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ABSTRACT 26 

Background: Potassium ions (K⁺) are essential for platelet function, yet their role in 27 

thrombopoiesis—particularly through specific K⁺ channels—remains poorly understood. This 28 

gap is especially relevant in the context of in vitro platelet production from induced 29 

pluripotent stem cell (iPSC)-derived immortalized megakaryocyte progenitor cell lines 30 

(imMKCLs), which we have developed for clinical-grade platelet manufacturing. 31 

Objective: We aimed to elucidate how K⁺ channels contribute to platelet biogenesis, focusing 32 

specifically on the calcium ion (Ca²⁺)-activated K⁺ channel KCNN4 (also known as KCa3.1). 33 

Methods: Using imMKCLs and human cord blood-derived megakaryocytes (CB-34 

megakaryocytes), we analyzed intracellular cation dynamics during platelet production. RNA 35 

sequencing profiling was conducted to identify K⁺ channel gene expression changes, focusing 36 

on KCNN4. Its role in proplatelet formation and platelet release was examined using 37 

pharmacological inhibitors and gene knockdown (KD). We further investigated the link 38 

between KCNN4 and microtubule organization, mitochondrial function, and reactive oxygen 39 

species (ROS) levels. 40 

Results: A progressive decline in intracellular K⁺ concentration ([K⁺]ᵢ) was observed during 41 

the six-day maturation period of imMKCLs. KCNN4 was upregulated at onset of platelet 42 

generation, and its inhibition or KD led to impaired proplatelet formation and reduced platelet 43 

yield in both imMKCLs and CB-megakaryocytes. These effects were accompanied by 44 

decreased [K⁺]ᵢ, reduced mitochondrial membrane potential, and increased ROS 45 

accumulation. 46 
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Conclusions: Our findings reveal that the KCNN4-mediated reduction in [K⁺]ᵢ is a crucial 47 

mechanism linking cytoskeletal reorganization, mitochondrial function, and ROS homeostasis 48 

to effective thrombopoiesis. This study provides new insights into platelet biogenesis and 49 

offers potential avenues to optimize ex vivo platelet production. 50 

 51 

Keywords: megakaryocyte, platelet, potassium, mitochondria, ROS  52 
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1. INTRODUCTION 53 

Donor-derived red blood cells and platelets are routinely employed in transfusion therapy. 54 

However, aging populations in developed countries have raised growing concerns over 55 

persistent blood shortages. Compounding this issue, platelet products stored at room 56 

temperature exhibit limited efficacy and safety, restricting their shelf life to just 4 days in 57 

Japan and up to 7 days in the United States [1, 2]. As such, the ex vivo generation of red 58 

blood cells or platelets presents a promising avenue to develop safer and more sustainable 59 

alternatives to conventional donor-derived blood products [3–5]. 60 

Frequent platelet transfusions also elevate the risk of alloimmune platelet transfusion 61 

refractoriness (allo-PTR), a condition driven by alloantibodies targeting human leukocyte 62 

antigen class I (HLA-I) or human platelet antigens (HPAs) [6]. This presents a significant 63 

clinical challenge, particularly for patients with rare HLA-I or HPA types who require highly 64 

compatible donor platelets. In response, we initiated the iPLAT1 study—the first-in-human 65 

clinical trial involving ex vivo-generated platelets derived from human induced pluripotent 66 

stem cells (iPSCs). This autologous transfusion was administered to a Japanese female patient 67 

suffering from allo-PTR caused by HPA-1a alloimmunization, for whom no compatible HPA-68 

1b/1b donor could be identified in Japan [7, 8]. To enable large-scale, clinical-grade 69 

production of iPSC-derived platelets (iPSC-platelets), we established a master cell stock of 70 

megakaryocytes using imMKCLs—a series of immortalized megakaryocyte progenitor cell 71 

lines. These were generated by sequential overexpression of c-MYC, BMI1, and BCL-XL in 72 

CD34⁺ hematopoietic progenitor cells differentiated from iPSCs. The proliferation of 73 

imMKCLs is maintained under doxycycline-induced transgene expression (Dox-ON), 74 



 6 

whereas maturation and platelet shedding are promoted upon doxycycline withdrawal (Dox-75 

OFF) [9]. 76 

Although studies in megakaryopoiesis and thrombopoiesis underscore the importance of 77 

adhesion-dependent mechanisms [10], we successfully established adhesion-free, liquid 78 

culture conditions supporting both Dox-ON and Dox-OFF stage. This was achieved using a 79 

defined cocktail comprising a thrombopoietin (TPO)-mimetic peptide (TA-316), an aryl 80 

hydrocarbon receptor (AhR) antagonist, and a Rho/Rho-associated protein kinase (ROCK) 81 

inhibitor [11]. Nevertheless, the molecular mechanisms governing platelet production upon 82 

toggling the transgene expression of c-MYC, BMI1, and BCL-XL remain poorly understood  83 

[11]. Intriguingly, c-MYC has been implicated in modulating the activity of various ion 84 

channels [12, 13]. 85 

In this study, we sought to elucidate the role of ion channels in platelet biogenesis by 86 

megakaryocytes, with a particular focus on potassium ion (K⁺) channels, prompted by the 87 

distinct and continuous decline of intracellular K⁺ concentrations ([K⁺]ᵢ) during 88 

megakaryocyte maturation. Among the candidate K⁺ channels, we identified KCNN4 89 

(KCa3.1), a calcium ion (Ca²⁺)-activated K⁺-selective ion channel, as a key regulator of platelet 90 

production in both imMKCLs and human cord blood-derived megakaryocytes (CB-91 

megakaryocytes). Functional inhibition or gene silencing of KCNN4 disrupted microtubule 92 

organization, impaired proplatelet formation, reduced mitochondrial membrane potential 93 

(MMP), and elevated reactive oxygen species (ROS) in maturing imMKCLs.  94 
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2. MATERIAL AND METHODS 95 

Ethics approval 96 

The use and collection of cord blood cells from healthy volunteers with informed consent was 97 

approved by the ethics committees of Kyoto University. All experiments using human 98 

samples were conducted in accordance with the Declaration of Helsinki. 99 

 100 

2.1. Cells 101 

An immortalized megakaryocyte progenitor cell line (imMKCL, clone 7) was established 102 

from human iPSCs by introducing doxycycline-inducible defined factors and employed in 103 

previous studies [9, 11]. Human cord blood-derived CD34+ hematopoietic stem cells (HSCs) 104 

from full-term deliveries were purchased from Takara Bio or purified from cord blood 105 

obtained at Nakabe Ladies Clinic (Kyoto, Japan) or the Japanese Red Cross Kinki Cord Blood 106 

Bank. For purification, mononuclear cells were isolated using Lymphoprep (STEMCELL 107 

Technologies), and HSCs were positively selected using a CD34+ Cell Isolation Kit (Miltenyi 108 

Biotec). HSCs were frozen in 90% fetal bovine serum (FBS; Cell Culture Bioscience) and 109 

10% dimethyl sulfoxide in liquid nitrogen. 110 

 111 

2.1.1. imMKCL culture 112 

2.1.1.1. Dox-ON proliferation culture 113 

imMKCLs were cultured in a medium containing doxycycline to induce proliferation through 114 

the expression of three doxycycline-regulated transgenes: c-MYC, BMI1, and BCL-XL [9]. 115 

Cells were maintained at 37°C in a humidified incubator with 5% CO2 and passaged to 116 
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maintain a cell density between 1.0 × 105 and 2.0 × 106 cells/mL. The base medium, 117 

supplemented with 15% fetal bovine serum (FBS; Nichirei) and Cocktail A, was used for 118 

culturing. The base medium consisted of Iscove’s Modified Dulbecco’s Medium (IMDM; 119 

Sigma-Aldrich) supplemented with L-glutamine (Thermo Fisher Scientific), insulin-120 

transferrin-selenium (Thermo Fisher Scientific), 50 µg/mL ascorbic acid (Sigma-Aldrich), 121 

and 450 µM 1-thioglycerol (Sigma-Aldrich). Cocktail A included 50 ng/mL recombinant 122 

human kit ligand protein (Cusabio), 200 ng/mL TA-316 (Nissan Chemical), and 1 µg/mL 123 

doxycycline (Clontech), as previously described [11]. 124 

 125 

2.1.1.2. Dox-OFF differentiation culture 126 

The maturation of imMKCLs was conducted in a humidified incubator at 37°C with 5% CO2. 127 

Cells were maintained at a density of 1.0 × 105 cells/mL for six days. The base medium was 128 

supplemented with 15% FBS and Cocktail B. Cocktail B comprised 50 ng/mL recombinant 129 

human kit ligand protein, 200 ng/mL TA-316, 15 µM KP-457 (Kaken Pharmaceutical), 0.75 130 

µM SR-1 (Calbiochem), and 10 µM Y-27632 (Wako), as previously described [11]. 131 

 132 

2.1.2. in vitro differentiation of CB-megakaryocytes 133 

CB-megakaryocytes were differentiated using a modified version of a previously published 134 

protocol [14, 15]. Briefly, human cord blood-derived CD34+ HSCs were cultured in X-VIVO 135 

10 medium (Lonza) supplemented with 1% bovine serum albumin (BSA; StemCell 136 

Technologies), 100 ng/mL human stem cell factor (SCF; R&D Systems), 100 ng/mL human 137 

Flt-3 ligand (PeproTech EC Ltd.), 50 ng/mL human thrombopoietin (TPO; R&D Systems), 10 138 
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ng/mL human interleukin-6 (IL-6; PeproTech EC Ltd.), and 10 ng/mL human interleukin-3 139 

(IL-3; PeproTech EC Ltd.). After 9 days, cells were harvested and counted. The medium was 140 

replaced every two days during the differentiation process. A total of 1.0 × 105 cells were 141 

seeded and further cultured for 11 days in 1 mL of X-VIVO 10 medium supplemented with 142 

1% BSA, 100 ng/mL SCF, 50 ng/mL TPO, and 10 ng/mL IL-6. 143 

 144 

2.2. Reagents 145 

In this study, the following drugs were used: tetraethylammonium chloride (TEA, 5 mM; 146 

Nacalai Tesque), 3,4-diaminopyridine (3,4-DAP, 1 mM; TCI), 4-aminopyridine (4-AP, 1.5 147 

mM; Nacalai Tesque), chlorpromazine (CPZ, 1, 2, or 5 µM; Selleck), senicapoc (10, 20, or 30 148 

µM; Cayman), TRAM-34 (5, 10, or 15 µM; Cayman), and tert-butyl hydroperoxide (TBHP, 149 

50 µM; Sigma-Aldrich). For imMKCLs, drug treatments were administered during the Dox-150 

ON stage as well as on days 0 through 5 of the Dox-OFF stage. For cord blood-derived 151 

megakaryocytes (CB-megakaryocytes), senicapoc (30 µM), TRAM-34 (15 µM), or TBHP (50 152 

µM) was added starting on day 14 of differentiation. 153 

 154 

2.3. Flow cytometric analysis 155 

Flow cytometric analysis was performed using FACSVerse or FACSLyric (BD Biosciences) 156 

as previously described [9]. Data analysis was performed using FlowJo software. 157 

 158 

2.3.1. Measurement of intracellular and extracellular ion levels 159 
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Intracellular potassium (K⁺), calcium (Ca²⁺), magnesium (Mg²⁺), and sodium (Na⁺) levels 160 

([K+]i, [Ca2+]i, [Mg2+]i, and [Na+]i) were quantified using specific dyes: [K+]i with ION 161 

Potassium Green-2 AM (IPG-2 AM, final concentration 5 µM; Abcam), [Ca2+]i with Fluo-4 162 

AM (final concentration 5 µM; Invitrogen), [Mg2+]i with Magnesium Green AM (MG AM, 163 

final concentration 5 µM; Invitrogen), and [Na+]i with ION NaTRIUM Green-2 AM (ING-2 164 

AM, final concentration 5 µM; Abcam). imMKCLs were incubated under the Dox-OFF 165 

condition from days 0 to 6, with 1.0 × 105 cells collected every day and centrifuged at 400 × g 166 

for 5 minutes. Cells were suspended in phosphate buffer saline (PBS) and incubated with 167 

specific dyes described previously and an APC-anti-human CD41 antibody (BioLegend) at 168 

37°C for 30 minutes, followed by washing with PBS twice. Dead cells were excluded using 169 

propidium iodide (PI). Fluorescence intensities in CD41+ cells were determined by flow 170 

cytometry. 171 

Extracellular K+ levels ([K+]e) in the culture medium were measured using i-STAT 1, a 172 

portable blood analyzer for measuring K⁺ levels in blood samples (Abbott Japan LLC, Tokyo, 173 

Japan). 174 

 175 

2.3.2. Quantification of platelet production and ploidy level of imMKCLs 176 

For the analysis of platelet production, imMKCLs were cultured under the Dox-OFF 177 

condition for 6 days under static conditions. Subsequently, the culture medium was stained 178 

with APC-anti-human CD41 (BioLegend) and PE-anti-human CD42b (GPIbα; BioLegend) 179 

antibodies at room temperature in the dark for 20 minutes. The production of CD41+CD42b+ 180 

platelets was quantified using Trucount Tubes (BD Biosciences) via flow cytometry. As for 181 
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CB-megakaryocytes, the same antibodies were used, and flow cytometry analysis was 182 

performed on day 20 to quantify CD41+CD42b+ platelets. 183 

To analyze the ploidy levels of imMKCLs, 1.0 × 105 cells were collected on day 4 of the 184 

Dox-OFF stage and centrifuged at 400 × g for 5 minutes. Cells were fixed in 0.5% 185 

paraformaldehyde (Wako) for 15 minutes at room temperature. After rinsing with PBS, cells 186 

were treated with ice-cold methanol for 5 minutes. Following another rinse with PBS, cells 187 

were permeabilized using 0.01% Triton X-100 (Sigma-Aldrich) with 50 µg/mL PI and 0.1% 188 

RNase for 5 minutes. PI fluorescence intensities were measured using flow cytometry. 189 

 190 

2.4. RNA sequencing 191 

For imMKCLs, total RNA was isolated using an RNeasy mini kit (Qiagen). RNA integrity 192 

was assessed with a 2100 Bioanalyzer (Agilent Technologies). RNA library preparation was 193 

performed using a TruSeq Stranded mRNA Sample Prep Kit (Illumina) according to the 194 

manufacturer’s instructions. Sequencing was performed on an Illumina NextSeq500. FASTQ 195 

files were generated using bcl2fastq-2.20. Adapter sequences and low-quality bases were 196 

trimmed from the raw sequenced reads using cutadapt ver v3.4 [16]. Trimmed reads were 197 

mapped to human reference genome sequences (hg38) using STAR ver 2.7.9a [17] with 198 

GENCODE (release 32, GRCh38.p13) [18]. GTF file. Uniquely mapped reads were 199 

summarized at the gene level using htseq-count ver. 0.13.5 [19] with the GENCODE GTF 200 

file. For CB-megakaryocytes, total RNA was extracted as previously published [20]. The 201 

sequencing procedures used were similar to our recent report [20]. The expression of each 202 
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gene was calculated as fragments per kilobase of transcript per million mapped reads 203 

(FPKM). 204 

 205 

2.5. Lentiviral production and gene knockdown (KD) 206 

To construct shRNA lentiviral vectors targeting KCNH2, KCNN4, and lacZ (control), target 207 

sense and antisense sequences were designed using the BLOCK-iT RNAi Designer website 208 

(rnaidesigner.thermofisher.com/rnaiexpress/). Specific details are available in Supplementary 209 

Table S1. The use of viral vectors received approval from committees at Kyoto University. 210 

The methods for shRNA cloning and lentiviral production using the 293T system have been 211 

described previously [21]. 212 

Lentiviral vectors containing shRNA constructs (shKCNH2, shKCNN4, and shlacZ) were 213 

introduced into imMKCLs during the Dox-ON stage to construct gene KD of KCNH2, 214 

KCNN4, and lacZ, followed by selection with 500 µg/mL hygromycin B to ensure that only 215 

transduced cells remained. 216 

 217 

2.6. Quantitative RT-PCR 218 

RNA was extracted using a miRNeasy Mini Kit (QIAGEN) following the manufacturer’s 219 

instructions. cDNAs were synthesized using the ReverTra Ace qPCR RT Master Mix with 220 

gDNA Remover (TOYOBO). Real-time PCR was performed using SYBR Premix Ex Taq II 221 

(TLi RNaseH Plus) and ROX plus (TaKaRa) according to the manufacturer’s instructions. 222 

Signals were detected using the StepOnePlus Real-Time PCR System (Applied Biosystems). 223 
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Primer sequences for GAPDH, KCNH2, and KCNN4 are provided in Supplementary Table 224 

S2. 225 

 226 

2.7. Western blot 227 

Protein detection was performed using the Simple Western system (Wes; ProteinSimple), an 228 

automated capillary-based immunoassay platform. imMKCLs lysates were prepared and 229 

quantified using the BCA assay. Samples were diluted to a final concentration of 0.2 μg/μL in 230 

sample buffer and denatured at 95°C for 5 minutes. Primary antibodies against KCNN4 231 

(Rabbit, Anti-KCNN4 antibody, 1:100, Abcam, ab75956) and GAPDH (Rabbit, 1:50, 232 

D16H11, XP® Rabbit mAb, Cell Signaling #5174), and secondary HRP-conjugated 233 

antibodies were used according to the manufacturer’s instructions. Data acquisition and 234 

analysis were conducted using Compass software. 235 

 236 

2.8. Proplatelet formation 237 

After 6 days of culture under the Dox-OFF condition, proplatelet formation in imMKCLs was 238 

observed using an inverted microscope (ECLIPSE TS100, Nikon) equipped with a 40x/0.55 239 

magnification lens. Proplatelet-forming megakaryocytes were identified by the presence of 240 

long filamentous structures terminating in platelet-sized tips. 241 

 242 

2.9. Immunocytochemistry (ICC) analysis 243 

For ICC analysis, 1.0 × 105 imMKCLs at day 4 of the Dox-OFF stage were collected and 244 

fixed in 4% paraformaldehyde (Wako) for 10 minutes, then permeabilized with 0.1% Triton 245 
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X-100 (Sigma-Aldrich) for 5 minutes. Samples were subsequently blocked in 10% goat serum 246 

(Sigma-Aldrich) and incubated with primary antibodies for 1 hour: mouse anti-α-tubulin 247 

(1:1000; Abcam) and rabbit anti-β-tubulin (1:1000; Abcam). Samples were incubated with 248 

secondary antibodies for 30 minutes: Alexa Fluor 488 goat anti-rabbit IgG (1:1000; 249 

Invitrogen), Alexa Fluor 555 goat anti-mouse IgG (1:1000; Invitrogen), Alexa Fluor 647 goat 250 

anti-rabbit IgG (1:1000; Invitrogen), or with Alexa Fluor 647 phalloidin (1:40; Invitrogen), or 251 

Alexa Fluor 488 anti-TOMM20 antibody (1:1000; Abcam). Coverslips were mounted on 252 

glass slides using ibidi Mounting Medium with DAPI (ibidi), and cells were imaged using a 253 

confocal microscope (Zeiss LSM900) with a 63x/1.40 numerical aperture oil immersion 254 

objective. 255 

 256 

2.10. Live-cell imaging (LCI) 257 

Glass bottom dishes were coated with a 0.001% Poly-L-lysine solution and incubated at 37°C 258 

for at least 30 minutes. After 4 days of culture under the Dox-OFF condition, 1.0 × 105 259 

imMKCLs were collected and centrifuged at 400 × g for 5 minutes. Cells were resuspended in 260 

PBS and incubated with SPY650-tubulin (1:100; Cytoskeleton) for 30 minutes, followed by 261 

co-incubation with MitoBright LT Green (1:100; Dojindo) for an additional 30 minutes, on 262 

poly-L-lysine-coated glass bottom dishes. Subsequently, cell nuclei were stained with 263 

Hoechst 33342, and samples were imaged using a confocal microscope (LSM900, Zeiss) 264 

equipped with a 63×/1.40 numerical aperture oil immersion objective. 265 

 266 

2.11. Measurement of ROS levels 267 
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imMKCLs were incubated under Dox-OFF conditions for four days, after which 268 

1.0 × 105 cells were collected and centrifuged at 400 × g for five minutes. The cells were 269 

resuspended in PBS and incubated with 1 µM of CellROX Deep Red Reagent (Invitrogen) 270 

and FITC-anti-human CD41 antibody (BioLegend) at 37°C for 30 minutes. Dead cells were 271 

excluded using PI. The fluorescence intensities of CellROX in CD41+ cells were measured 272 

using flow cytometry. 273 

 274 

2.12. Measurement of MMP levels 275 

After incubating imMKCLs under Dox-OFF conditions for four days, 1.0 × 105 cells were 276 

collected and centrifuged at 400 × g for five minutes. The cells were resuspended in PBS and 277 

incubated with 100 nM of MitoTracker Deep Red (Invitrogen) and FITC-anti-human CD41 278 

antibody (BioLegend) at 37°C for 30 minutes. Dead cells were excluded using PI. The 279 

fluorescence intensities of MitoTracker in CD41+ cells were measured using flow cytometry.  280 
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3. RESULTS 281 

3.1. [K+]i continuously decline during imMKCL maturation 282 

We first sought to assess dynamic cation changes during imMKCL maturation. To achieve 283 

this, we applied specific dyes to detect [K+]ᵢ, [Ca²⁺]ᵢ, [Mg²⁺]ᵢ, and [Na+]ᵢ in imMKCLs. 284 

Preliminary tests identified 5 µM as the optimal concentration of each dye for imMKCLs 285 

(Supplementary Figure S1A–H). Fluorescence intensities were measured by flow cytometry 286 

over six days during the Dox-OFF maturation stage (Figure 1A-D). Given that the mean 287 

fluorescent intensity (MFI) of baseline fluorescence (F₀) in imMKCLs gradually increased, 288 

likely due to cell enlargement (Supplementary Figure S1I), we normalized the MFI after 289 

indicator dye loading by calculating the relative fluorescence level (F/F₀), as done in other 290 

studies [22]. Notably, only [K+]ᵢ progressively decreased over the same period (Figure 1E-H). 291 

Additionally, we measured extracellular potassium levels ([K+]ₑ) in the culture medium using 292 

i-STAT 1, which revealed that [K+]ₑ gradually increased during the Dox-OFF stage 293 

(Supplementary Figure S1J). In contrast, under Dox-ON conditions, [K+]ᵢ remained relatively 294 

stable over five days (Supplementary Figure S1K). 295 

 296 

3.2. Non-selective K+-related channel inhibition revealed its importance during early 297 

imMKCL maturation 298 

To assess whether the reduction in intracellular potassium concentration ([K⁺]ᵢ) is related to 299 

imMKCL maturation, we next examined the effects of non-specific pan K⁺ channel inhibitor 300 

tetraethylammonium chloride (TEA) [23], voltage-gated K⁺ channel inhibitors, 3,4-301 

diaminopyridine (3,4-DAP) [24], and 4-aminopyridine (4-AP) [25]. The proliferation and 302 
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viability of imMKCLs were unaffected by any of these inhibitors during the five-day Dox-ON 303 

culture (Supplementary Figures S2A–E). 304 

When inhibitors were administered from day 0 of the Dox-OFF stage, a significant reduction 305 

in platelet yield was observed by day 6 (Figure 2A-C), with no effect on ploidy levels (Figure 306 

2D). Furthermore, TEA treatment did not significantly alter the expression of differentiation 307 

markers CD41 and CD42b on day 4 of the Dox-OFF stage, suggesting a limited impact on 308 

imMKCL differentiation (Supplementary Figure S2F). Interestingly, when drug 309 

administration was applied from days 0 to 5, encompassing a full 6-day Dox-OFF culture 310 

period (Supplementary Figure S2G), inhibitory effects were only evident when inhibitors 311 

were added between days 0 and 2. This finding indicates that K⁺ channels play a critical role 312 

in the early stages of imMKCL maturation (Figure 2E-G). 313 

 314 

3.3. Similar K+ channel expression between imMKCLs and CB-megakaryocytes 315 

To identify the corresponding K+-related channel vital to human platelet biogenesis, we 316 

referred to the gene expression profiles of several K+-related channels of imMKCLs (Dox-ON 317 

on day 0 and Dox-OFF on days 1 to 4) and CB-megakaryocytes (CD34+CD41+ on day 10, 318 

CD41+ on day 17, and CD41+CD42b+ on day 22) (Figures 3A, B and Supplementary Figure 319 

S3A, B). Based on the suggested importance of K+-related channels during early time points 320 

(Figure 2E-G), we focused on KCNH2 (HERG, known as a causal gene of long QT 321 

syndrome) [26, 27] and KCNN4 (KCa3.1, Ca2+-activated K+ channel) [28]. Notably, the 322 

expression of KCNH2 and KCNN4 decreased gradually from day 0 to day 6 (Figure 3A, B). 323 

 324 
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3.4. KCNN4 inhibition decreased platelet production in imMKCLs and CB-325 

megakaryocytes 326 

Three different concentrations of the KCNH2-specific inhibitor chlorpromazine (CPZ) [29] or 327 

direct KD of KCNH2 did not affect platelet production (Supplementary Figure S4A-C). In 328 

contrast, the administration of KCNN4-specific inhibitors, senicapoc [30] or TRAM-34 [31], 329 

led to a dose-dependent decrease in platelet production (Figure 4A, B). Importantly, this 330 

decrease in platelet production was not attributed to drug toxicity or induced cell death, as 331 

indicated by Annexin V/PI staining (Supplementary Figure S4D-F). The inhibitory effects of 332 

these two drugs were independent of ploidy levels (Figure 4C, D; Supplementary Figure S4G, 333 

H). Similar to TEA, senicapoc treatment did not significantly alter CD41 and CD42b 334 

expression at day 4 of the Dox-OFF stage (Supplementary Figure S4I). KCNN4 KD also 335 

reduced platelet production (Figure 4E-H), which was not due to toxicity-induced cell death 336 

(Supplementary Figure S4J), and did not affect ploidy (Figure 4I; Supplementary Figure 337 

S4K). We confirmed that KCNN4 KD significantly impaired the decline of [K⁺]ᵢ without 338 

influencing [Ca²⁺]ᵢ (Figure 4J, K). To determine if KCNN4 dependency in the thrombopoietic 339 

process also applies to human naïve megakaryocytes, we tested the effects of senicapoc or 340 

TRAM-34 on CB-megakaryocytes (Supplementary Figure S4L). The results suggest that 341 

KCNN4 is similarly crucial for platelet production from human naïve megakaryocytes (Figure 342 

4L, M). 343 

 344 

3.5. KCNN4 inhibition or KD showed impaired proplatelet formation and tubulin 345 

localization in maturing imMKCLs 346 
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To gain insights into how KCNN4 inhibition or KD interferes with the maturation process, we 347 

performed microscopic analyses of imMKCLs. In line with the absence of any changes in 348 

ploidy, neither senicapoc administration nor KCNN4 KD altered cell enlargement. However, 349 

both treatments led to a reduction in proplatelet formation (Figure 5A, B). Microtubule 350 

remodeling is structurally essential for cytoplasmic extension and the subsequent formation of 351 

proplatelets in maturing megakaryocytes [32]. To understand why KCNN4 inhibition or KD 352 

diminished proplatelet formation, we conducted ICC of β-tubulin and F-actin (phalloidin) 353 

after cell fixation. Supplementary Figure S5A and Figure 5C show the highly polarized and 354 

asymmetric accumulation of microtubules—α-tubulin and β-tubulin in senicapoc-treated 355 

imMKCLs, and β-tubulin in KCNN4 KD (shKCNN4) imMKCLs—but not F-actin. This 356 

accumulation was quantified by fluorescence intensity in the horizontal plane (Figure 5D) and 357 

shows a significant difference (Supplementary Figure S5B and Figure 5E), thus indicating 358 

dysregulated microtubule remodeling. 359 

 360 

3.6. Excessive ROS levels generated by KCNN4 KD may reduce platelet production in 361 

imMKCLs and CB-megakaryocytes 362 

The KCNN4-specific inhibitor, TRAM-34, has previously been reported to increase 363 

intracellular ROS levels in the HepG2 hepatocellular carcinoma cell line [33]. Elevated ROS 364 

levels are, in turn, known to interfere with the assembly of free tubulin and disrupt 365 

microtubule dynamics [34]. To investigate whether similar effects occur in imMKCLs, we 366 

examined the temporal changes in ROS levels during maturation in both mock (shlacZ) and 367 

shKCNN4 imMKCLs. We observed significantly higher ROS levels in the shKCNN4 cells 368 
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throughout the 6-day maturation period (Figure 6A, B), suggesting that the polarized and 369 

asymmetric accumulation or aggregation of tubulin may result from the elevated ROS levels 370 

in these cells. To confirm whether excessive ROS levels contribute to the diminished platelet 371 

production observed in imMKCLs and CB-megakaryocytes, we treated cells with the ROS 372 

inducer tert-butyl hydroperoxide (TBHP) [35]. The viability of imMKCLs was unaffected by 373 

50 µM TBHP treatment during the five days of Dox-ON culture (Supplementary Figures 374 

S6A, B). As expected, TBHP treatment elevated ROS levels in imMKCLs (Figure 6C) and 375 

led to a reduction in platelet production in both imMKCLs (Figure 6D) and CB-376 

megakaryocytes (Figure 6E). Importantly, the inhibitory action of TBHP was independent of 377 

ploidy levels in imMKCLs (Supplementary Figures S6C). 378 

 379 

3.7. Decreased MMP in maturing shKCNN4 imMKCLs 380 

Studies have demonstrated that excessively high or low MMP are associated with 381 

dysregulated ROS production [36–38]. Interestingly, our confocal imaging studies revealed 382 

the colocalization of dysregulated tubulin and mitochondria in shKCNN4 imMKCLs through 383 

ICC analysis of fixed cells and LCI (Figure 7A, B). Sequential MMP measurements revealed 384 

that KCNN4 KD decreased MMP from day 0 (Figure 7C, D), suggesting that damaged 385 

mitochondria colocalizing with dysregulated tubulin caused the excessive levels of ROS in 386 

imMKCLs with KCNN4 KD. A similar phenomenon was also observed in TBHP-treated 387 

imMKCLs (Supplementary Figure S7A).  388 
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4. Discussion 389 

We previously established the imMKCL system for the ex vivo production of iPSC-derived 390 

platelets and successfully completed the first-in-human clinical trial [7]. However, the 391 

molecular mechanisms by which imMKCLs transition from a proliferative state—induced by 392 

transient overexpression of c-MYC, BCL-XL, and BMI1 during the doxycycline-induced 393 

(Dox-ON) stage—to a maturation state conducive to platelet generation during the Dox-OFF 394 

stage remain incompletely understood. In the present study, whereas we observed a gradual 395 

and sustained decline in [K⁺]ᵢ from day 0 to day 6 during imMKCL maturation, [Ca²⁺]ᵢ, 396 

[Mg²⁺]ᵢ, and [Na⁺]ᵢ remained relatively stable throughout the same period (Figure 1). Notably, 397 

pharmacological inhibition of K⁺ channels at early culture time points (days 0, 1, and 2)—398 

corresponding to the transition between proliferation and maturation—critically impairs 399 

subsequent platelet biogenesis (Figure 2). Among several K⁺ channel candidates, KCNN4 400 

(KCa3.1), a Ca²⁺-activated K⁺ channel, was highly expressed during this critical transition 401 

stage in imMKCLs (Figure 3A). Functional disruption of KCNN4 led to a significant 402 

reduction in platelet production (Figure 4), primarily due to impaired proplatelet formation 403 

(Figure 5). Further investigation revealed that KCNN4 plays a pivotal role in preserving 404 

proper tubulin architecture, maintaining MMP, and modulating ROS levels—all shown to be 405 

essential for efficient proplatelet formation (Figures 5–7). A similar role for KCNN4 is 406 

suggested in CB-megakaryocytes, as KCNN4 expression was elevated during early maturation 407 

stages (Figure 3B), and its inhibition similarly suppressed platelet production (Figure 4). 408 

In excitable cells such as neurons and muscle cells, K⁺ efflux through potassium channels is a 409 

key mechanism for hyperpolarization following depolarization mediated by Na⁺ and Ca²⁺ 410 
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influx. In human platelets, the functional role of KCNN4 has been characterized by whole-411 

cell patch-clamp techniques [28, 39] and implicated in enhancing procoagulant activity 412 

through K⁺ efflux [40]. However, the temporal dynamics and regulatory function of KCNN4 413 

during platelet biogenesis have remained largely unexplored in megakaryocytes, which are 414 

typically used as surrogate models for platelet studies [41]. In this study, we systematically 415 

monitored daily fluctuations in [K+]i, [Ca2+]i, [Mg2+]i, and [Na+]i during megakaryocyte 416 

maturation. 417 

Another K⁺ channel, KCNMA1 (KCa1.1), is highly expressed in megakaryocytes and platelets 418 

[42]. However, our RNA sequencing revealed the absence of KCNMA1 in imMKCLs and 419 

negligible expression in CB-megakaryocytes (Figure 3A, B). Conversely, KCNA3 (KV1.3), 420 

previously described as a key regulator of resting membrane potential in platelets [43], 421 

showed increasing expression during CB-megakaryocyte maturation (Supplementary Figure 422 

S3B), which aligns with earlier findings [43]. Yet, its expression remained consistently low in 423 

imMKCLs (Supplementary Figure S3A), supporting the notion that KCNN4 may be the 424 

predominant K⁺ channel in this system to drive platelet biogenesis. 425 

KCNN4 has also been implicated in cell cycle regulation, particularly in promoting a 426 

prolonged G1 phase followed by increased G1/S and G2/M transitions in various cellular 427 

contexts [44–49]. In parallel, a recent study by Italiano and colleagues demonstrated that 428 

megakaryocytes initiate proplatelet formation during the G1 phase via tubulin-mediated 429 

centrosome clustering, facilitating efficient platelet production [50]. Our work has shown that 430 

rapid proliferation during the Dox-ON stage in imMKCLs is tightly coupled with enhanced 431 

platelet output during the subsequent Dox-OFF maturation stage [51]. Hence, altogether, 432 
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these findings suggest that KCNN4 may contribute to a prolonged G1 phase in imMKCLs, 433 

thereby promoting proplatelet formation and subsequent platelet generation. Nonetheless, the 434 

mechanistic link between G1 phase dynamics, K⁺ efflux, and [K+]i during the proliferation-to-435 

maturation transition remains to be elucidated. 436 

Interestingly, KCNN4 has been reported to localize to mitochondria in various cell types [52–437 

54], and its suppression has been associated with elevated superoxide levels and increased 438 

intracellular ROS [33, 55], suggesting a potential mitochondrial role in megakaryocytes as 439 

well—an avenue we aim to explore in future studies. 440 

Tubulin, composed of α- and β-subunits, contains 12 and 8 cysteine residues, respectively, 441 

rendering it susceptible to oxidative modifications by both endogenous and exogenous ROS 442 

[56–58]. Superoxide can react with nitric oxide (NO) to generate peroxynitrite (ONOO⁻), 443 

which modifies tubulin cysteines [58, 59]. While physiological ROS levels facilitate tubulin 444 

polymerization, excessive ROS may disrupt normal microtubule dynamics [60]. Prior studies 445 

have demonstrated that KCNN4 inhibition leads to abnormal hyperpolarization, 446 

mitochondrial dysfunction, reduced MMP, and elevated ROS production [33, 55, 61]. These 447 

findings parallel our observations in shKCNN4 imMKCLs, where we noted impaired 448 

proplatelet formation (Figure 5), disrupted tubulin organization (Figure 5), elevated ROS 449 

(Figure 6), and diminished MMP (Figure 7). Moreover, tubulin has been shown to regulate 450 

MMP via its interaction with mitochondrial ion channels [62], underscoring the 451 

interconnected roles of ROS, mitochondria, and cytoskeletal dynamics in platelet biogenesis. 452 

In summary, our findings demonstrate that the disruption of KCNN4 function in maturing 453 

megakaryocytes hinders the physiological decline of [K+]i, leading to mitochondrial 454 
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dysfunction, excessive ROS generation, and impaired microtubule reorganization necessary 455 

for proplatelet formation—ultimately resulting in reduced platelet production (see lower 456 

panel, Figure 8). These insights illuminate a previously underappreciated molecular pathway 457 

in platelet biogenesis, with potential implications for optimizing ex vivo platelet production 458 

and understanding the pathogenesis of thrombocytopenic disorders.  459 
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Figure Legends (main figures) 491 

FIGURE 1 Intracellular Ion Dynamics in Immortalized Megakaryocyte Progenitor Cell 492 

Lines (imMKCLs) During Maturation, Assessed by Flow Cytometry 493 

(A–D) Representative flow cytometry histograms showing intracellular potassium (K⁺), 494 

calcium (Ca²⁺), magnesium (Mg²⁺), and sodium ion (Na⁺) levels ([K+]i, [Ca2+]i, [Mg2+]i, and 495 

[Na+]i) in imMKCLs. Cells were stained with the following ion-sensitive fluorescent probes: 496 

(A) ION Potassium Green-2 AM (IPG-2 AM, 5 μM), (B) Fluo-4 AM (5 μM), (C) Magnesium 497 

Green AM (MG AM, 5 μM), and (D) ION NaTRIUM Green-2 AM (ING-2 AM, 5 μM), 498 

vehicle control using dimethyl sulfoxide (DMSO). (E–H) The quantification of intracellular 499 

ion concentrations during the Dox-OFF maturation stage (days 0 to 6). Relative fluorescence 500 

intensities (F/F₀) were used as a proxy for (E) [K+]i, (F) [Ca2+]i, (G) [Mg2+]i, and (H) [Na+]i, 501 

as measured using the respective indicators. Fluorescence values on day 0 of Dox-OFF were 502 

normalized to 100%. n ≥ 3; data represent independent experiments and are expressed as 503 

mean ± standard deviation (SD). 504 

 505 

FIGURE 2 Effects of Ion Channel Inhibitors on Platelet Production and Ploidy in 506 

imMKCLs 507 

(A) Representative flow cytometric dot plots showing expression of CD41 and CD42b in 508 

platelets derived from imMKCLs on day 6 of the Dox-OFF stage, following treatment with 509 

either double-distilled water (DDW) as vehicle control or 5 mM tetraethylammonium chloride 510 

(TEA), a non-selective potassium channel inhibitor. Quantification of CD41⁺CD42b⁺ platelet 511 

counts is shown, with TEA-treated samples compared to DDW controls. n > 3; data represent 512 
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independent experiments and are expressed as mean ± SD. Statistical significance was 513 

determined by unpaired t-test; ***P < 0.001. (B, C) Quantification of CD41⁺CD42b⁺ platelets 514 

on day 6 following treatment with (B) 1 mM 3,4-diaminopyridine (3,4-DAP) or vehicle 515 

control (DMSO), and (C) 1.5 mM 4-aminopyridine (4-AP) or vehicle control (DDW). n ≥ 3; 516 

data represent independent experiments and are expressed as mean ± SD. Statistical 517 

significance was determined by unpaired t-test; **P < 0.01, ****P < 0.0001. (D) 518 

Representative histograms depicting DNA ploidy levels of imMKCLs on day 4 of the Dox-519 

OFF stage after treatment with either 5 mM TEA or DDW. Quantification of ploidy 520 

distributions is included. n > 3; data represent independent experiments and are expressed as 521 

mean ± SD. (E–G) Time-course analyses of platelet production from imMKCLs treated with 522 

(E) 5 mM TEA, (F) 1 mM 3,4-DAP, or (G) 1.5 mM 4-AP during the Dox-OFF stage. Each 523 

compound was administered once at the indicated time point (days 0 to 5), and CD41⁺CD42b⁺ 524 

platelet output was evaluated on day 6 to determine the critical window for inhibition. n ≥ 3; 525 

data represent independent experiments and are expressed as mean ± SD. Statistical 526 

significance was determined by ordinary one-way ANOVA; *P < 0.05, **P < 0.01, ****P < 527 

0.0001. 528 

 529 

FIGURE 3 Representative RNA Expression Profiles of imMKCLs During Dox-OFF 530 

Maturation and Human Cord Blood-Derived Megakaryocytes (CB-megakaryocytes) 531 

(A) Transcriptomic analysis of imMKCLs during the Dox-OFF stage (days 0 to 4). Total 532 

RNA was extracted at each time point, and gene expression levels for selected targets are 533 

shown as fragments per kilobase of transcript per million mapped reads (FPKM). (B) Gene 534 
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expression profiles of megakaryocytes differentiated from human cord blood CD34⁺ 535 

hematopoietic stem cells. RNA was isolated at three distinct stages of in vitro differentiation: 536 

day 10 (CD34⁺CD41⁺), day 17 (CD41⁺), and day 22 (CD41⁺CD42b⁺). Expression levels of 537 

selected genes are displayed as FPKM values. 538 

 539 

FIGURE 4 Effects of KCNN4 Inhibition and Knockdown (KD) on Platelet Production, 540 

Ploidy, and Ion Homeostasis in imMKCLs and CB-Megakaryocytes 541 

(A, B) Quantification of CD41⁺CD42b⁺ platelets derived from imMKCLs on day 6 of the 542 

Dox-OFF stage following treatment with (A) 10, 20, or 30 μM senicapoc or vehicle control 543 

(DMSO), and (B) 5, 10, or 15 μM TRAM-34 or vehicle control (DMSO). n ≥ 3; data 544 

represent independent experiments and are expressed as mean ± SD. Statistical significance 545 

was determined by ordinary one-way ANOVA; *P < 0.05, **P < 0.01, ****P < 0.0001. (C, 546 

D) DNA ploidy profiles of imMKCLs on Dox-OFF day 4 following treatment with 30 μM 547 

senicapoc or 15 μM TRAM-34 compared to DMSO. n ≥ 3; data represent independent 548 

experiments and are expressed as mean ± SD. (E) KCNN4 mRNA expression in imMKCLs 549 

transduced with either control shRNA (shlacZ) or KCNN4-targeting shRNA (shKCNN4) 550 

during the Dox-ON stage. Expression in shlacZ cells was normalized to 1. n > 3; data 551 

represent independent experiments and are expressed as mean ± SD. Statistical significance 552 

was determined by unpaired t-test; ****P < 0.0001. (F) Representative Simple Western 553 

immunoassay of KCNN4 and GAPDH in shlacZ and shKCNN4 imMKCLs on Dox-OFF day 554 

4. (G) Quantification of KCNN4 protein expression normalized to GAPDH. n > 3; data 555 

represent independent experiments and are expressed as mean ± SD. Statistical significance 556 
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was determined by unpaired t-test; *P < 0.05. (H) Quantification of CD41⁺CD42b⁺ platelet 557 

output from shlacZ and shKCNN4 imMKCLs on Dox-OFF day 6. n > 3; data represent 558 

independent experiments and are expressed as mean ± SD. Statistical significance was 559 

determined by unpaired t-test; ****P < 0.0001. (I) Corresponding DNA ploidy profiles on 560 

Dox-OFF day 4. n > 3; data represent independent experiments and are expressed as mean ± 561 

SD. (J, K) Temporal analysis of intracellular ion levels in shlacZ and shKCNN4 imMKCLs 562 

during Dox-OFF maturation (days 0–6), as measured by (J) IPG-2 AM (5 μM) for [K⁺]ᵢ and 563 

(K) Fluo-4 AM (5 μM) for [Ca²⁺]ᵢ. Fluorescence intensities were normalized to day 0 (set as 564 

100%). n > 3; data represent independent experiments and are expressed as mean ± SD. 565 

Statistical significance was determined by two-way ANOVA; not significant (ns), *P < 0.05, 566 

**P < 0.01, ***P < 0.001. (L, M) CD41⁺CD42b⁺ platelet production from CB-567 

megakaryocytes on day 20 following treatment with (L) 30 μM senicapoc or vehicle control 568 

(DMSO), and (M) 15 μM TRAM-34 or vehicle control (DMSO). n > 3; data represent 569 

independent experiments and are expressed as mean ± SD. Statistical significance was 570 

determined by unpaired t-test; *P < 0.05, **P < 0.01. 571 

 572 

FIGURE 5 Impaired Proplatelet Formation and Cytoskeletal Disruption in KCNN4 KD 573 

imMKCLs 574 

(A, B) Representative phase-contrast images of proplatelet formation in imMKCLs on day 6 575 

of the Dox-OFF stage, captured using an inverted microscope. (A) Cells treated with 30 μM 576 

senicapoc or DMSO. White arrowheads indicate proplatelet formation in DMSO. (B) 577 

shKCNN4 and shlacZ imMKCLs. White arrowheads indicate proplatelet formation in shlacZ 578 
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imMKCLs. Scale bar: 50 μm. Quantification of proplatelet-forming cells is shown for each 579 

condition. More than 30 fields of view were analyzed per group. n ≥ 3; data represent 580 

independent experiments and are expressed as mean ± SD. Statistical significance was 581 

determined by unpaired t-test; **P < 0.01, ***P < 0.001. (C) Representative 582 

immunocytochemistry (ICC) images of shlacZ and shKCNN4 imMKCLs on Dox-OFF day 4. 583 

Cells were stained with rabbit anti–β-tubulin antibody (green), Alexa Fluor 647–conjugated 584 

phalloidin (purple), and DAPI (blue). Scale bar: 10 μm. White arrowheads indicate the biased 585 

localization of β-tubulin in shKCNN4 imMKCLs. (D) Quantification of β-tubulin 586 

fluorescence intensity in shlacZ and shKCNN4 imMKCLs. (E) The proportion of cells 587 

exhibiting polarized and asymmetric β-tubulin distribution on Dox-OFF day 4. More than 20 588 

fields of view were analyzed per sample. n = 3; data represent independent experiments and 589 

are expressed as mean ± SD. Statistical significance was determined by unpaired t-test; **P < 590 

0.01. 591 

 592 

FIGURE 6 Intracellular Reactive Oxygen Species (ROS) Accumulation and Its Effects 593 

on Platelet Production in imMKCLs and CB-Megakaryocytes 594 

(A) Representative flow cytometric histograms showing intracellular ROS levels in shlacZ 595 

and shKCNN4 imMKCLs. Cells were stained with 1 μM CellROX Deep Red on Dox-OFF 596 

day 4. (B) Temporal analysis of ROS levels in shlacZ and shKCNN4 imMKCLs from day 0 to 597 

day 6 of the Dox-OFF stage. ROS levels are presented as mean fluorescence intensity (MFI). 598 

n = 3; data represent independent experiments and are expressed as mean ± SD. Statistical 599 

significance was determined by two-way ANOVA; *P < 0.05, **P < 0.01. (C) Time-course 600 
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of ROS levels in imMKCLs treated with 50 μM tert-butyl hydroperoxide (TBHP) or vehicle 601 

control (DMSO) during Dox-OFF maturation (days 0–6), assessed by MFI of CellROX Deep 602 

Red. n > 3; data represent independent experiments and are expressed as mean ± SD. 603 

Statistical significance was determined by two-way ANOVA; *P < 0.05, **P < 0.01. (D) 604 

Quantification of CD41⁺CD42b⁺ platelets derived from imMKCLs on day 6 following 605 

treatment with 50 μM TBHP or DMSO. n > 3; data represent independent experiments and 606 

are expressed as mean ± SD. Statistical significance was determined by unpaired t-test; ****P 607 

< 0.0001. (E) CD41⁺CD42b⁺ platelet output from CB-derived megakaryocytes on day 20 608 

following exposure to 50 μM TBHP or DMSO. n > 3; data represent independent experiments 609 

and are expressed as mean ± SD. Statistical significance was determined by unpaired t-test; 610 

**P < 0.01. 611 

 612 

FIGURE 7 Disrupted Mitochondrial Membrane Potential (MMP) and Altered 613 

Microtubule Architecture in KCNN4 KD imMKCLs 614 

(A) Representative ICC images of shlacZ and shKCNN4 imMKCLs on day 4 of the Dox-OFF 615 

stage. Cells were stained with mouse anti–α-tubulin (red), rabbit anti–β-tubulin (green), Alexa 616 

Fluor 488–conjugated anti-TOMM20 (purple), and DAPI (blue). Scale bar: 10 μm. White 617 

arrowheads indicate the biased localization of α-tubulin, β-tubulin, or TOMM20 in shKCNN4 618 

imMKCLs. (B) Representative live-cell imaging (LCI) images of shlacZ and shKCNN4 619 

imMKCLs on Dox-OFF day 4, stained with SPY650-tubulin (green), MitoBright LT Green 620 

(purple), and Hoechst 33342 (blue). Scale bar: 10 μm. White arrowheads indicate the biased 621 

localization of β-tubulin or mitochondria in shKCNN4 imMKCLs. (C) Representative 622 
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histograms from flow cytometric analysis of MMP in shlacZ and shKCNN4 imMKCLs 623 

stained with 100 nM MitoTracker Deep Red. (D) Temporal quantification of MMP presented 624 

as MFI in shlacZ and shKCNN4 imMKCLs throughout the Dox-OFF stage (days 0 to 6). n = 625 

3; data represent independent experiments and are expressed as mean ± SD. Statistical 626 

significance was determined by two-way ANOVA; *P < 0.05, **P < 0.01. 627 

 628 

FIGURE 8 Schematic Overview Showing How KCNN4 Inhibition and KD Affect 629 

Platelet Production in imMKCLs 630 

During the Dox-OFF stage, imMKCLs gradually mature into proplatelets that eventually 631 

differentiate into platelets. This maturation process is accompanied by a decline in [K⁺]ᵢ. 632 

Inhibition or gene KD of KCNN4 impedes K⁺ efflux, disrupts mitochondrial function, leads to 633 

elevated ROS levels, and causes abnormal tubulin accumulation. These disturbances 634 

ultimately result in impaired proplatelet formation and reduced platelet production. 635 

636 
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Supplementary Information 26 

Supplementary FIGURE S1 Optimization of Ion-Sensitive Dye Concentrations and 27 

Intracellular Ion Level Assessment in Immortalized Megakaryocyte Progenitor Cell 28 

Lines (imMKCLs) 29 

(A) Representative flow cytometry histograms showing mean fluorescent intensity (MFI) in 30 

imMKCLs stained with ION Potassium Green-2 AM (IPG-2 AM) at concentrations of 50 nM, 31 

500 nM, 5 µM, and 50 µM, vehicle control using dimethyl sulfoxide (DMSO). The bar graph 32 

represents the relative fluorescence level F/F₀. n = 3; data represent independent experiments 33 

and are expressed as mean ± standard deviation (SD). Statistical significance was determined 34 

by ordinary one-way ANOVA; ns, not significant; ****P < 0.0001. (B) The proportion of 35 

dead imMKCLs treated with IPG-2 AM at the indicated concentrations was assessed by 36 

propidium iodide (PI) staining. n = 3; data represent independent experiments and are 37 

expressed as mean ± SD. Statistical significance was determined by ordinary one-way 38 

ANOVA; ns, not significant; ****P < 0.0001. (C) Relative fluorescence levels F/F₀ in 39 

imMKCLs stained with Fluo-4 AM at concentrations of 50 nM, 500 nM, 5 µM, 50 µM, or 40 

DMSO. n ≥ 3; data represent independent experiments and are expressed as mean ± SD. 41 

Statistical significance was determined by ordinary one-way ANOVA; ns, not significant; *P 42 

< 0.05, ****P < 0.0001. (D) The proportion of dead imMKCLs treated with Fluo-4 AM at the 43 

indicated concentrations was assessed by PI staining. n ≥ 3; data represent independent 44 

experiments and are expressed as mean ± SD. Statistical significance was determined by 45 

ordinary one-way ANOVA; ns, not significant; *P < 0.05. (E) Relative fluorescence levels 46 

F/F₀ in imMKCLs stained with Magnesium Green AM (MG AM) at concentrations of 50 nM, 47 
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500 nM, 5 µM, 10 µM, or DMSO. n ≥ 3; data represent independent experiments and are 48 

expressed as mean ± SD. Statistical significance was determined by ordinary one-way 49 

ANOVA; ns, not significant; ***P < 0.001, ****P < 0.0001. (F) The proportion of dead 50 

imMKCLs treated with MG AM at the indicated concentrations was assessed by PI staining. n 51 

≥ 3; data represent independent experiments and are expressed as mean ± SD. Statistical 52 

significance was determined by ordinary one-way ANOVA; ns, not significant; *P < 0.05, 53 

***P < 0.001. (G) Relative fluorescence levels F/F₀ in imMKCLs stained with ION 54 

NaTRIUM Green-2 AM (ING-2 AM) at 50 nM, 500 nM, 5 µM, and 50 µM, or DMSO. n ≥ 3; 55 

data represent independent experiments and are expressed as mean ± SD. Statistical 56 

significance was determined by ordinary one-way ANOVA; ns, not significant; ***P < 0.001. 57 

(H) The proportion of dead imMKCLs treated with ING-2 AM at the indicated concentrations 58 

was assessed by PI staining. n ≥ 3; data represent independent experiments and are expressed 59 

as mean ± SD. Statistical significance was determined by ordinary one-way ANOVA; ns, not 60 

significant; *P < 0.05. (I) MFI representing baseline fluorescence F₀ in imMKCLs during the 61 

Dox-OFF stage (days 0 to 6). n > 3; data represent independent experiments and are 62 

expressed as mean ± SD. (J) Extracellular potassium ion (K⁺) level ([K⁺]ₑ) in the culture 63 

medium of imMKCLs during the Dox-OFF stage, measured using an i-STAT 1 device 64 

(cartridge using EG6+; Abbott). n > 3; data represent independent experiments and are 65 

expressed as mean ± SD. (K) Intracellular K⁺ level ([K⁺]ᵢ) in imMKCLs over the 5-day Dox-66 

ON stage, shown as relative fluorescence level F/F₀. n > 3; data represent independent 67 

experiments and are expressed as mean ± SD. 68 

 69 
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Supplementary FIGURE S2 Experimental Design and Cell Proliferation Analysis in 70 

imMKCLs Treated with Ion Channel Inhibitors 71 

(A) Schematic overview of the cytotoxicity assay using potassium channel inhibitors: 5 mM 72 

tetraethylammonium chloride (TEA), 1 mM 3,4-diaminopyridine (3,4-DAP), and 1.5 mM 4-73 

aminopyridine (4-AP). (B, D) Cell proliferation rates of imMKCLs during the Dox-ON stage 74 

in the presence or absence of (B) 5 mM TEA or double distilled water (DDW) as vehicle 75 

control, or (D) 1 mM 3,4-DAP or dimethyl sulfoxide (DMSO) as vehicle control. n > 3; data 76 

represent independent experiments and are expressed as mean ± SD. (C, E) Cytotoxicity 77 

analysis via Annexin V and PI staining. Apoptotic and dead cell ratios in imMKCLs treated 78 

with (C) 5 mM TEA or DDW, (E) 1 mM 3,4-DAP or DMSO. n = 3; data represent 79 

independent experiments and are expressed as mean ± SD. Statistical significance was 80 

determined by unpaired t-test; ns, not significant. (F) Percentage of CD41⁺CD42b⁺ cells on 81 

day 4 of the Dox-OFF stage after treatment with 5 mM TEA or DDW. n = 3; data represent 82 

independent experiments and are expressed as mean ± SD. Statistical significance was 83 

determined by unpaired t-test; ns, not significant. (G) Experimental design for daily treatment 84 

of imMKCLs with 5 mM TEA or DDW during the Dox-OFF stage (days 0 to 5). 85 

 86 

Supplementary FIGURE S3 Representative RNA Expression Profiles of Dox-OFF Stage 87 

in imMKCLs and Human Cord Blood-Derived Megakaryocytes (CB-megakaryocytes) 88 

(A) Transcriptomic analysis of imMKCLs during the Dox-OFF stage (days 0 to 4). Total 89 

RNA was extracted at each time point, and gene expression levels for selected targets are 90 

shown as fragments per kilobase of transcript per million mapped reads (FPKM). (B) Gene 91 
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expression profiles of megakaryocytes differentiated from human cord blood CD34⁺ 92 

hematopoietic stem cells. RNA was isolated at three distinct stages of in vitro differentiation: 93 

day 10 (CD34⁺CD41⁺), day 17 (CD41⁺), and day 22 (CD41⁺CD42b⁺). Expression levels of 94 

selected genes are displayed as FPKM values. 95 

 96 

Supplementary FIGURE S4 Effects of Chlorpromazine (CPZ) and KCNN4 Inhibition 97 

on Platelet Production, Cytotoxicity, and Gene Expression in imMKCLs 98 

(A) Quantification of CD41⁺CD42b⁺ platelets derived from imMKCLs on day 6 of the Dox-99 

OFF stage following treatment with 1, 2, and 5 µM CPZ or vehicle control (DMSO). n > 3; 100 

data represent independent experiments and are expressed as mean ± SD. Statistical 101 

significance was determined by ordinary one-way ANOVA; not significant (ns). (B) KCNH2 102 

mRNA expression in imMKCLs transduced with either control shRNA (shlacZ) or KCNH2-103 

targeting shRNA (shKCNH2) during the Dox-ON stage. Expression in shlacZ cells was 104 

normalized to 1. n > 3; data represent independent experiments and are expressed as mean ± 105 

SD. Statistical significance was determined by unpaired t-test; ****P < 0.0001. (C) 106 

Quantification of CD41⁺CD42b⁺ platelet output from shlacZ and shKCNH2 imMKCLs on 107 

Dox-OFF day 6. n > 3; data represent independent experiments and are expressed as mean ± 108 

SD. Statistical significance was determined by unpaired t-test; not significant (ns). (D) 109 

Schematic overview of the cytotoxicity assay using KCNN4 inhibitors: 30 µM senicapoc and 110 

15 µM TRAM-34. (E, F) Cytotoxicity analysis via Annexin V and PI staining. Apoptotic and 111 

dead cell ratios in imMKCLs treated with (E) 30 µM senicapoc or vehicle control (DMSO), 112 

and (F) 15 µM TRAM-34 or vehicle control (DMSO). n ≥ 3; data represent independent 113 
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experiments and are expressed as mean ± SD. Statistical significance was determined by 114 

unpaired t-test; not significant (ns). (G, H) Representative ploidy histograms from flow 115 

cytometric analysis of (G) 30 µM senicapoc or DMSO, and (H) 15 µM TRAM-34 or DMSO. 116 

(I) Percentage of CD41⁺CD42b⁺ cells on Dox-OFF stage day 4 after treatment with 30 µM 117 

senicapoc or DMSO. n = 3; data represent independent experiments and are expressed as 118 

mean ± SD. Statistical significance was determined by unpaired t-test; not significant (ns). (J) 119 

Cytotoxicity analysis by Annexin V and PI staining in shlacZ and KCNN4 KD (shKCNN4) 120 

imMKCLs. n > 3; data represent independent experiments and are expressed as mean ± SD. 121 

Statistical significance was determined by unpaired t-test; not significant (ns). (K) 122 

Representative ploidy histograms from flow cytometric analysis of shlacZ and shKCNN4 123 

imMKCLs. (L) Schematic overview of CB-megakaryocytes. 124 

 125 

Supplementary FIGURE S5 Effects of Senicapoc Treatment and KCNN4 KD on Tubulin 126 

Organization in imMKCLs 127 

(A) Representative immunocytochemistry (ICC) images of imMKCLs on Dox-OFF day 4 128 

following treatment with 30 µM senicapoc or DMSO. Cells were stained with mouse anti-α-129 

tubulin (red), rabbit anti-β-tubulin antibody (green), Alexa Fluor 647 phalloidin (purple), and 130 

DAPI (blue). Scale bar: 10 µm. (B) Representative ICC images of shlacZ and shKCNN4 131 

imMKCLs on Dox-OFF day 4, stained with rabbit anti-β-tubulin antibody (green), Alexa 132 

Fluor 647 phalloidin (purple), and DAPI (blue). Scale bar: 10 µm. White arrowheads indicate 133 

the biased localization of tubulin (α-tubulin and β-tubulin) in senicapoc-treated imMKCLs or 134 

shKCNN4 imMKCLs. 135 
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 136 

Supplementary FIGURE S6 Reactive Oxygen Species (ROS) Inducer tert-butyl 137 

hydroperoxide (TBHP) 138 

(A) Schematic overview of the cytotoxicity assay using 50 µM TBHP as a ROS inducer. (B) 139 

Cytotoxicity analysis by Annexin V and PI staining, showing apoptotic and dead cell ratios in 140 

imMKCLs treated with 50 µM TBHP or vehicle control (DMSO). n = 3; data represent 141 

independent experiments and are expressed as mean ± SD. Statistical significance was 142 

determined by unpaired t-test; not significant (ns). (C) Ploidy levels of imMKCLs on Dox-143 

OFF day 4 after treatment with 50 µM TBHP or DMSO. n = 3; data represent independent 144 

experiments and are expressed as mean ± SD. 145 

 146 

Supplementary FIGURE S7 Morphological Assessment of imMKCLs Treated with 147 

TBHP 148 

(A) Representative ICC images of imMKCLs treated with 50 µM TBHP or DMSO on Dox-149 

OFF day 4. Cells were stained with mouse anti-α-tubulin (red), rabbit anti-β-tubulin antibody 150 

(green), TOMM20 (purple), and DAPI (blue). Scale bar: 10 µm. White arrowheads indicate 151 

the biased localization of tubulin (α-tubulin and β-tubulin) in TBHP-treated imMKCLs.  152 
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Supplementary TABLE S1 

Genes Inserted oligonucleotide sequences 

lacZ 
gatcccc CGCTAAATACTGGCAGGCGTT ttcaagaga 

AACGCCTGCCAGTATTTAGCG tttttggaaaa 

KCNH2 
gatcccc GGACTCGCTTTCTCAGGTTTC ttcaagaga 

GAAACCTGAGAAAGCGAGTCC tttttggaaaa 

KCNN4 
gatcccc GAACTGGCATTGGACTCATGG ttcaagaga 

CCATGAGTCCAATGCCAGTTC tttttggaaaa 

 153 

 

Supplementary TABLE S2 

Genes RT-PCR primer sequences 

GAPDH 
Forward GCATCTTCTTTTGCGTCGCC 

Reverse GGCGCCCAATACGACCAAAT 

KCNH2 
Forward CAACCTGGGCGACCAGATAG 

Reverse GGTGTTGGGAGAGACGTTGC 

KCNN4 
Forward TGGTTCGTGGCCAAGCTTTACA 

Reverse TGCCCAGTGGCATTAACAGCCT 




















