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Abstract

PIEZO1 encodes a mechanoreceptor, a cation channel activated by mechanical stimuli.

Gain-of-function (GoF) variants in PIEZO1 cause dehydrated hereditary stomatocytosis

(DHS), or xerocytosis, a pleiotropic syndrome characterized by anemia and iron overload.

DHS patients develop hepatic iron overload independent of the degree of anemia and

transfusion regimen. PIEZO1-GoF variants suppress hepcidin expression in both hepatic

cellular model and constitutive/macrophage-specific Piezo1-GoF mice model. Therefore,

PIEZO1-GoF variants regulate hepcidin expression by a crosstalk between hepatocytes

(HCs) and macrophages with a still unknown mechanism. Transcriptomic and proteomics

analysis in the human hepatic Hep3B cells engineered for the PIEZO1-R2456H variant

(PIEZO1-KI) revealed alterations in the actin cytoskeleton regulation, MAPK cascade, and

RAS signaling. These changes mainly occur through a novel key regulator, RRAS, whose

protein and mRNA levels are regulated by PIEZO1 activation and inhibition. This regula-

tion was further confirmed in C57BL/6 mouse primary HCs treated with Yoda-1 and/or

GsMTx-4. Indeed, PIEZO1-KI cells exhibited hyper-activated RAS-GTPase activity that is

rescued by PIEZO1 inhibition, restoring expression of the hepcidin gene HAMP. A nega-

tive correlation between RAS signaling and HAMP regulation was confirmed by inhibiting

RAS-GTPase and MEK1-2 activity. Conversely, rescued HAMP gene expression requires

downregulation of RRAS, confirming negative feedback between RAS-MAPK and

BMP/SMADs pathways in HAMP regulation. We demonstrated that PIEZO1-GoF vari-

ants influence the actin cytoskeleton organization by activating the hepatic RAS signaling

system. Understanding the role of RAS signaling in regulating iron metabolism could pave

the way for new therapeutic strategies in DHS and other conditions characterized by iron

overload.
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1 | INTRODUCTION

Dehydrated hereditary stomatocytosis (DHS) is an autosomal dominant

pleiotropic syndrome characterized by different phenotypes such as

hemolytic anemia with altered red blood cell (RBC) membrane permeabil-

ity, pre-perinatal edema, pseudohyperkalemia, and hepatic iron

overload.1–3 DHS is mainly caused by mutations in PIEZO1 gene (90% of

cases).4,5 PIEZO1 encodes a mechanoreceptor, a cation channel activated

by mechanical stimuli that functions as a biological pressure sensor in

both vertebrates and invertebrates.6–10 It is widely expressed in various

nonsensory cells and can detect mechanical stresses such as static pres-

sure, shear stress, and membrane stretch.11,12 The mutations identified in

PIEZO1, mostly missense,4–6,13–17 show a gain-of-function (GoF) pheno-

type with a delayed inactivation of the channel that results in cation leak

of the monovalent cations Na+ and K+ and, subsequently, altered cell vol-

ume.1,4,6,13,18 Moreover, PIEZO1 mutants have been reported to induce

changes in responses to osmotic stress and altered membrane protein

trafficking.19

The phenotype of patients with DHS is highly heterogeneous,

ranging from asymptomatic to severe. Generally, anemia is well-

compensated with macrocytosis, reticulocytosis, and mild

jaundice.20–22 In most cases, patients with DHS suffer from iron over-

load, which represents the most harmful complication.23–26 Genotype–

phenotype correlations revealed that the clinical heterogeneity

depends on the mutations affecting PIEZO1. Severely affected patients

(mainly with hepatic iron overload) carry mutations in the pore domain

of PIEZO1, while mildly affected patients present mutations in the

non-pore domain of the protein.16,23 We recently discovered the

involvement of PIEZO1 in the regulation of iron metabolism. PIEZO1

GoF variants suppress the expression of hepcidin in human hepatoma

cells. Particularly, PIEZO1 GoF variants in hepatic cell lines, HuH7 and

HepG2, induce a hyper-phosphorylation of the MAP kinases, extracel-

lular-signal-regulated kinase 1 and 2 (ERK1/2), that in turn reduce the

activation of the R-SMADs that fail to activate hepcidin.27 In mice, con-

stitutive or macrophage-specific expression of GoF Piezo1 allele causes

hepcidin suppression and iron overload.28 Accordingly, DHS patients

develop severe hepatic iron overload independent from the degree of

anemia and transfusion regimen. Therefore, PIEZO1 plays a role in the

regulation of iron metabolism in the interplay between hepatocytes

(HCs) and macrophages, though the precise mechanism remains

unclear due to gaps in our understanding of mechanotransduction.

Advances in high-throughput technologies have enabled the gen-

eration of vast amounts of data on multiple layers of a biological sys-

tem, including genomics, transcriptomics, epigenomics, proteomics,

metabolomics, and more. Numerous omics approaches identified

genes, proteins, and metabolites that are associated with specific dis-

eases or phenotypes of interest.29 Herein, we used an integrated

multi-omics approach to dissect the intracellular pathways modifica-

tions induced by GoF variants in PIEZO1 in a CRISPR-Cas9 edited—

human hepatic cell line, Hep3B, engineered for the variant R2456H.

Our results highlighted the importance of cytoskeleton modification

in PIEZO1-mediated signaling30 and revealed the role of RAS as a

new regulator of hepcidin expression in HCs.

2 | MATERIALS AND METHODS

2.1 | Cell culture and engineered cell line
production

Hep3B cells were obtained from the American Type Culture Collec-

tion (ATCC, Manassas, VA, USA). A CGX™-HD v2 4 � 180K array chip

(Agilent, Agilent Technologies, CA, USA) was used according to the

manufacturer's guidelines for the whole genome screening to test for

the zygosity of PIEZO1 in Hep3b cell line. The arrays were scanned

using Geno-glyphix1 software (Signature Genomics, Spokane, WA),

referring to Hg19 Genome Assembly (GRCh37/hg19) to evaluate the

zygosity of PIEZO1 in Hep3B cell line. The result showed the dizygos-

ity of PIEZO1. Hep3B cells enriched for 18% in PIEZO1-R2456H vari-

ant, PIEZO1- 40,6-diamidino-2-phenylindole knock-in (PIEZO1-KI)

cells by CRISPR/Cas9 technology were produced by Synthego Corpo-

ration (Synthego, Menlo Park, CA, USA). Cells were maintained in

Eagle's Minimum Essential Medium (EMEM) (Sigma-Aldrich, Milan,

Italy) supplemented with 10% fetal bovine serum (FBS; Life Technolo-

gies; California, USA), 100 U/mL penicillin (Life Technologies), and

100 mg/mL streptomycin (Life Technologies) in a humidified 5% CO2

atmosphere at 37°C, according to the manufacturer's instructions.

Hep3B cells from the Synthego CRISPR-edited pool were diluted to

0.5–1 cells per 100 μL and plated on 96-well plates to obtain the iso-

lation and the expansion of single clones. PIEZO1-wild type (PIEZO1-

WT) cells were parallelly amplified, and isolation and the expansion of

single clones were carried out. Single clones were tested for PIEZO1

gene and protein expression. PIEZO1-WT #1 and PIEZO1-KI #1

clones were selected for all subsequent experiments (Figure S1A).

2.2 | Isolation of primary murine hepatocytes

Animal studies were reviewed and approved by the Italian Ministry of

Health (number D5A89.63/2023). In situ liver perfusion of 8-week-

old C57BL/6N Wt mice was performed with Liver Perfusion Medium

and Liver Digest Medium (Thermo Fisher Scientific; pump flux: 5 mL/

min). After liver digestion, debris and membranes were filtered

through a 100 μm cell strainer. HCs were separated from nonparench-

ymal cells through low-speed centrifugation (50 g for 3 min), resus-

pended in Williams-E medium (4% FBS, 1% P/S, Glutamax; Thermo

Fisher Scientific) and plated into collagen-coated 12-well (2.5–

3 � 105 cells/well; Corning-Thermo Fisher Scientific).

2.3 | Drug treatment

Hep3B-WT single clone, named PIEZO1-WT, and PIEZO1-R2456H

single clone (PIEZO1-KI cells) were treated with Yoda-1 (activator of

PIEZO1 at 15 μM; Cat. N° SML1558; Sigma-Aldrich) for 60 min with

and without GsMTx-4 (inhibitor of PIEZO1 at 5 μM; Cat. N°—

ab141871 Abcam) for 30 min, as previously described and harvested

for the subsequent analyses. Primary murine HCs were treated with

ROSATO ET AL. 53



Yoda-1, at 50 μM for 30 min or Yoda-1 plus GsMTx-4 (30 μM for

30 min).

U0126 dual specificity mitogen-activated protein kinase kinase 1

and 2 (MEK1/2) inhibitor; Cat. N° 1144; Bio-techne TOCRIS) was

added to PIEZO1-WT and PIEZO1-KI cells at 10 μM for 30 and

60 min. The RAS inhibitor Salirasib (2-(((2E,6E)-3,7,11-trimethyl-

2,6,10-dodecatrienyl)sulfanyl)benzoic acid; FTS, farnesylthiosalicylic

acid, S-farnesylthiosalicylic acid; Cat. N° SML1166; Sigma-Aldrich)

was used at 25 and 100 μM for 24 h.

Silencing of RAS-related protein R-RAS (RRAS) was performed by

small interfering RNA (siRNA). Scrambled negative control siRNA

(Origene Cat. N° SR30004) and siRNA specific for RRAS (Origene Cat.

N° SR304191) were added to PIEZO1-KI cells at 3 μM for 30 h.

Cellular iron overload was performed by treating PIEZO1-WT and

PIEZO1-KI cells with 30 μM Holo-transferrin (Holo-Tf) (Cat n° T0665,

Sigma-Aldrich) at different time points (2, 4, and 16 h).

2.4 | Cell cycle analysis

For cell cycle analysis, PIEZO1-WT and PIEZO1-KI cells were har-

vested by centrifugation, resuspended in PBS containing 3.75% Noni-

det P-40, 100 μg/mL RNase A, and 40 μg/mL propidium iodide, and

incubated at room temperature for 3 h in the dark. Samples were ana-

lyzed on a FACS flow cytometer (Becton Dickinson Immunocytometry

Systems [BDIS]).

2.5 | Genotyping of Hep3B PIEZO1-KI clones

Genomic DNA extraction, polymerase chain reaction (PCR) amplifica-

tion of PIEZO1 (NM_001142864.4—exon 51), and Sanger sequencing

were performed for each single clone from the CRISPR-edited pool to

confirm the editing. Synthego's Inference of CRISPR edits (ICE) tool

was used to analyze the sequence data and to obtain the knock-in

score (https://ice.synthego.com). Single clones presenting the

R2456H variant in heterozygous state were selected.

2.6 | Gene expression analysis

Total RNA was extracted from cell lines using TRIzol reagent (Life

Technologies). Synthesis of cDNA was performed using SensiFAST cDNA

Synthesis Kit (Bioline). Quantitative RT-PCR (qRT-PCR) using Power

SYBR Green PCR Master Mix (Bioline) was performed on Applied Biosys-

tems 7900HT Sequence Detection System using standard cycling condi-

tions. β-actin was used as an internal control. Real-time-PCR was

performed using a standard TaqMan PCR kit protocol for ID1 and ID3

genes. The 20-μL PCRs included 3.5 μL reverse transcriptase product,

normalized μL TaqMan Universal PCR Master Mix (Applied Biosystems),

1 μL of TaqMan probe mix (20�). The reactions were incubated in a

96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s,

and 60°C for 1 min. Relative gene expression was calculated by using the

2�ΔCt method, where ΔCt indicates the differences in the mean Ct

between the selected genes and the normalization control Glyceralde-

hyde 3- Phosphate dehydrogenase (GAPDH).31 Oligo sequences are

listed in Table S1.

2.7 | Protein extraction and Western blotting

Proteins were extracted from cells using RIPA lysis buffer containing

protease inhibitor cocktail (Halt™ Protease Inhibitor Cocktail, 100X

Cat. N° 78 438; Thermo Fisher Scientific). Equal amounts of protein

from each lysate, as determined by a Bradford assay, were subjected

to sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and blotted onto polyvinylidene difluoride membranes

(Biorad). Detection was performed with rabbit anti-PIEZO1 (1:1000)

(15939-1-AP, Proteintech)4; rabbit monoclonal anti-ferritin (Cat. N°

ab75973; 1:1000 dilution; Abcam); rabbit polyclonal anti-pErk1/pErk2

(Cat. N° ab32538; 1:250 dilution; Abcam); rabbit polyclonal anti-

Erk1/2 (Cat. N° ab17942; 1:1000 dilution; Abcam); rabbit monoclonal

anti-pSMAD 1/5/9 (Cat. N° 13 820; 1:500 dilution; Cell Signaling,

Leiden, The Netherlands); rabbit polyclonal anti-SMAD 1/5/8/9 (Cat.

N° ab13723; 1:1000 dilution; Abcam); rabbit polyclonal anti-RRAS

(Cat. N° 8446S; 1:1000 dilution; Cell Signaling); rabbit polyclonal anti-

pMek1 (Cat. N° 9127S; 1:1000; Cell Signaling); mouse monoclonal

anti-Mek1/2 (Cat. N° 4694S; 1:1000; Cell Signaling); anti-GAPDH

(Cat. N° 14C10; 1:1000 dilution; Cell Signaling Technology), was used

as the loading control. Immunostained proteins were detected by

chemiluminescence (SuperSignal™ West Pico PLUS Chemiluminescent

Substrate Cat. N° 34 580, Thermo Fisher Scientific), and densitomet-

ric analysis was performed with the BioRad ChemiDoc using Quantity

One software (BioRad) to obtain an integrated optical density

(OD) value. Ratio between “Adjusted volume” (percentage of correct

volume relative to the total volume of the gel or the set of bands ana-

lyzed) from analyzed protein(s) and loading control was used to quan-

tify the amount of protein(s).

2.8 | RAS activity detection assay

Quantification of the active total RAS was carried out by using the

Active RAS Detection Kit (Cell Signaling, #8821) following the manufac-

turers' instructions. Briefly, untreated PIEZO1-WT and PIEZO1-KI cells

were treated with Yoda-1 (15 μM) and Yoda-1 plus GsMTx-4 (5 μM),

harvested, and lysed to isolate proteins. The GTP-bound GTPase pull-

down was performed parallelly on 1 μg for each sample and for positive

(GTPγS) and negative guanosine diphosphate (GDP) control to ensure

the immunoprecipitation procedures are working properly. GST-

Raf1-RBD fusion protein is used to bind the activated form of GTP-

bound RAS, which can then be immunoprecipitated with glutathione

resin. Ras activation levels are then determined by western blotting

using a Ras Mouse mAb. The eluted samples (5 μL) were loaded on an

SDS-PAGE, and western blotting was performed as previously

described.
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2.9 | Assays of intracellular Ca2+ and K+

transport

Quantification of total intracellular Ca2+ was carried out in vitro using

the Cal-520 assay (Cat. N° ab171868; AbCam). The assay was per-

formed using Cal-520 at 2.5 μM and fluorescence was measured as

previously described.27 Briefly, 3 � 104 cells were plated in a tissue

culture microplate with black walls and clear bottom the day before.

On the day of the experiment, cells were loaded with Cal-520 AM

(2.5 μM) and incubated in a cell incubator for 90 min, and then

at room temperature for 30 min. The experiment was run

at Ex/Em = 490/525 nm at room temperature. The free calcium con-

centration was calculated as follows: [[Ca]free = [F � Fmin]/

Fmax ─ F], where F is the measured fluorescence, Fmin is the fluores-

cence in the absence of calcium and Fmax is the fluorescence of the

calcium-saturated probe.

Potassium ion channels and transporter activities were detected with

the FluxOR™ Potassium Ion Channel Assay (Cat n. F10016-F10017,

Thermo Fisher Scientific). Cells were incubated in the loading buffer at

18–24°C for 60 min, then replaced with the assay buffer and the stimulus

buffer. All buffers were prepared according to the manufacturer's instruc-

tions. Buffers composition is detailed in Table S2. Fluorescence was mea-

sured every 1–2 s for 1–3 min using a kinetic dispense microplate reader,

setting the excitation wavelength to 460–490 nm and the emission

wavelength to 520–540 nm. The assay was performed in the absence of

ouabain and/or bumetanide.

2.10 | Immunofluorescence and flow cytometry
analysis

To perform immunofluorescence analysis, 1.5 � 105 PIEZO1-WT and

PIEZO1-KI cells were seeded on slides placed in 24-well plates. After

24 h, cells were stained with Phalloidin (Cat. N°sc-499 438; 1:500;

Santa Cruz) for 15 min. Immunofluorescence was performed as previ-

ously described.32 Cells were immunologically stained with rabbit

anti-PIEZO1 (1:100) (15939-1-AP, Proteintech) and secondary anti-

body (1:200) (Alexa Fluor 488 anti-rabbit, Life Technologies). Nuclei

were stained with 1 mg/mL 4',6-diamidino-2-phenylindole

(DAPI) (D9542, Sigma). Samples were mounted in Mowiol mounting

media and imaged using a LEICA TCS SP8 metaconfocal microscope,

equipped with an oil immersion plan Apochromat 63X objective 1.4

NA. The following settings were used: green channel excitation of

Alexa488 by the argon laser 488 nm line was detected with the 505–

550 nm emission bandpass filter. Red channel excitation of Alexa546

by the Helium/Neon laser 543 nm line was detected with the 560–

700 nm emission bandpass filter (using the Meta monochromator).

Blue channel excitation of DAPI by the blue diode laser 647 nm and

emission bandpass filter. Flow cytometry analysis of membrane

PIEZO1 was performed on both PIEZO1-WT and PIEZO1-KI cells

(3.0 � 105 cells) stained with rabbit anti-PIEZO1 (1:100), and second-

ary antibody (1:200) (Alexa Fluor 488), without permeabilization.

Unstained PIEZO1-WT and PIEZO1-KI cells (nude) were used as

negative controls. Threshold for positivity was set at 10.4 A total of

10 000 events were acquired by FACS Canto II (Beckton Dickinson

Biosciences, Sparks Glencoe, MD, USA).

2.11 | Stress fibers analysis to evaluate the
cytoskeleton alteration

Analysis of stress fibers was carried out by using the open-source soft-

ware FIJI (ImageJ) along with its plugins Analyze Skeleton (2D/3D).33

Briefly, the selected images (from immunofluorescence described in

the previous paragraph) are binarized, and no threshold mask is

applied. Images are then segmented (Process › Binary › Skeletonize)
and analyzed (Analyze › Skeleton › Analyze Skeleton [2D/3D]). The

plugin tags all pixels/voxels in a skeleton image and then counts

all its junctions, triple and quadruple points, and branches, and

measures their average and maximum length. The tags are

shown in a new window displaying every tag in a different

color. After classification, a “Results” window is displayed,

showing for each skeleton in the image: (i) the number of

branches (slab segments, usually connecting end-points, end-

points and junctions, or junctions and junctions); (ii) the number

of voxels of every type: end-point, slab, and junction voxels;

(iii) the number of actual junctions (merging neighbor junction

voxels) with an arbitrary number of projecting branches; (iv) the

number of triple points (junctions with exactly three branches)

and quadruple points (four branches); (v) the average and maxi-

mum length of branches, in the corresponding units. A minimum

of six different slices have been acquired and processed for

each sample.

2.12 | Differential proteomics and RNA
sequencing analyses

PIEZO1-WT and PIEZO1-KI cells were parallelly expanded in tripli-

cates for RNA sequencing and differential proteomics analyses. All

acquired raw files were processed using MaxQuant (1.6.2.10) and

the implemented Andromeda search engine. For protein assign-

ment, spectra were correlated with the Uniprot Homo sapiens

(v. 2019), including a list of common contaminants. Searches were

performed with tryptic specifications and default settings for mass

tolerances for mass spectrometry (MS) and MS/MS spectra. For

further analysis, the Perseus software (1.6.2.3) was used and first

filtered for contaminants and reverse entries as well as proteins

that were only identified by a modified peptide (First filter). The

LFQ ratios were presented as logarithms, grouped, and filtered for

min.valid number (min. 3 in at least one group) (second filter). Data

resulting from proteomics (4265 total proteins identified) were

analyzed considering difference ≥±1 and �log10(p value) ≥ 1.3

statistically significant.

Human lncRNA-seq and mRNA sequencing (RNAseq) was

performed by Novogene—Research Services, using Illumina
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sequencing PE150. For RNAseq analysis, FASTQs were aligned

with hg19 genome and transcriptome with TopHat (Bowtie2).

Transcript abundance estimation versus hg19 genome and tran-

scriptome was performed by cufflinks to generate fragments

per kilobase of transcript per million mapped fragments (FPKM)

data. Cuffdiff was used to evaluate differential expression.

Genes with log2(FC) ≥ ±1 and �log10(p value) ≥ 1.3 were con-

sidered statistically significant. Pathway analysis for both tran-

scriptome and proteome was performed using DAVID

Bioinformatics Resources (https://david.ncifcrf.gov) for Kyoto

encyclopedia of genes and genomes (KEGG) pathway analysis.

2.13 | Statistical analysis

Statistical significances of the differences in protein and gene expres-

sion were determined using Student's t-tests. Statistical significance

of multiple comparisons was calculated using analysis of variance

(ANOVA), and post hoc correction was performed using Sidak's

F IGURE 1 Legend on next page.
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multiple comparison tests. The association between variables was

assessed using Pearson correlation or Spearman rank correlation, as

appropriate. When not differently specified, data are presented as

mean ± standard deviation (SD). A two-sided p < .05 was considered

statistically significant.

3 | RESULTS

3.1 | Hep3B PIEZO1-KI cells showed iron
metabolism alterations

Gene and protein expression analysis of PIEZO1 showed no variations

in Hep3B PIEZO1-R2456H (PIEZO1-KI) single cell clone compared to

PIEZO1-WT single cell clone (Figure 1A,B). Further, we investigated

the cell cycle status of both PIEZO1-WT and PIEZO1-KI cells, as

PIEZO1 has previously been linked to deregulated cell division mecha-

nisms in various cell types.34–36 This analysis revealed no alterations

in the cell cycle, with PIEZO1-KI cells showing similar percentages of

cells in the S, G1, and G2 phases as the PIEZO1-WT cells (Figure 1C).

Moreover, we quantified the amount of PIEZO1 protein at membrane,

cytoplasm, and nucleus through immunofluorescence analysis with

PIEZO1 antibody and the cytoskeleton marker, phalloidin, in

PIEZO1-WT and PIEZO1-KI cells. We found no significant differences

in subcellular localization of PIEZO1 between PIEZO1-WT and KI for

this mutant (Figures 1D and S1B,C), as previously demonstrated.19

Accordingly, we observed no variations in PIEZO1 expression at mem-

brane level by flow cytometry analysis in both PIEZO1-WT and

PIEZO1-KI cells stained with PIEZO1 on unpermeabilized cells

(Figures 1E and S1D).

To confirm the GoF phenotype, we measured the intracellular cal-

cium content and K+ channel activity in both PIEZO1-WT and

PIEZO1-KI cells. We observed that PIEZO1-KI cells showed a relative

increase in intracellular Ca2+ and enhanced K+ permeability, as

measured by Tl+ indicator dye, both consistent with PIEZO1 hyperac-

tivation (Figure 1F).

Of note, our experimental conditions induce a basal PIEZO1 acti-

vation due to the membrane stretch caused by cell–cell interactions, a

known trigger for PIEZO1 activation in epithelial cells.37 We measured

the calcium influx in PIEZO1-KI cells at different cell densities without

other stimuli. A marked increase in intracellular calcium concentration

correlated with higher cell densities, confirming that cell–cell interac-

tions and membrane stretching alone are sufficient to activate

PIEZO1. The involvement of PIEZO1 in mediating calcium internaliza-

tion under these conditions was further validated by specifically inhi-

biting it with the GsMTx-4 molecule (Figure S1E).

According to our previous data,27 we observed strong suppres-

sion of HAMP gene expression in PIEZO1-KI cells compared to

PIEZO1-WT (Figure 1G). Additionally, we confirmed alterations in the

phosphorylation levels of the MAP kinases ERK1/2 and SMAD1/5/8.

We found that pERK1/2 protein levels were upregulated in

PIEZO1-KI cells, while pSMAD1/5/8 levels were downregulated in

PIEZO1-KI cells compared to PIEZO1-WT (Figure 1H). Finally, we

confirmed the downregulation of bone morphogenetic protein/small

mother against decapentaplegic (BMP/SMADs) signaling by measur-

ing mRNA levels of BMP target genes (SMAD6, ID1, and ID3) that

were all downregulated in PIEZO1-KI cells compared to PIEZO1-WT

cells (Figure 1I).

3.2 | Comparative transcriptomic and proteomic
profiling of Hep3B PIEZO1-KI cells reveals alterations
in actin cytoskeleton regulation

To unravel the molecular signaling pathways altered in PIEZO1-KI

cells leading to HAMP gene suppression, we analyzed the transcrip-

tome and proteome of PIEZO1-KI cells compared to PIEZO1-WT

ones. Briefly, 1546 genes and 213 proteins were found differentially

F IGURE 1 Characterization of Hep3B cell line engineered for PIEZO1 R2456H variant (PIEZO1-KI). (A) mRNA expression of PIEZO1, relative
to β-actin, in PIEZO1-WT and PIEZO1-KI cells. Data are means ± standard deviation (SD) of three independent experiments. (B) Representative
immunoblot of PIEZO1 in Hep3B-WT and PIEZO1-KI cells. Lower panel: Quantification by densitometric analysis of three separate Western blots
with similar results. Data are means ± SD of three independent experiments and are normalized on GAPDH. (C) Histograms showing the number
of PIEZO1-WT and PIEZO1-KI cells on total events (%) in the G1, S, and G2 phases of the cell cycle. Data derived from three experiments are
presented as mean ± SD. (D) Representative confocal imaging by ZEISS LSM 980 Airyscan 2 of PIEZO1-WT and PIEZO1-KI cells is shown. Rabbit
anti-PIEZO1 antibody was used to stain the PIEZO1 protein (green). Phalloidin was used as a cytoskeleton marker (red), and DAPI was used as a
nuclear marker (blue). Overlapping of both signals (MERGE) is shown on the right (yellow). Scale bar 10 μm. (E) Representative histograms
showing fluorescence intensity of PIEZO1 in Hep3b PIEZO1-WT and PIEZO1-KI cells stained or not (unstained) with PIEZO1-Alexa Fluor 488.
Data are mean ± SD of three independent acquisitions. Ten thousand events were acquired for each sample. (F) Upper panel: Quantification of
total intracellular Ca2+ concentrations in Hep3B cells expressing PIEZO1-WT and PIEZO1-KI at steady state. Data are means ± SD of three
experiments and are normalized on protein concentrations (*p < .05, PIEZO1-KI vs. PIEZO1_WT, Student's t-test). Lower panel: Quantification of

Tl + uptake in PIEZO1-WT and PIEZO1-KI at steady state. ΔF/F is the difference between the mean of fluorescence (four replicates) and
fluorescence at 0 time (**p < .01, PIEZO1-KI vs. PIEZO1-WT, Student's t-test). (G) Quantification of HAMP gene expression normalized to β-actin
in PIEZO1-WT and PIEZO1-KI. Data are means ± SD of three independent experiments (**p < .01; Student's t-test, PIEZO1-WT vs. PIEZO1-KI).
(H) Representative immunoblotting of pERK1/2 and pSMAD1/5/8 and relative densitometric analysis (right panel) normalized to tERK1/2 and
tSMAD1/5/8, in PIEZO1-WT and PIEZO1-KI cells. Data are means ± SD of three independent experiments (**p < .01; Student's t-test,
PIEZO1-WT vs. PIEZO1-KI). (I) SMAD6, ID1, and ID3 gene expression normalized to β-actin in PIEZO1-WT and PIEZO1-KI. Data are means ± SD
of three independent experiments (**p < .01; Student's t-test, PIEZO1-WT vs. PIEZO1-KI). [Color figure can be viewed at wileyonlinelibrary.com]
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regulated in PIEZO1-KI cells compared to PIEZO1-WT ones. Of note,

509 out of 1546 genes (32.9%) were found upregulated, while 1037

genes (66.1%) were downregulated compared to WT cells. On the

other hand, we observed 142 out of 213 proteins (66.7%) upregulated

versus 71 proteins (33.3%) downregulated in the PIEZO1-KI model.

Further, we observed that 59 of the deregulated genes were paral-

leled by changes in proteins. (Figure 2A) Particularly, 58 out of

59 genes were concordantly regulated at protein level, while 1 out of

59 presented a discordant regulation (upregulated mRNA and down-

regulated protein expression). Subsequently, we performed a KEGG

pathway analysis on both genes and proteins that were significantly

deregulated (Figure 2B). We first focused on the only two pathways

commonly deregulated at both RNA and protein levels, that is, meta-

bolic pathway and regulation of actin cytoskeleton. The metabolic

pathway is huge and encompasses numerous biological processes

resulting not being informative; thus, we further focused on the regu-

lation of the actin cytoskeleton pathway. The analysis of single genes

belonging to this latter pathway showed that only 3 out of 34 genes,

RRAS (encoding for RAS-related protein R-RAS), ITGB4 (encoding for

Integrin β4), and F2 (encoding for prothrombin), were commonly

deregulated at both RNA and protein levels, suggesting their potential

roles as key regulatory candidates (Figure 2B). Additionally, analysis of

Protein–Protein Interaction Networks by STRING web tool revealed

that the protein encoded by these genes strongly interact with each

F IGURE 2 Comparative transcriptomic and proteomic profiling of PIEZO1-KI cells. (A) Left panel: Volcano plot representing the significantly
upregulated (blue), significantly downregulated (red), and unchanged (gray) genes (upper) and protein (lower). Right panel: Venn diagram showing
the number of significantly deregulated genes/proteins identified by RNAseq only (n = 1564) and Proteomics only (n = 213).
Intersection represents the commonly deregulated genes/proteins (n = 59). (B) KEGG enrichment pathway analysis of deregulated genes and
proteins in PIEZO1-KI cells compared to PIEZO1-WT. Enrichment is expressed as �log10 of pathway p value. Right panel: Expression heatmap for

upregulated (blue) and downregulated (red) genes and protein (three replicates are shown) associated with the pathway named “Regulation of
actin cytoskeleton.” The common genes/proteins are shown on the top; RNAseq-only genes are shown in the middle, and protein-only genes are
shown on the bottom. Undetected expression is shown as a white square (N/D). (C) Interaction analysis (by STRING) of genes/proteins belonging
to the “Regulation of actin cytoskeleton” pathway. Integrin cluster indicated as red circles. (D) Representative confocal imaging by ZEISS LSM
980 Airyscan 2 of PIEZO1-WT and PIEZO1-KI cells is shown. Tubulin and phalloidin were used as cytoskeleton markers (red). Right panel: Stress
fibers were tagged and quantified with ImageJ software. Scale bar 10 μm. Histograms show the number of branches and end-points in both
PIEZO1-WT and PIEZO1-KI. Data are means ± standard deviation of six different acquisitions. *p < .05, **p < .01 by unpaired t-test. [Color figure
can be viewed at wileyonlinelibrary.com]
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other, and particularly we observed a separated cluster enriched in

genes encoding for integrins (red colored circles, interaction score:

0.700) (Figure 2C).

To functionally demonstrate that PIEZO1-GoF variants are linked

to alteration in cytoskeleton organization, we quantified and charac-

terized differences in stress fibers. Immunofluorescence on

PIEZO1-WT and PIEZO1-KI cells stained with both phalloidin and

tubulin antibodies, binding respectively F-actin and microtubules, was

carried out. The analysis was performed on binarized images, and dif-

ferent parameters were evaluated as the number of branches, length,

and overall complexity of fibers. Particularly, we observed a significant

increase in the number of branches in PIEZO1-KI compared to

PIEZO1-WT, presenting more junctions and longer paths. The higher

complexity of the cytoskeleton of PIEZO1-KI cells was also observed

by correlating the number of branches with their average length and

with the end-point. We observed that PIEZO1-KI cells presented an

increased ratio between the number of end-points and branches,

describing a more complex structure with more ramifications

(Figures 2D and S2A,B).

3.3 | RRAS is not dispensable in PIEZO1-mediated
HAMP suppression via ERK signaling

To verify the direct correlation of RRAS, ITGB4, and F2 with PIEZO1

GoF variant, PIEZO1-KI cells were either activated with the

PIEZO1 chemical activator, Yoda-1, or inhibited with GsMTx-4. RRAS and

ITGB4 were upregulated in PIEZO1-KI cells compared to PIEZO1-WT,

while F2 mRNA expression was reduced in PIEZO1-KI. Interestingly, only

RRAS expression was significantly regulated according to PIEZO1 activa-

tion and inhibition. Indeed, Yoda-1 treatment induced upregulation of

RRAS mRNA and protein expression compared to both untreated

PIEZO1 WT and PIEZO1-KI cells, while PIEZO1 inhibition by GsMTx-4

completely rescued RRAS expression (Figure 3A,B). To confirm that RRAS

deregulation was directly dependent on PIEZO1 activity, its expression

was also tested in PIEZO1-WT cells upon PIEZO1 activating or inhibiting

conditions (Figure 3C). Yoda-1 treatment increased RRAS expression and

led to HAMP gene downregulation compared to non-treated cells. Con-

versely, GsMTx-4 treatment decreased RRAS expression and upregulated

HAMP gene expression. Of note, we confirmed our findings in primary

murine HCs isolated from C57BL/6N Wt mice and treated with Yoda-1

and Yoda-1 plus GsMTx-4. We observed an inverse correlation between

Hamp and Rras expression upon activating and inhibiting conditions

(r = �0.9997; p = .0164) (Figure 3D).

To further confirm the role of RRAS as a key player in the molecu-

lar signaling alteration mediated by PIEZO1, we silenced RRAS by

siRNA in Hep3B PIEZO1-KI cells, both treated and untreated with

Yoda-1. Our results revealed a direct correlation between RRAS

downregulation and a reduction in the phosphorylation levels of

ERK1/2 (r = 0.9590, p = .04), as well as an inverse correlation

between RRAS downregulation and an increase in HAMP gene expres-

sion (r = �0.9902, p = .01) (Figure 3E,F).

3.4 | MAPK cascade and RAS-mediated signaling
are key regulatory pathways of HAMP gene expression
in Hep3b PIEZO1-KI cells

Along the deregulated intracellular pathways detected in the

PIEZO1-KI cellular model, we observed that RRAS takes part also in

the mitogen-activated protein kinase (MAPK) signaling pathway,

Rap1, and RAS signaling pathway (Figure S3A). Therefore, we investi-

gated the involvement of this signaling in PIEZO1-mediated regulation

of hepcidin by MAPK and RAS signaling inhibition. At steady state,

PIEZO1-KI cells treated with U0126, a potent MEK kinase inhibitor,

showed decreased phosphorylation of ERK1/2 and restored HAMP

expression to levels comparable to those in PIEZO1-WT cells

(Figure 4A,B).

Then, we evaluated whether PIEZO1 GoF mutation also affects

the RAS activation, in addition to gene/protein expression. We quan-

tified the overall RAS activity (pan-RAS activity), in terms of GTP-

bound RAS, in PIEZO1-WT and PIEZO1-KI cells at steady state and

after activation or inhibition of PIEZO1. We found that PIEZO1-KI

cells, including those treated with Yoda-1, exhibited a significant

increase in RAS activity compared to PIEZO1-WT cells (Figure 4C).

The inhibition of PIEZO1 with GsMTx-4 was able to rescue the hyper-

activation of RAS signaling to PIEZO1-WT levels, confirming the

direct regulation of PIEZO1 on RAS-GTPase activity (Figure 4C).

The data were confirmed also in primary murine HCs upon activation

and inhibition of Piezo1 (Figure 4D).

The increased RAS activity in PIEZO1-KI cells was further validated

by using salirasib, a drug blocking all forms of RAS by dislodging RAS

from its membrane anchoring sites, facilitating its degradation.38 We

observed that HAMP gene expression in PIEZO1-KI cells was restored

to PIEZO1-WT levels after 24 h of treatment with two different con-

centrations of salirasib (25 and 100 μM), confirming the role of RAS sig-

naling in HAMP regulation (Figure 4E,F). Since salirasib has been

reported to inhibit the growth of multiple hepatocarcinoma cell lines,

we tested cell viability in both PIEZO1-WT and KI cells, observing no

differences in either viability or cell growth (Figure S3B,C). Moreover,

since pan-RAS activity is increased in PIEZO1-KI cells, we analyzed

gene and protein expression of other RAS superfamily members in our

transcriptomic and proteomics data. We found that only RRAS was sig-

nificantly deregulated at both gene and protein levels (Figure S3D).

Additionally, we analyzed some of these genes (HRAS, NRAS, and

RRAS2) by qRT-PCR analysis, demonstrating no alterations in

PIEZO1-KI cells compared to PIEZO1-WT ones (Figure S3E).

As final proof of concept, we examined the regulation of RRAS in

PIEZO1-KI cells under iron-loading conditions. PIEZO1-KI cells were iron

overloaded with Holo-Tf for 2, 4, and 16 h to mimic the transferrin-

mediated hepatic iron overload. Firstly, we tested for ferritin protein

expression to assess the efficacy of treatment. Of note, at steady state,

PIEZO1-KI cells showed higher ferritin expression compared to

PIEZO1-WT cells (Figure 4G), confirming the direct correlation between

hepatic iron overload and PIEZO1-GoF variant. Interestingly, an inverse

correlation was observed between HAMP gene expression (which was
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strongly upregulated in Holo-Tf-treated cells compared to untreated ones)

and the RRAS protein expression (r = �1.000; p = .0023) (Figure 4H).

4 | DISCUSSION

In recent years, the growing interest in the pathogenic mechanisms of

iron overload in patients affected by DHS has shed light on the

important role of mechanotransduction in iron metabolism. Indeed,

genotype–phenotype correlation studies have revealed that patients suf-

fering from DHS with mutations in PIEZO1 gene show a more significant

tendency toward iron overload compared to those with KCNN4 muta-

tions.22,23 To unravel the molecular basis of iron overload due to PIEZO1

mutations, both cellular27 and mouse models28 have been generated.

Our previous findings reported that PIEZO1 mutations are associated

with altered MAPK pathway and BMP/SMAD signaling, leading to

F IGURE 3 Crosstalk between RRAS deregulation and HAMP expression. (A) mRNA expression relative to β-actin of ITGB4, F2, and RRAS, in
PIEZO1-WT and PIEZO1-KI cells at steady state and PIEZO1-KI treated with Yoda-1 (15 μM for 60 min) or Yoda-1 plus GsMTx-4 (5 μM for
30 min) cells. (B) Left panel: Representative immunoblot of RRAS in PIEZO1-WT and PIEZO1-KI cells at steady state and PIEZO1-KI treated with
Yoda-1 (15 μM for 60 min) or Yoda-1 plus GsMTx-4 (5 μM for 30 min) cells. Right panel: Quantification by densitometric analysis of three
separate Western blots with similar results. Data are means ± standard deviation (SD) (**p < .01, ANOVA adjusted for Sidak's multiple
comparisons test) and are normalized on GAPDH. (C) mRNA expression of HAMP (red histograms, left) and RRAS (blue scatter dot plot, right) in
PIEZO1-WT cells at steady state (NT) and treated with Yoda-1 and GsMTx-4. Data are means ± SD of three independent experiments. *p < .05,
**p < .01 by ANOVA test and post hoc correction by Sidak's multiple comparison tests. (D) mRNA expression of Hamp and Rras in primary murine
hepatocytes at steady state (NT), treated with Yoda-1 (50 μM for 30 min) and Yoda-1 plus GsMTx-4 (30 μM for 30 min). Data are means ± SD of
three independent experiments. *p < .05, by ANOVA test and post hoc correction by Sidak's multiple comparison tests. r-value by Pearson
correlation analysis of Hamp and Rras gene expression. (E) Left panel: Representative immunoblots of pERK1/2 and RRAS in total cells lysate of
PIEZO1-WT and PIEZO1-KI cells treated with siRRAS and siRRAS + Yoda-1 (15 μM for 60 min); tERK1/2 and GAPDH were used as loading
control. Right panel: Histograms showing quantification by densitometric analysis of three separate western blots with similar results. Data are

means ± SD (*p < .05, **p < .01, ANOVA test and post hoc correction by Sidak's multiple comparison tests). (F) Histograms showing HAMP and
RRAS gene expression in PIEZO1-WT and PIEZO1-KI cells treated with siRRAS and siRRAS + Yoda-1 (15 μM for 60 min). Data are means ± SD
of three independent experiments (*p < .05, **p < .01, ANOVA test and post hoc correction by Sidak's multiple comparison tests). [Color figure
can be viewed at wileyonlinelibrary.com]
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F IGURE 4 RRAS is a key regulator of PIEZO1-mediated HAMP gene regulation, modulating MAPK cascade and RAS-mediated signaling.
(A) Representative immunoblots of pERK1/2 in total cells lysate of PIEZO1-WT and PIEZO1-KI cells treated with Yoda-1 (15 μM for 60 min),
PIEZO1-KI treated with Yoda-1 plus GsMTx-4 (5 μM for 30 min) and PIEZO1-KI treated with U0126 for 30 and 60 min. tERK1/2 was used as the
loading control. (B) Histograms showing HAMP gene expression in PIEZO1-WT and PIEZO1-KI treated with Yoda-1 (15 μM for 60 min),
PIEZO1-KI treated with Yoda-1 plus GsMTx-4 (5 μM for 30 min), and PIEZO1-KI treated with U0126 for 30 and 60 min. Scatter dot plot showing
quantification by densitometric analysis of three separate western blots with similar results. Data are means ± standard deviation (SD) of three
independent experiments (*p < .05, **p < .01, ANOVA test and post hoc correction by Sidak's multiple comparison tests). (C) Left panel:

Representative immunoblots of RAS GTP proteins purified by affinity precipitation with the RAS binding domain (RBD) of RAF1 from total cell
lysate of PIEZO1-WT and PIEZO1-KI cells at steady state and PIEZO1-KI treated with Yoda-1 (15 μM for 60 min) or Yoda-1 plus GsMTx-4 (5 μM
for 30 min). Lanes 5 and 6 are the positive controls (cell lysate treated with GST-Raf1-RBD plus GDP or GTP); lane 7 is the negative control
(without GST-Raf1-RBD). Right panel: Quantification by densitometric analysis of three separate western blots with similar results. Data are
means ± SD (*p < .05, PIEZO1-WT vs. PIEZO1-KI; **p < .01, PIEZO1-KI vs. PIEZO1-KI + GsMTx-4; ANOVA test and post hoc correction by
Sidak's multiple comparison tests). (D) Left panel: Representative immunoblots of RAS GTP proteins purified by affinity precipitation with the RBD
of RAF1 from total cell lysate of primary murine hepatocytes (HCs) treated with vehicle, Yoda-1 (50 μM for 30 min) or Yoda-1 plus GsMTx-4
(30 μM for 30 min). Lanes 5 and 6 are the positive controls (cell lysate treated with GST-Raf1-RBD plus GDP or GTP); lane 7 is the negative
control (without GST-Raf1-RBD). Right panel: Histograms showing quantification by densitometric analysis of three separate western blots with
similar results. Data are means ± SD (*p < .05, hepatocytes + Yoda-1 vs. hepatocytes vehicle-treated by ANOVA test and post hoc correction by
Sidak's multiple comparison tests). (E) Left panel: Representative immunoblots of RAS GTP proteins purified by affinity precipitation with the RBD
of RAF1 from total cell lysate of PIEZO1-WT and PIEZO1-KI cells at steady state and PIEZO1-KI treated with Yoda-1, Yoda-1 plus GsMTx-4 or
Salirasib 25 and 100 μM. Right panel: Histograms showing HAMP gene expression in PIEZO1-WT and PIEZO1-KI treated with Yoda-1 (15 μM for
60 min), PIEZO1-KI treated with Yoda-1 plus GsMTx-4 and PIEZO1-KI treated with Salirasib 25 and 100 μM. Boxes showing quantification by
densitometric analysis of three separate Western blots with similar results. Data are means ± SD of three independent experiments. (*p < .05,
PIEZO1-WT vs. PIEZO1-KI; **p < .01, PIEZO1-KI vs. PIEZO1-KI + GsMTx-4; ANOVA test and post hoc correction by Sidak's multiple
comparison tests). (G) Left panel: Representative immunoblots of RRAS, and ferritin in total cells lysate of PIEZO1-WT and PIEZO1-KI cells
treated with Holo-transferrin (Holo-Tf) (30 μM) for 0, 2, 4, or 16 h. GAPDH is the loading control. Right panel: Quantification by densitometric
analysis of three separate Western blots with similar results. Data are means ± SD (*p < .05, **p < .01 PIEZO1-WT vs. PIEZO1-KI; ##p < .01
PIEZO1-KI 2, 4, or 6 vs. PIEZO1-KI NT [0 h]; ##p < .01 PIEZO1-KI vs. PIEZO1-WT. ANOVA test and post hoc correction by Sidak's multiple
comparison tests). (H) Histograms showing HAMP gene expression normalized to β-actin (red), and scatter dot plot showing quantification of and
RRAS protein expression in PIEZO1-KI cells treated with Holo-Tf (30 μM) for 2, 4, or 16 h. Data are means ± SD of three independent
experiments and are represented as fold on NT (##p < .01 vs. NT (0 h);°°p < .01, PIEZO1-KI 2 h vs. PIEZO1-KI 4 h, PIEZO1-KI 4 h vs. PIEZO1-KI
16 h ANOVA and PIEZO1-KI 2 h vs. PIEZO1-KI 16 h by ANOVA test and post hoc correction by Sidak's for multiple comparisons). OD, optical
density. [Color figure can be viewed at wileyonlinelibrary.com]
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HAMP gene suppression in a calcium-mediated mechanism.27 Addition-

ally, both constitutive and macrophagic-specific Piezo1 GoF mice devel-

oped age-dependent iron overload.28 Mechanotransduction has a pivotal

role in liver physiology and disease, affecting different cell types.39,40 In

HCs, mechanotransduction has been found to be essential not only in

proliferation and cell fate maintenance but also in rewire metabolism,

although molecular mechanisms are poorly understood.41,42 The conver-

sion of mechanical forces into biological signals in the HCs can implicate

static pressure, shear stress, and membrane stretch.43

To dissect the role of PIEZO1 GoF variants in the HCs, we devel-

oped an integrated multi-omics approach composed of proteomic and

transcriptomic profiles of human hepatic cell line engineered for

PIEZO1 R2456H variant (PIEZO1-KI cells). The hepatic PIEZO1-KI

model presented a GoF phenotype with an increased intracellular cal-

cium concentration and Tl+ uptake as a K+ surrogate, without alter-

ation in gene and protein expression of PIEZO1, as demonstrated in

erythrocytes.4 The pathway analysis performed on both genes and

proteins revealed that regulation of the actin cytoskeleton was a com-

monly deregulated pathway in both the proteome and transcriptome.

Mechanotransduction is a well-known mechanism inducing cytoskele-

ton remodeling and several studies demonstrated that PIEZO1 trans-

duces mechanical signals into biochemical cues through integrins, G

protein-coupled receptors, transient receptor potential ion channels,

and other intracellular pathways.43,44 To demonstrate a deregulation

in the actin cytoskeleton, we characterized stress fibers. The forma-

tion, stability, dynamics, and morphology of the stress fibers are highly

regulated by mechanical and biochemical cues. For instance, upregula-

tion of contractility, actin polymerization, and matrix adhesion pro-

mote the formation and thickening of stress fibers, whereas cell

relaxation, the inhibition of contractility, and actin cytoskeletal

disruption lead to their disassembly and disintegration.45 We found

that PIEZO1-KI cells presented an increased number of stress fibers

that appear longer than ones of PIEZO1-WT cells. Moreover, the

cytoskeleton of PIEZO1-KI cells appears more complex, presenting an

increased number of junctions compared to WT cells and, more inter-

estingly, an increased number of end-points/branches, describing a

branched-out structure that mirrors the alteration of the cytoskeleton

in response to the PIEZO1-GoF mutation.

The analysis of individual gene/protein expressions within the

actin cytoskeleton regulatory pathway revealed that most genes were

significantly deregulated in RNAseq data (25 genes vs. 6 proteins out

of 34 members of the pathway). Interestingly, we observed that only

three genes/proteins were concomitantly deregulated in both ana-

lyses, RRAS, ITGB4, and F2. Among them, only RRAS expression was

regulated in response to PIEZO1 activation and inhibition, suggesting

its potential role as a key regulator in PIEZO1-dependent intracellular

signaling deregulation. RRAS is an atypical member of the RAS sub-

family of small GTPases that enhances integrin-mediated adhesion

and signaling.46 RRAS function is related to the integrin function. It

regulates cell adhesion through integrins and downstream signaling

events, in a bi-directional mechanism, as RRAS is activated down-

stream of integrin-mediated adhesion.47 Interestingly, PIEZO1 and

RRAS have already been described as functionally associated with a

Ca2+-mediated integrin activation mechanism. Particularly, a

PIEZO1-mediated spatial regulation of RRAS has been hypothe-

sized.48 We observed that RRAS protein is included in other enriched

pathways, such as MAPK, RAP1, and RAS signaling pathways, besides

a role in axon guidance. PIEZO1-KI cells exhibited an alteration in

both MAPK and RAS signaling cascades. Firstly, we confirmed the

tight relationship between PIEZO1 activation and phosphorylation

F IGURE 5 Schematic representation of intracellular deregulation in PIEZO1-KI model. Schematic models of the intracellular pathways'
alteration leading to HAMP deregulation in PIEZO1-KI hepatic cells here described. Left panel: PIEZO1 activation, due to GoF variants or Yoda-1
treatment, induced an over-activation of small GTPase and RAS-mediated signaling that, in turn, activates MAPK cascade. In this condition, HAMP
gene expression is suppressed also because of R-SMAD downregulation. Right panel: The inhibition of the channel by GsMTx-4 molecule, RAS-
inhibition and MEK activity inhibition are able to rescue HAMP gene expression to PIEZO1-WT levels (in red). Finally, the HAMP gene over-
expression induced by Holo-transferrin (Holo-Tf) treatment inversely correlates with the protein expression of the small GTPase RRAS,
suggesting negative feedback between RAS-MAPK axis and BMP/SMAD pathway (black dotted lines). [Color figure can be viewed at
wileyonlinelibrary.com]
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levels of ERK1/2 and the inverse correlation with HAMP gene expres-

sion. Indeed, suppressing HAMP gene expression is rescued not only

by PIEZO1 inhibition but also by the inhibition of ERK phosphoryla-

tion that is sufficient to restore HAMP expression to WT levels. The

role of ERK1/2 kinases in HAMP regulation has been proven so far. It

has been demonstrated that in iron-loading conditions, a Tfr2-medi-

ated HAMP regulation occurs by inducing phosphorylation of

ERK1/2.49,50 Of note, the inhibition of ERK1/2 is less effective in

restoring HAMP expression to WT levels than the PIEZO1 inhibition

alone.

Parallelly, we observed the PIEZO1-KI cells exhibited enhanced

pan-RAS-GTPase activity compared to WT cells. This increase in

activity was completely rescued following the inhibition of PIEZO1 by

GsMTx-4 treatment, confirming that PIEZO1 directly affects the

GTPase activity, thereby modulating downstream signaling pathways.

The inhibition of RAS activation by salirasib indeed fully restored

HAMP gene expression, confirming a tight correlation between RAS

signaling and iron status. This process requires the RRAS protein, as

its inhibition by siRNA restores HAMP expression to WT levels via

ERK signaling, whose phosphorylation levels are suppressed in RRAS-

silenced conditions. Interestingly, PIEZO1 hyperactivation alone is

insufficient to counteract the effect of RRAS silencing, confirming its

pivotal role in this regulative axis. This was finally proved by inducing

HAMP expression through Holo-Tf treatment. We observed that

increased HAMP gene levels inversely correlate with the expression of

RRAS, thus confirming that RAS small GTPase activity correlates with

HAMP gene regulation.

Taking together these data established the key role of RRAS pro-

tein in regulating HAMP gene expression in response to PIEZO1 GoF

via the RAS/MAPK pathway. Herein, we demonstrated that PIEZO1

GoF at the hepatic level alters the organization of the actin cytoskele-

ton, thereby activating the intracellular RAS signaling pathway. This

activation involves RAS-related GTPases, such as RRAS, linking the

regulation of membrane integrity to the intracellular activation of

the MAPK pathway. A potential additive role of integrin-mediated sig-

naling may explain why RAS and ERK inhibitors can only partially res-

cue the phenotype, unlike the more effective GsMTx-4 treatment

(Figure 5). This suggests that additional mechanisms are involved in

this complex and finely-tuned regulation.

To the best of our knowledge, this is the first proposal of a

PIEZO1-RAS/MAPK-hepcidin axis. Understanding the role of the RAS

signaling pathway in regulating iron metabolism could be crucial for

developing new therapeutic strategies for DHS and other conditions

characterized by iron overload.
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