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1   |   INTRODUCTION

Leukemogenesis in acute myeloid leukemia (AML) is 
a complex but poorly understood process, triggered by 

uncontrolled proliferation of immature cells. Numerous 
abnormalities, including molecular, disrupt the course of 
the cell cycle, the control of apoptosis and cell metabo-
lism, eventually transforming hematopoietic cells into 
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Abstract
Introduction: Leukemogenesis is a complex process that interconnects tumoral 
cells with their microenvironment, but the effect of mechanosensing in acute my-
eloid leukemia (AML) blasts is poorly known. PIEZO1 perceives and transmits 
the constraints of the environment to human cells by acting as a non-selective 
calcium channel, but very little is known about its role in leukemogenesis.
Results: For the first time, we show that PIEZO1 is preferentially expressed in 
healthy hematopoietic stem and progenitor cells in human hematopoiesis, and 
globally overexpressed in AML cells. In AML subtypes, PIEZO1 expression as-
sociates with favorable outcomes as better overall (OS) and disease-free survival 
(DFS). If PIEZO1 is expressed and functional in THP1 leukemic myeloid cell line, 
its chemical activation doesn’t impact the proliferation, differentiation, nor sur-
vival of cells. However, the downregulation of PIEZO1 expression dramatically 
reduces the proliferation and the survival of THP1 cells. We show that PIEZO1 
knock-down blocks the cell cycle in G0/G1 phases of AML cells, impairs the DNA 
damage response pathways, and critically increases cell death by triggering ex-
trinsic apoptosis pathways.
Conclusions: Altogether, our results reveal a new role for PIEZO1 mechano-
sensing in the survival and proliferation of leukemic blasts, which could pave the 
way for new therapeutic strategies to target AML cells.
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fast growing leukemic blasts.1–5 Considering the globally 
poor prognosis of AML, identification of new pathways 
involved in leukemogenesis that could be targeted in the 
future remains a priority for research teams.6

Mechanotransduction is an interesting avenue to ex-
plore in this area. For long identified as regulator of various 
physiological processes, many reports also highlighted its 
role during carcinogenesis.7 Indeed, cancer cells respond to 
mechanical stress by morphological changes, activation of 
signaling pathways, and changes in gene expression pattern 
that modify their properties of proliferation, migration, and 
response to treatment. However, so far, very few is known 
on the link between mechanotransdution and AML cells.8

In this report, we explored the potential role of PIEZO1 
in AML pathophysiology. PIEZO1 is a widely expressed 
mechanotransducer capable of sensing the constraints of 
the environment has been involved in several physiolog-
ical processes such as vascular development, regulation 
of blood pressure, regulation of red blood cell hydration 
status or immunity.9 Deregulation of PIEZO1 activity 
or expression has been described in many types of solid 
cancers, including hepatocarcinoma, gastric, colorec-
tal, breast, and prostatic malignancies, mostly as an ad-
verse prognostic factor.10–14 The putative mechanisms are 
multiple but often involve the deregulation of cell cycle 
and apoptosis.10,13,15 We and others identified PIEZO1 
as expressed in leukemic cell lines such as K562 and 
UT7, where it regulates cell differentiation and prolifer-
ation through control of transduction pathways such as 
the ERK, STAT, and NFAT.16 Upon mechanical stimuli, 
PIEZO1 opens its central pore to passively allow the pas-
sage of cations, especially calcium (Ca2+), known to play a 
key role in the pathophysiology of AML blasts via several 
pathways, including calmodulin and calmodulin kinases 
(CAMKs). However, how calcium is precisely diverted by 
AML cells isn't fully elucidated yet.17,18

Since (i) PIEZO1 senses mechanical forces and perception 
of the microenvironment is essential for AML cell survival 
and growth, (ii) its activation induces a calcium influx and 
calcium is essential for AML cell survival, we hypothesized 
the mechanosensor could play a role in the leukemogene-
sis of AML.19–21 For the first time, we describe the features 
of PIEZO1 expression in healthy hematopoietic cells and 
human AML samples, and show the importance of mecha-
nosensing in the proliferation and survival of AML cells.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture

THP1, a cell line capable of differentiating into monocytes, 
was purchased from ATCC and grown in RPMI (Sigma 

Aldrich) supplemented with 10% decomplemented fetal 
calf serum (Eurobio) and 1% penicillin–streptomycin 
(Eurobio). THP1 monocytic differentiation was driven by 
exposing the cells for 72 h in the presence of 1 μM vitamin 
D (Sigma Aldrich) or for 24 h in the presence of 50 ng/mL 
phorbol-12-myristate-13-acetate (PMA, Sigma Aldrich) 
and then for 48 h with 25 ng/mL interleukin 4 (IL4, 
Miltenyi) and 25 ng/mL macrophage colony-stimulating 
factor (M-CSF, Miltenyi).

UT7-EPO, erythroleukemia cell line, was cultured 
in minimal essential medium α (MEMα, Dominique 
Dutscher) supplemented with 10% FCS, 1% penicillin–
streptomycin and 2 IU/mL erythropoietin (EPO, Roche).

Primary CD34+ cells were obtained from mononu-
clear cells derived from allogeneic apheresis and destined 
for destruction (cell therapy laboratory, CHU Amiens). 
CD34+ cells were purified using magnetic beads (Miltenyi 
Biotec Bergisch Gladbach, Germany) on the Miltenyi 
Biotec AutoMacs separator, according to the manufactur-
er's recommendations. The remaining CD34− cell frac-
tion was stained with lineage specific antibodies (cf list in 
Table S2) to sort mature hematopoietic subpopulations on 
the FACS Aria II sorter (Becton Dickinson) for assessment 
of PIEZO1 expression. This negative fraction was sorted 
on cell surface markers and side scatter (SS). We isolated 
immature monocytic cells (monoblasts/promonocytes 
CD14−/CD64+), mature monocytes (monocytes CD64−/
CD14+), lymphocytes (SSLow, CD45High), and immature 
granular cells (SSHigh, CD45+) (Figure S1).

2.2  |  Reagents

Yoda1 (Sigma Aldrich), chemical activator of PIEZO1, 
was used at a dose of 5 μM in cell culture, and at 20 μM 
for Ca2+ entry measurements; ethylene glycol-bis (2-
aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA, 
Sigma Aldrich) at a dose of 4 mM, and Ionomycin (Sigma 
Aldrich) were used in culture.16 Quinoline-Val-Asp-
Difluorophenoxymethylketone (QVD, Sigma Aldrich) 
was used to inhibit pan caspases at a dose of 20 μM.

2.3  |  Lentiviral particle production and 
UT7/EPO cell transduction

A pool of four shRNA targeting PIEZO1 cloned into a len-
tiviral vector (PLKO3.1-CMV-tGFP, MISSION tool, Sigma 
Aldrich) were used as previously described.16 In experi-
ments performed with separated shRNA#1 and #2, clone 
used was described in Table  S1. Lentiviral particle pro-
duction was performed in HEK293T cells as previously 
described.16 Lentiviral supernatant was ultracentrifugated 
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for 1.5 h at 100,000 g at 4°C; THP1 cells were transduced 
using a multiplicity of infection (MOI) of 10 in the pres-
ence of 8 μg/mL polybrene (Sigma Aldrich). Cells were 
washed twice in 1X PBS (Eurobio scientific) 24 h after 
transduction. At D4 post-infection, GFP cells were sorted 
on a FACS Aria II instrument (Becton Dickinson) and cul-
tured for 3 additional days. Cell counts, flow cytometry, 
gene and proteins analysis were performed at D4, D7, and 
D9.

2.4  |  Flow cytometry

Multiparametric flow cytometry (MFC) was performed 
on MACSQuant flow cytometer (Miltenyi), and data were 
processed with FlowJo software (FlowJo v10, TreeStar 
Inc). THP1 monocytic differentiation was assessed at 
day 3. After washing in 1X PBS (200 μL per 105 cells), 
cells (5 × 104) were stained using panels of conjugated 
antibodies (Table S2), after exclusion of non-viable cells 
with 7-aminoactinomycin D (7-AAD, Miltenyi Biotec) or 
DAPI (Tocris) positive. PIEZO1 labeling was performed 
on 2 × 105 cells washed in 1X PBS and resuspended in 
PBS containing 2 mM ethylenediaminetetraacetic acid 
(EDTA, Santa Cruz) and 3% calf serum albumin (BSA, 
Sigma Aldrich), incubated for 1 h on ice. The cells were 
washed in the same buffer and incubated for 1 h on ice 
with the secondary antibody (Thermofisher). The cells 
were then washed and resuspended in 200 μL of PBS 
with 7-AAD. Apoptosis was studied by combining labe-
ling with 1:100 Annexin V APC (BD Pharmingen) and 
DAPI or 7AAD according to the manufacturer's rec-
ommendations and using Annexin-specific buffer (BD 
Pharmingen). For cell cycle analysis, 2 × 105 cells were 
washed and fixed according to the manufacturer rec-
ommendations (Thermofisher). After wash, cells were 
resuspended in 100 μL 1X Permwash (BD, Franklin 
Lakes NJ 07417) containing HOECHST (1/10000e) 
(Thermofisher) for 1 h in the dark at room temperature 
and then washed in 1X PBS.

2.5  |  Imaging flow cytometry

Flow imaging was performed on ImageStream®X Mark II 
(Amnis/Luminex) using INSPIRE™ software (200.1.388.0) 
to assess changes in THP1 calcium concentration. Cells (5 
× 106) were washed in 1X PBS and resuspended in RPMI 
alone with 4 μL of Fluo-4 AM (Thermo Fisher). After 
20 min incubation at 37°C, the cells were washed 3 times 
in PBS 1X without calcium/magnesium and then resus-
pended in PBS 1X with calcium and magnesium. Cells, 
after washing, were exposed either to 2 mM DMSO, 1 mM 

Ionomycin, or 10 and 20 μM Yoda1. Calcium flux meas-
urements were performed with PBS 1X sheath fluid with 
and without calcium.

2.6  |  Quantitative reverse 
transcriptase-polymerase chain reaction

Total RNA was extracted after treatment with DNAse I 
(Qiagen), using the Qiagen RNeasy Mini kit and follow-
ing the manufacturer's recommendations. The amount 
of RNA extracted was measured using the Nanodrop ND 
1000 spectrophotometer (Thermo Fisher Scientific). After 
reverse transcription to cDNA using the Thermofisher 
Reverse Transcription kit, gene expression levels were 
studied by RT-qPCR using the Power SYBR Green assay 
(Thermo Fisher) on Quant Studio 7 (Applied Biosystems). 
The comparative CT method was used for quantification 
of gene expression, and relative expression levels were cal-
culated normalized to GAPDH. The primer sequences for 
the various genes studied are listed in Table S3.

2.7  |  Western blot

After extraction using RIPA lysis (Thermo Scientific) and 
extraction buffer (Sigma Aldrich) with 100X anti-protease 
and anti-phosphatase, the proteins were separated on 
a 15% Tris-Glycine buffer Polyacrylamide gel (Thermo 
Fisher) and transferred to nitrocellulose membrane 
(Sigma Aldrich). The membranes were saturated for 1 h 
in 5% (w/v) TBS Tween 0.1% no-fat milk. The membranes 
were incubated overnight at 4°C with the primary anti-
body solution in 5% (w/v) TBS Tween 0.1% no-fat milk 
(detailed antibodies in Table S4). Membranes were then 
incubated with the secondary antibody solution in 5% 
(w/v) TBS Tween 0.1% no-fat milk for 1 h at room tem-
perature. After several washes with 0.1% TBS Tween, blots 
were visualized using chemiluminescent reagents (Super 
Signal Pico, Thermo Fisher) on the ChemiDoc Universal 
HoodII device (Bio-rad).

2.8  |  Nanostring nCounter assay

The mRNA expression profile of THP1 cells after PIEZO1 
KD was assessed with the Nanostring PanCancer pathway 
panel (NanoString Technologies), a multiplex analysis of 
more than 770 genes associated with cancer progression. 
The A260/A280 ratio of each sample RNAs was between 
1,7 and 2,3 with a recommended input of 50 ng RNA mini-
mum. Data were analyzed with the nSolverTM v4.0 soft-
ware (NanoString Technologies).
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2.9  |  Statistical analysis

Quantitative variables were compared by Student's t-
tests when biparametric, or Anova tests when multipara-
metric using the software GraphPad Prism 8 (GraphPad 
Prism Software Inc.). All numeric values were expressed 
as mean ± standard deviation and performed in triplicate 
at least. A two-tailed p-value <0.05 was considered sig-
nificant. For survival analyses, Kaplan–Meier curves were 
generated and compared with the log-rank test using the 
software R v4.3.2.

3   |   RESULTS

3.1  |  PIEZO1 is highly expressed in 
normal immature hematopoietic cells and 
blasts

We first assessed PIEZO1 expression across primary he-
matopoiesis, on purified cell fractions from peripheral 
blood and bone marrow (Figure S1). PIEZO1 expression 
was significantly higher in immature CD34+ cells, a 
fraction that contains hematopoietic stem and progeni-
tor cells (HSPCs), compared to differentiated cells of 
lympho-granulo-monocytic lineages, suggesting it plays 
a role early in the course of hematopoietic differentia-
tion (Figure 1A).

We then analyzed available public databases to better 
characterize PIEZO1 expression during normal and ma-
lignant hematopoiesis. The bloodspot website (https://​
serve​rs.​binf.​ku.​dk/​blood​spot/​) provides different data-
bases including the MILE GSE13159 cohort, which re-
cords anonymized the transcriptome data from 73 normal 
bone marrow samples and 542 AML samples with nor-
mal cytogenetics and other abnormalities as core bind-
ing factor (CBF), acute promyelocytic leukemia (APL), 

mixed-lineage leukemia (MLL) rearrangement, and com-
plex karyotypes AML. PIEZO1 was significantly over-
expressed in AML bone marrow samples compared to 
healthy ones (Figure 1B). We then explored TCGA data for 
200 AML patients with available whole genome or whole 
exome analysis. We found that PIEZO1 expression dichot-
omized at median expression value was associated with 
some specific leukemia features such as a significantly 
higher marrow blast rate (Figure 1C), cytological imma-
ture AML subtypes (Figure  1D), favorable cytogenetics 
(Figure 1E), and favorable molecular profiles according to 
ELN 2017 classification (Figure 1F). Considering expres-
sion of PIEZO1 by quartiles, AML patients with the high-
est expression of PIEZO1 (above the third quartile, that 
is, the 25% of patients with the highest expression) had a 
significantly better overall survival (p = 0.028, Figure 1G) 
and leukemia-free survival (p = 0.01, Figure 1H).

3.2  |  PIEZO1 is functional in THP1 
myeloid cell line

Considering that expression of PIEZO1 was high in nor-
mal immature hematopoietic cells and immature AML 
subtypes, we explored PIEZO1 function in AML blasts.

We first quantified PIEZO1 expression in different AML 
cell lines, three with a myelomonocytic potential (THP1, 
HL60, and U937), and one committed to the erythroid lin-
eage (K562). Using RT-qPCR, we found that PIEZO1 was 
heterogeneously expressed in all of them (Figure  S2A). 
PIEZO1 expression was overexpressed in THP1 and K562, 
compared to normal CD34+ cells, while under expressed 
in HL60 and U937.

Thus, we selected THP1 as a relevant model to further 
explore PIEZO1 function in AML. Flow imaging using 
the Fluo4-AM probe revealed that PIEZO1 mechano-
transductor was functional in THP1 cells, as its chemical 

F I G U R E  1   PIEZO1 expression pattern in normal hematopoietic cells and prognostic value in AML cohorts (MILE and TCGA). (A) 
PIEZO1 mRNA expression was determined by quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) relative to GAPDH 
expression. Different cell fractions were sorted from peripheral hematopoietic stem cells and bone marrow as described in the methods 
section. n = 5; *** p < 0.001. (B) PIEZO1 mRNA expression in 352 AML with normal karyotype and other abnormalities, 107 AML with 
favorable cytogenetic, 38 AML with 11q23 rearrangement, and 48 AML with complex karyotype compare to 73 healthy bone marrow 
(MILE GSE13159 cohort). (C) TCGA database (200 AML patients for whom genome or whole exome analysis was available) analysis of 
PIEZO1 mRNA expression showed an increased bone marrow blast rate for patients PIEZO1 expression over than median (p = 0.016). (D) 
TCGA database analysis of PIEZO1 mRNA expression (Z-score) according to cytological AML subtypes M1 (M3 subtypes were excluded) 
(p = 0.00057). (E) TCGA database analysis of PIEZO1 mRNA expression (Z-score) according to cytogenetics subgroups as defined by ELN 
2017 classification (0.81 ± 1.09 vs. −0.21 ± 0.92 and −0.12 ± 0.86 for, respectively, intermediate and adverse cytogenetic, p = 5.3 × 10−6). 
(F) TCGA database analysis of PIEZO1 mRNA expression (Z-score) according to molecular profiles as defined by ELN 2017 classification 
(0.83 ± 1.07 vs. −0.23 ± 0.91 and −0.14 ± 0.88 for, respectively, intermediate and adverse molecular profiles, p = 1.5 × 10−6). (G) Overall 
survival of AML patients with high (higher than the third quartile) and low (below) PIEZO1 mRNA expression (p = 0.028, from TCGA 
database). (H) Disease-free survival of AML patients with high (higher than the third quartile) and low (below) PIEZO1 mRNA expression 
(p = 0.01, from TCGA database). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

https://servers.binf.ku.dk/bloodspot/
https://servers.binf.ku.dk/bloodspot/
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activation induced a Ca2+ influx from the extracellular 
media (Figure S2B). Moreover, the survival of THP1 cells 
was directly dependent on extracellular Ca2+ availabil-
ity, as shown by the drastic decrease in cell amplification 
(Figure S2C) and the increase in cell apoptosis observed 
in the presence of EGTA, an extracellular Ca2+ chelator 
(Figure S2D,E).

3.3  |  Chemical activation of 
PIEZO1 do not alter proliferation and 
differentiation of THP1

Chemical activation of PIEZO1 using Yoda1 had no im-
pact on proliferation of THP1 cells (Figure S3A,B) or dif-
ferentiation induced by vitamin D or PMA + IL4 + M-CSF 
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entitled “PMA” (Figure S3C,D). These results suggest an 
on/off effect, where calcium is essential for the survival of 
AML cells, whereas increasing the calcium influx doesn't 
affect their homeostasis.

3.4  |  PIEZO1 knock-down significantly 
affects the survival of THP1

To study the biological effects of PIEZO1 in THP1 cells, 
we knocked-down PIEZO1 using a shRNA strategy. We 
observed a 53% ± 13 and 60% ± 4.79 decrease in PIEZO1 
mRNA and protein level, respectively (Figure  S4A,B). 
PIEZO1-KD strongly inhibited the proliferation of THP1 
cells, leading to a massive decrease in the percentage of 
GFP+ cells at D7 for the benefit of the non-transduced 
GFP− cells, whereas the GFP+ fraction remained stable in 
cells transduced with the shRNA control (Figure 2A,B).

To understand the mechanisms involved in the PIEZO1-
dependent survival of AML cells, we explored the transcrip-
tional profile of THP1 cells after PIEZO1 KD, using the 770 
genes nCounter panCancer pathways panel from NanoString 
Technologies (Figure S5). Most critical changes in gene ex-
pression corresponded to genes that regulate cell cycle and 
apoptosis, as well as DNA repair pathways (Figure 2C). By 
selecting genes with a fold change in expression greater than 
2×log2 value after PIEZO1-KD, we observed 26 dysregulated 
genes, 8 up- and 18 downregulated (Figure 2D).

3.5  |  Critical role of PIEZO1 in THP1 cell 
cycle and DNA damage response pathway

We observed a global downregulation of genes involved in 
cell cycle (Figure 3A). Besides, gene expressions of DNA 
replication pathways were significantly decreased after 
PIEZO1-KD, including several members of the origin 
complex which controls the replication fork, as MCM2, 4, 
5, and 7, and CDC6. Altogether, transcriptional changes in 
cell cycle control and DNA replication pathways may ex-
plain the drop-in proliferation of THP1 cells after PIEZO1 
knock-down. Cell cycle analysis using Hoechst staining 
by MFC revealed a significant blockage in G0/G1 phase 
of the cell cycle after PIEZO1 KD (Figures  3B and 2C). 
This blockage was associated with a significant increase 
in CD14 expression of THP1 cells, a marker of monocytic 
maturation, suggesting PIEZO1 might help maintain AML 
cells in an undifferentiated state (Figure 3D). To confirm 
that PIEZO1-dependent control of cell cycle is essential 
for the survival of AML cells, we measured the expres-
sion of key proteins involved in critical checkpoints of cell 
cycle. Proteins involved in the G1/S transition were sig-
nificantly downregulated, including cyclin D1, cyclin E1, 

CDK2/4/6, and CDC25A which was among the top down-
regulated targets in our transcriptomic study (Figure 3E). 
Downstream of CDC25A, we also observed a decrease 
in expression of cyclin D1, CDK2, CDK4, and CDK6 in-
volved in the progression of the G1 phase of the cell cycle 
through the phosphorylation of the retinoblastoma pro-
tein (pRb, Figure 3E). We observed after PIEZO1 KD an 
increased phosphorylation of Rb at serine 612, known to 
occur as a response to DNA damage (Figure 3E). As our 
transcriptomic data showed a downregulation of genes as-
sociated with DNA damage response (Figure 3F), such as 
RAD51 and FANCA, we wondered whether PIEZO1-KD 
could induce a genotoxic stress and/or impair the cell re-
sponse to DNA double strand breaks (DSB). DSB assessed 
by quantifying γH2AX phosphorylation were significantly 
increased after PIEZO1-KD (Figure 3G).22 Of note, in re-
sponse to DSB, γH2AX is phosphorylated by activation 
of the PI3K pathway, whose genes were also upregulated 
after PIEZO1-KD. Gene expression of proteins involved in 
the repair of those DSB was deregulated, as BRCA1 and 
CHEK1 (Figure 2A), suggesting that PIEZO1 may regulate 
genomic integrity and response to DNA DSB.

3.6  |  PIEZO1 is involved 
in the negative control of the extrinsic 
pathway of apoptosis

Knock-down of PIEZO1 triggered a massive apoptosis of 
THP1 cells, as shown by the significant increase in per-
centage of Annexin V positive cells (Figure  4A), which 
was partially relieved by the pan-caspase inhibitor QVD 
(Figure 4B). A similar pro-apoptotic phenotype was also 
observed after PIEZO1 KD in the erythroleukemic UT7/
EPO cell line (Figure S6), showing that PIEZO1 role on 
leukemic cell survival was not restricted to a specific cell 
line. We then assessed by western blot the expression of 
major actors of apoptosis. We observed that apoptotic 
death mediated by PIEZO1 KD primarily involved the ex-
trinsic pathway with cleavage of Caspase 3 and 8 while 
Caspase 9 remained non-cleaved (Figure 4C). Besides, we 
showed a decrease in the expression of c-flip (Figure 4C), 
which is known to negatively regulate Caspases 8 and 10 
independently of the TNF pathway. Altogether, these re-
sults confirm that PIEZO1 integrity is involved to main-
tain cell survival by a negative regulation of the apoptosis 
extrinsic pathway.

4   |   DISCUSSION

We demonstrated here that PIEZO1 is mostly expressed 
in human immature healthy hematopoietic cells and is, in 
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F I G U R E  2   Effects of PIEZO1 KD on THP1 proliferation and transcriptomic data. All experiments were performed at less in triplicate; 
*** p < 0.001; ** p < 0.01; * p < 0.05. (A) THP1 total cell number at Day 7 in Scrambl shRNA (1,73 × 107 ± 1,82 × 107) and Sh PIEZO1 
(3,61 × 105 ± 2,48 × 105). (B) Percentage of GFP+ cells at Day 4 (75.33% ± 16.04%) and Day 7 (23.57% ± 8.14%) in THP1 transduced with Sh 
PIEZO1 or with the Scrambl shRNA (92% ± 0.57 at Day 4 and XXXXX at Day 7). (C) Volcanoplot of differential gene expression between 
THP1 cells transduced with shPIEZO1 and Scrambl, panel of 770 genes from the panCancer pathway (NanoString Technologies). X-axis is 
log2 (fold change), and Y-axis is −log10 (adjusted p-value). Significantly differentially expressed genes are indicated above the horizontal 
dashed line (adjusted p-value = 0.01). (D) 26 genes were significantly deregulated (8 up- and 18 downregulated with a clear clustering 
between the two conditions) with an absolute value of Log2 (fold change) >2 and an adjusted p-value <0.01.
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AML samples, correlated with a high percentage of bone 
marrow blasts. This is in line with our previous data from 
in  vitro erythroid differentiation of CD34+ cells, where 
PIEZO1 is highly expressed in early progenitors and then 
decreases along cell differentiation.16 In AML subtypes, a 
high expression of PIEZO1 was associated with favorable 

outcomes, as well as favorable cytogenetic and molecular 
profile, although the underlying mechanisms aren't fully 
elucidated yet. However, despite this relative favorable 
profile, our results clearly highlight the role played by 
PIEZO1 in the survival and proliferation of AML cells 
through regulation of gene expression, including three 
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main clusters corresponding to genes involved in the con-
trol of and genomic integrity, cell cycle, and apoptosis.

Many reports already highlighted the link between 
mechanical constraints at cell surface and gene expres-
sion, both in normal and cancer cells. The chromatin 
responds to a mechanical stress by promoting “mech-
anosensitive” gene expression.23,24 Mechanosensors 
protect the nuclear envelop and DNA integrity from ex-
ternal stress.25 For example, in skin epidermis progeni-
tor cells, PIEZO1 expression at cell membrane prevents 
stress-induced DNA alterations.26 Interestingly, in 
HL60 AML cells, Blebbistatin, which targets the acto-
myosin contractibility, induced AML HL60 cells apop-
tosis, through the nuclear translocation of YAP and 
TAZ, two mechanotransducers that adapt gene expres-
sion to mechanical stimuli.8,27 Thus, the DNA damages 
and the high apoptosis rate observed in THP1 cells after 
PIEZO1-KD may be due to the loss of this protective 
mechanism that allows AML cells to adapt the gene ex-
pression profile to their environment. This led to a de-
creased expression of genes associated with DNA repair 
such as RAD51 and FANCA, as well as the high level of 
phosphorylation of ϒ-H2AX, reflecting the DNA DSB 
and of Rb at Ser607, as a response to these breaks.22,28

Cell response to genomic stress relies first on a cell 
cycle blockage.29 We demonstrate, in PIEZO1-deficient 
THP1 cells, an accumulation of cells in G0-G1 phase cell 
cycle. We observed a decrease in proteins controlling the 
cell cycle progression, including cyclin D and CDK pro-
teins, most of which are regulated by calcium and ATP-
dependent phosphorylation. In particular, we observed 
at transcriptional level a drastic reduction of CDC25A, a 
phosphatase involved in the transition between G1 and 
S phases of cell cycle, by dephosphorylating CDK4 and 
CDK6 to favor entry into S phase.30,31 Considering that the 
role for CDC25A in AML cell proliferation has been pre-
viously reported, inhibiting CDC25A activity could be an 
efficient strategy to target leukemic cells.

Considering the deficiency in DNA repair machin-
ery, it is not surprising that THP1 cells blocked in G1 
phase of cell cycle after PIEZO1-KD underwent a mas-
sive caspase-dependent apoptosis. DNA damages and 
the decreased Bcl2 expression are expected to activate 
the intrinsic apoptosis pathway, that is, cytochrome c 
release from mitochondria and cleavage of caspase 9. 
Surprisingly, we observed mainly here an activation of 
the extrinsic apoptosis pathway, as shown by the cleav-
age of caspase 8. This suggests that PIEZO1 is crucial 
to regulate apoptosis mediated by dead domain (DD) 
receptors pathway (such as TRAIL-R, FAS, and TNF-
R). Since the FAS pathway is a well-known regulator 
of T cell-mediated apoptosis in AML cells along with 
the deregulation of TRAIL signaling, our data suggest 
that PIEZO1 protects AML cells against FAS/TRAIL 
dependent apoptosis, to promote the survival and pro-
liferation of AML cells.32,33 This may occur through 
PIEZO1-dependent regulation of c-Flip, a negative 
regulator of caspases 8 and 10 activation identified as 
a potential therapeutic target to sensibilize AML cells 
to apoptosis, and which was significantly downregu-
lated in PIEZO1-KD condition.3 Recently, a TRAIL 
receptor agonist showed a synergic effect in patient-
derived and AML cell lines when combined with the 
selective BCL-2 inhibitor venetoclax.34 Together, these 
findings suggest PIEZO1 could be an interesting tar-
get to sensitize AML cells to apoptosis and eventually 
eradicate AML blasts.

To summarize, we report here for the first time a 
crucial role for PIEZO1 mechanosensor in the survival 
and proliferation of AML cells, by controlling cell cycle 
dynamics, response to DNA damages, and sensitivity to 
apoptosis in a calcium-dependent way. If our data sug-
gest that PIEZO1 could play a role in the emergence of 
AML and modulate the prognosis, the mechanisms link-
ing PIEZO1 to the observed phenotype warrant further 
investigation.

F I G U R E  3   Effects of PIEZO1 KD on THP1 cell cycle and DNA damage pathway. All experiments were performed in triplicate; *** 
p < 0.001; ** p < 0.01; * p < 0.05. (A) Volcanoplot of expression of genes involved in cell cycle and apoptosis pathways deregulated after 
PIEZO1 KD, panel of 770 genes from the panCancer pathway (NanoString Technologies). X-axis is log2 (fold change), and Y-axis is −log10 
(adjusted p-value). (B) and (C) Cell cycle analysis of THP1 cells stained with Hoechst and analyzed by MFC revealed a blockage in G0/G1 
phases (64.5% with Sh#1 and 57.4% with Sh#2 vs. 41% with Scrambl) and a significant decrease of G2/M cell cycle phases (13.8% with Sh#1 
and 15.7% with Sh#2 vs. 28% with Scrambl) in PIEZO1 KD conditions. (D) MFC assessment of CD14 expression in THP1 cells 4 days after 
PIEZO1 KD (CD14 MFI Scrambl: 1.74 ± 0.6 and Sh PIEZO1: 7.12 ± 1.24). (E) Western blot analysis of key proteins of G0/G1 transition in 
THP1 cells, intensity normalized to beta-actin and to Scrambl cells (Scr): cyclin D1 (Sh#1: 0.55 ± 0.31, Sh#2: 0.35 ± 0.26), cyclin E1 (Sh#1: 
0.55 ± 0.21, Sh#2: 0.48 ± 0.25), CDC25A (Sh#1: 0.73 ± 0.13, Sh#2: 0.43 ± 0.12), CDK2 (Sh#1: 0.4 ± 0.25, Sh#2: 0.44 ± 0.1), CDK4 (Sh#1: 
0.51 ± 0.11, Sh#2: 0.59 ± 0.09), and CDK6 (Sh#1: 0.74 ± 0.16, Sh#2: 0.53 ± 0.07) relative to β actin. Phospho Rb Ser-780 (Sh#1: 0.65 ± 0.05, 
Sh#2: 0.53 ± 0.32) and phospho Rb Ser-612 (Sh#1: 1.66 ± 0.38, Sh#2: 2.29 ± 0.36) were evaluated relative to Rb protein and to Scrambl cells. 
(F) Volcanoplot of expression of genes involved in DNA damage pathways deregulated after PIEZO1 KD. X-axis is log2 (fold change), and 
Y-axis is −log10 (adjusted p-value). (G) Western blot of p-γH2AX level in THP1 cells transduced with shPIEZO1 (3.895 ± 1.04 with Sh#1 and 
4.53 ± 1.87 with Sh#2), normalized to beta-actin and compared to the Scrambl.
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F I G U R E  4   Effects of PIEZO1 KD on THP1 apoptosis. All experiments were performed in triplicate; *** p < 0.001; ** p < 0.01; * p < 0.05. 
(A) Assessment of Annexin V positive cells by MFC after PIEZO1 KD (17% ± 6.56 in shPIEZO1 vs. 1% in Scrambl cells). (B) Reversion assay 
of apoptosis adding 20 μM of the pan-caspase inhibitor QVD in the medium at Day 4 post-infection (7.67% ± 4.04 with shPIEZO1 vs. 1% 
with Scrambl). (C) Western blot analysis of proteins involved in apoptosis: PARP (Scrambl: 0.29 ± 0.03, Sh#1: 0.95 ± 0.04, SH#2: 1.89 ± 0.37), 
caspase 8 (Sh#1: 7.84 ± 7.1, Sh#2: 4.5 ± 3.1), caspase 3 (Sh#1: 15.3 ± 12.2, Sh#2: 12.3 ± 8.7), and caspase 9 (Sh#1: 3.25 ± 1.43, Sh#2: 2.38 ± 1.7) 
relative to their non-cleaved forms, BCL-2 (Sh#1: 0.6 ± 0.14, Sh#2: 0.5 ± 0.12) and c-FLIP (Sh#1: 0.51 ± 0.26, Sh#2: 0.67 ± 0.2) relative to β 
actin.



      |  11 of 12LEBON et al.

AUTHOR CONTRIBUTIONS
Delphine Lebon: Data curation (equal); formal analysis 
(equal); funding acquisition (equal); investigation (equal); 
methodology (equal); resources (equal); software (equal); 
supervision (equal); validation (equal); writing – original 
draft (equal); writing – review and editing (equal). Louison 
Collet: Data curation (equal); formal analysis (equal); fund-
ing acquisition (equal); investigation (equal); methodology 
(equal); software (equal); validation (equal); visualization 
(equal); writing – original draft (equal); writing – review and 
editing (equal). Stefan Djordjevic: Investigation (lead); 
writing – original draft (supporting); writing – review and 
editing (supporting). Cathy Gomila: Investigation (lead). 
Jessica Platon: Investigation (lead). Hakim Ouled-
Haddou: Conceptualization (supporting); investigation 
(supporting). Yohann Demont: Investigation (lead). 
Jean-Pierre Marolleau: Investigation (supporting); 
methodology (supporting); supervision (supporting); vali-
dation (supporting); writing – original draft (supporting); 
writing – review and editing (supporting). Alexis Caulier: 
Investigation (supporting); methodology (supporting); 
writing – original draft (supporting); writing – review and 
editing (supporting). Loïc Garçon: Investigation (support-
ing); methodology (supporting); project administration 
(supporting); supervision (supporting); validation (sup-
porting); writing – original draft (supporting); writing – re-
view and editing (supporting).

ACKNOWLEDGEMENTS
The authors are grateful to La Ligue Contre le Cancer-
Septentrion and les Journées Nationales Contre la 
Leucémie for their financial support.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing financial interests.

DATA AVAILABILITY STATEMENT
Further information is available from the corresponding 
author upon request.

ORCID
Delphine Lebon   https://orcid.org/0000-0002-4073-1559 

REFERENCES
	 1.	 Lane SW, Gilliland DG. Leukemia stem cells. Semin Cancer 

Biol. 2010;20(2):71-76. doi:10.1016/j.semcancer.2009.12.001
	 2.	 Gilliland DG. Molecular genetics of human leukemias: new 

insights into therapy. Semin Hematol. 2002;39(4 Suppl 3):6-11. 
doi:10.1053/shem.2002.36921

	 3.	 Shlush LI, Zandi S, Mitchell A, et  al. Identification of pre-
leukaemic haematopoietic stem cells in acute leukaemia. 
Nature. 2014;506(7488):328-333. doi:10.1038/nature13038

	 4.	 Corces-Zimmerman MR, Hong WJ, Weissman IL, Medeiros 
BC, Majeti R. Preleukemic mutations in human acute myeloid 

leukemia affect epigenetic regulators and persist in remission. 
Proc Natl Acad Sci USA. 2014;111(7):2548-2553. doi:10.1073/
pnas.1324297111

	 5.	 Bonnet D. Normal and leukaemic stem cells. Br J Haematol. 
2005;130(4):469-479. doi:10.1111/j.1365-2141.2005.05596.x

	 6.	 Kayser S, Levis MJ. Updates on targeted therapies for acute 
myeloid leukaemia. Br J Haematol. 2022;196(2):316-328. 
doi:10.1111/bjh.17746

	 7.	 Liu S, Li Y, Hong Y, et al. Mechanotherapy in oncology: tar-
geting nuclear mechanics and mechanotransduction. Adv Drug 
Deliv Rev. 2023;194:114722. doi:10.1016/j.addr.2023.114722

	 8.	 Chang F, Kong SJ, Wang L, et al. Targeting Actomyosin con-
tractility suppresses malignant phenotypes of acute myeloid 
Leukemia cells. Int J Mol Sci. 2020;21(10):3460. doi:10.3390/
ijms21103460

	 9.	 Coste B, Mathur J, Schmidt M, et al. Piezo1 and Piezo2 are essen-
tial components of distinct mechanically activated cation chan-
nels. Science. 2010;330(6000):55-60. doi:10.1126/science.1193270

	10.	 Yu JL, Liao HY. Piezo-type mechanosensitive ion channel com-
ponent 1 (Piezo1) in human cancer. Biomed Pharmacother. 
2021;140:111692. doi:10.1016/j.biopha.2021.111692

	11.	 Zhang J, Zhou Y, Huang T, et  al. PIEZO1 functions as a po-
tential oncogene by promoting cell proliferation and migration 
in gastric carcinogenesis. Mol Carcinog. 2018;57(9):1144-1155. 
doi:10.1002/mc.22831

	12.	 Sun Y, Li M, Liu G, et  al. The function of Piezo1 in colon 
cancer metastasis and its potential regulatory mechanism. J 
Cancer Res Clin Oncol. 2020;146(5):1139-1152. doi:10.1007/
s00432-020-03179-w

	13.	 Liu S, Xu X, Fang Z, et al. Piezo1 impairs hepatocellular tumor 
growth via deregulation of the MAPK-mediated YAP signal-
ing pathway. Cell Calcium. 2021;95:102367. doi:10.1016/j.
ceca.2021.102367

	14.	 Xu H, Chen Z, Li C. The prognostic value of Piezo1 in 
breast cancer patients with various clinicopathological fea-
tures. Anti-Cancer Drugs. 2021;32(4):448-455. doi:10.1097/
CAD.0000000000001049

	15.	 Gao L, Ji Y, Wang L, et al. Suppression of esophageal squamous 
cell carcinoma development by mechanosensitive protein 
Piezo1 downregulation. ACS Omega. 2021;6(15):10196-10206. 
doi:10.1021/acsomega.1c00505

	16.	 Caulier A, Jankovsky N, Demont Y, et  al. PIEZO1 activation 
delays erythroid differentiation of normal and hereditary 
xerocytosis-derived human progenitor cells. Haematologica. 
2020;105(3):610-622. doi:10.3324/haematol.2019.218503

	17.	 Diez-Bello R, Jardin I, Salido GM, Rosado JA. Orai1 and Orai2 
mediate store-operated calcium entry that regulates HL60 cell 
migration and FAK phosphorylation. Biochimica et Biophysica 
Acta (BBA) – Molecular Cell Res. 2017;1864(6):1064-1070. 
doi:10.1016/j.bbamcr.2016.11.014

	18.	 Monaco S, Rusciano MR, Maione AS, et  al. A novel cross-
talk between calcium/calmodulin kinases II and IV regu-
lates cell proliferation in myeloid leukemia cells. Cell Signal. 
2015;27(2):204-214. doi:10.1016/j.cellsig.2014.11.007

	19.	 Ladikou EE, Chevassut T, Pepper CJ, Pepper AG. Dissecting 
the role of the CXCL12/CXCR4 axis in acute myeloid leukae-
mia. Br J Haematol. 2020;189(5):815-825. doi:10.1111/bjh.16456

	20.	 De Boer B, Sheveleva S, Apelt K, et  al. The IL1-IL1RAP axis 
plays an important role in the inflammatory leukemic niche 

https://orcid.org/0000-0002-4073-1559
https://orcid.org/0000-0002-4073-1559
https://doi.org//10.1016/j.semcancer.2009.12.001
https://doi.org//10.1053/shem.2002.36921
https://doi.org//10.1038/nature13038
https://doi.org//10.1073/pnas.1324297111
https://doi.org//10.1073/pnas.1324297111
https://doi.org//10.1111/j.1365-2141.2005.05596.x
https://doi.org//10.1111/bjh.17746
https://doi.org//10.1016/j.addr.2023.114722
https://doi.org//10.3390/ijms21103460
https://doi.org//10.3390/ijms21103460
https://doi.org//10.1126/science.1193270
https://doi.org//10.1016/j.biopha.2021.111692
https://doi.org//10.1002/mc.22831
https://doi.org//10.1007/s00432-020-03179-w
https://doi.org//10.1007/s00432-020-03179-w
https://doi.org//10.1016/j.ceca.2021.102367
https://doi.org//10.1016/j.ceca.2021.102367
https://doi.org//10.1097/CAD.0000000000001049
https://doi.org//10.1097/CAD.0000000000001049
https://doi.org//10.1021/acsomega.1c00505
https://doi.org//10.3324/haematol.2019.218503
https://doi.org//10.1016/j.bbamcr.2016.11.014
https://doi.org//10.1016/j.cellsig.2014.11.007
https://doi.org//10.1111/bjh.16456


12 of 12  |      LEBON et al.

that favors acute myeloid leukemia proliferation over nor-
mal hematopoiesis. Haematologica. 2021;106(12):3067-3078. 
doi:10.3324/haematol.2020.254987

	21.	 Vijay V, Miller R, Vue GS, et al. Interleukin-8 blockade prevents 
activated endothelial cell mediated proliferation and chemore-
sistance of acute myeloid leukemia. Leuk Res. 2019;84:106180. 
doi:10.1016/j.leukres.2019.106180

	22.	 Collins PL, Purman C, Porter SI, et  al. DNA double-strand 
breaks induce H2Ax phosphorylation domains in a contact-
dependent manner. Nat Commun. 2020;11(1):3158. doi:10.1038/
s41467-020-16926-x

	23.	 Farge E. Mechanical induction of twist in the drosophila fore-
gut/stomodeal primordium. Curr Biol. 2003;13(16):1365-1377. 
doi:10.1016/s0960-9822(03)00576-1

	24.	 Desprat N, Supatto W, Pouille PA, Beaurepaire E, Farge 
E. Tissue deformation modulates twist expression to 
determine anterior midgut differentiation in drosoph-
ila embryos. Dev Cell. 2008;15(3):470-477. doi:10.1016/j.
devcel.2008.07.009

	25.	 Denais CM, Gilbert RM, Isermann P, et  al. Nuclear enve-
lope rupture and repair during cancer cell migration. Science. 
2016;352(6283):353-358. doi:10.1126/science.aad7297

	26.	 Nava MM, Miroshnikova YA, Biggs LC, et al. Heterochromatin-
driven nuclear softening protects the genome against mechan-
ical stress-induced damage. Cell. 2020;181(4):800-817.e22. 
doi:10.1016/j.cell.2020.03.052

	27.	 Dupont S, Morsut L, Aragona M, et  al. Role of YAP/TAZ 
in mechanotransduction. Nature. 2011;474(7350):179-183. 
doi:10.1038/nature10137

	28.	 Podhorecka M, Skladanowski A, Bozko P. H2AX phosphory-
lation: its role in DNA damage response and cancer therapy. J 
Nucleic Acids. 2010;2010:920161. doi:10.4061/2010/920161

	29.	 Shackelford RE, Kaufmann WK, Paules RS. Cell cycle control, 
checkpoint mechanisms, and genotoxic stress. Environ Health 
Perspect. 1999;107(Suppl 1):5-24.

	30.	 Ray D, Kiyokawa H. CDC25A levels determine the bal-
ance of proliferation and checkpoint response. Cell Cycle. 
2007;6(24):3039-3042. doi:10.4161/cc.6.24.5104

	31.	 Brenner AK, Reikvam H, Rye KP, Hagen KM, Lavecchia A, 
Bruserud Ø. CDC25 inhibition in acute myeloid Leukemia-a 
study of patient heterogeneity and the effects of different inhibi-
tors. Molecules. 2017;22(3):446. doi:10.3390/molecules22030446

	32.	 Castelli G, Pelosi E, Testa U. Emerging therapies for acute my-
elogenus leukemia patients targeting apoptosis and mitochon-
drial metabolism. Cancers (Basel). 2019;11(2):260. doi:10.3390/
cancers11020260

	33.	 Komada Y, Sakurai M. Fas receptor (CD95)-mediated apop-
tosis in leukemic cells. Leuk Lymphoma. 1997;25(1–2):9-21. 
doi:10.3109/10428199709042492

	34.	 Tahir SK, Calvo E, Carneiro BA, et  al. Activity of eftozaner-
min alfa plus venetoclax in preclinical models and patients with 
acute myeloid leukemia. Blood. Published online January 30. 
2023;141(17):2114-2116. doi:10.1182/blood.2022017333. Online 
ahead of print.

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Lebon D, Collet L, 
Djordjevic S, et al. PIEZO1 is essential for the 
survival and proliferation of acute myeloid 
leukemia cells. Cancer Med. 2024;13:e6984. 
doi:10.1002/cam4.6984

https://doi.org//10.3324/haematol.2020.254987
https://doi.org//10.1016/j.leukres.2019.106180
https://doi.org//10.1038/s41467-020-16926-x
https://doi.org//10.1038/s41467-020-16926-x
https://doi.org//10.1016/s0960-9822(03)00576-1
https://doi.org//10.1016/j.devcel.2008.07.009
https://doi.org//10.1016/j.devcel.2008.07.009
https://doi.org//10.1126/science.aad7297
https://doi.org//10.1016/j.cell.2020.03.052
https://doi.org//10.1038/nature10137
https://doi.org//10.4061/2010/920161
https://doi.org//10.4161/cc.6.24.5104
https://doi.org//10.3390/molecules22030446
https://doi.org//10.3390/cancers11020260
https://doi.org//10.3390/cancers11020260
https://doi.org//10.3109/10428199709042492
https://doi.org//10.1182/blood.2022017333
https://doi.org/10.1002/cam4.6984

	PIEZO1 is essential for the survival and proliferation of acute myeloid leukemia cells
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Cell culture
	2.2|Reagents
	2.3|Lentiviral particle production and UT7/EPO cell transduction
	2.4|Flow cytometry
	2.5|Imaging flow cytometry
	2.6|Quantitative reverse transcriptase-­polymerase chain reaction
	2.7|Western blot
	2.8|Nanostring nCounter assay
	2.9|Statistical analysis

	3|RESULTS
	3.1|PIEZO1 is highly expressed in normal immature hematopoietic cells and blasts
	3.2|PIEZO1 is functional in THP1 myeloid cell line
	3.3|Chemical activation of PIEZO1 do not alter proliferation and differentiation of THP1
	3.4|PIEZO1 knock-­down significantly affects the survival of THP1
	3.5|Critical role of PIEZO1 in THP1 cell cycle and DNA damage response pathway
	3.6|PIEZO1 is involved in the negative control of the extrinsic pathway of apoptosis

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


