://doi.org/10.1016/j.ccr.2006.03.012
https://doi.org/10.1182/blood.2019003538
https://doi.org/10.1200/jco.19.01053
https://doi.org/10.1016/j.canlet.2016.02.045
https://doi.org/10.1101/gad.274027.115
https://doi.org/10.1038/nrc3876
https://doi.org/10.1007/s12185-015-1897-7
https://doi.org/10.1016/j.devcel.2010.09.011
https://doi.org/10.1056/nejmoa1516192
https://doi.org/10.1111/febs.13604
https://doi.org/10.4161/cbt.23788
https://doi.org/10.3390/cancers11111794
https://doi.org/10.1016/j.canlet.2021.03.026
https://doi.org/10.1139/o08-114
https://doi.org/10.18632/oncotarget.4748
https://doi.org/10.1172/jci69738
https://doi.org/10.1101/gad.210773.112
https://doi.org/10.3892/or_00000835
https://doi.org/10.2147/cmar.s214826
https://doi.org/10.1158/1078-0432.ccr-20-3724
https://doi.org/10.1158/1078-0432.ccr-20-3724
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1007/s10555-020-09944-0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Deacetylation of YAP1 Promotes the Resistance to Chemo- and Targeted Therapy in FLT3-ITD+ AML Cells
	Introduction
	Materials and Methods
	Patient Samples
	Cell Lines and Culture
	Reagents
	Lentiviral Transduction
	siRNA Transfection
	Total RNA Isolation and RT-qPCR
	Western Blot
	Cell Counting Kit-8
	Apoptosis
	Subcellular Fractionation
	Immunofluorescence
	RNA Sequencing
	Co-Immunoprecipitation
	Immunoprecipitation and Mass Spectrometry
	Statistical Analyses

	Result
	YAP1 Played a Tumor Suppressor Role in FLT3-ITD+ AML
	Inactivation of YAP1 Conferred FLT3-ITD+ AML Cell Resistance to Chemo- and Targeted Therapy
	YAP1 Suppression Promoted Resistance Through DNA Damage Response Dependent of PARP1 in FLT3-ITD+ AML Cells
	HDAC10 Contributed to the Resistance of FLT3-ITD+ AML Cells and Selective HDAC10 Inhibitor Chidamide Synergistically Enhanc ...
	Acetylation Level of YAP1 was Enhanced by HDAC10 Knockdown Through H3K27 Acetylation, Accompanied With the Increased Nuclea ...
	Chidamide Potentiated YAP1 Expression and the Combination of Chidamide and FLT3 Inhibitors or Chemotherapy Agents Synergist ...

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


