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Abstract

Dysregulated megakaryocytopoiesis contributes to reduced platelet counts in immune thrombocytopenic purpura (ITP), yet 
the mechanism remains elusive. Although 5-hydroxytryptamine receptor 7 (5-HTR7) has been implicated in megakaryocyte 
biology, its pathogenic involvement in ITP is undefined. This study investigated the impact of 5-HTR7 on megakaryocyte 
maturation in ITP using flow cytometry, immunofluorescence, and single-cell RNA sequencing. Analyses revealed elevated 
5-HTR7 expression on megakaryocytes from ITP patients compared to healthy controls. Pharmacological inhibition of 5-HTR7 
using SB269970A not only rescued megakaryocyte maturation defects in vitro but also restored circulating platelet levels 
in a mouse model of active ITP. Single-cell RNA sequencing coupled with western blot validation identified ERK1/2 phos-
phorylation in SB269970A-treated megakaryocytes. Mechanistically, 5-HTR7 impaired megakaryocyte maturation through 
the PKA/Orai1/ERK axis by suppressing store-operated calcium entry, as confirmed via confocal microscopy. In conclusion, 
elevated expression of 5-HTR7 impairs maturation of megakaryocytes, causing lower platelet counts in ITP and offering a 
potential therapeutic target for ITP management.

Introduction

Immune thrombocytopenic purpura (ITP) is an acquired 
hemorrhagic disease characterized by a decrease of plate-
lets in the peripheral blood. The pathogenesis of ITP remains 
elusive. In a widely accepted concept, platelets are damaged 
by autoantibodies and/or dysregulated T-cell subsets. Re-
cent studies suggest that defects in megakaryocytopoiesis 
also contribute to the development of ITP, although the 
mechanism has not been well studied. 
In ITP patients, both the number of megakaryocytes and 
the amount of cytoplasmic vacuoles in megakaryocytes 
are increased,1 while mature megakaryocytes containing a 
demarcation membrane system were significantly reduced.2 
Thus, megakaryocytes in ITP may experience para-apopto-
sis. Antibodies to platelets, especially antibodies against 
glycoprotein (GP) IIb/III or GP Ib/IX, which are detected in 

approximately 50% of ITP patients,3 may damage megakary-
ocytes and cause abnormal differentiation and maturation 
of megakaryocytes.4,5 Abnormally activated cytotoxic T cells 
in bone marrow of ITP patients can increase granzyme and 
perforin, suppressing megakaryocyte apoptosis and resulting 
in subsequent reduced platelet production.6 Furthermore, 
dysregulated autophagy of megakaryocytes7,8 and disorders 
of the vascular niche in bone marrow9 also contribute to 
the impediment of platelet production in ITP. Recently, 
single-cell RNA sequencing revealed that the CD9+ and 
HES1+ subset from Lin−CD34+CD45RA− hematopoietic stem 
and progenitor cells decreases in ITP, which may decrease 
megakaryocytopoiesis as well.10

The differentiation and maturation of hematopoietic stem 
cells (HSC) is tightly regulated by the local microenviron-
ment, the niche. The nerve system, a critical regulatory 
component of the bone marrow niche, is essential for 
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maintaining HSC in both homeostasis and stress. 5-hy-
droxytryptamine (5-HT), also known as serotonin, is a 
neurotransmitter that plays a vital role in homeostatic 
megakaryocytopoiesis and thrombopoiesis. 5-HT binding 
to its receptors, 5-HT2B and 5-HT2A, on megakaryocytes 
promotes megakaryocyte proliferation and differentiation 
and induces nitric oxide synthesis to increase the release 
of platelets.11 During infection by dengue virus, 5-HT binding 
to 5-HT2A on platelets promotes platelet activation, ag-
gregation, and enhanced phagocytosis of platelets causing 
thrombocytopenia.12 In addition, a case report showed that 
5-HT in platelets is a more effective index than platelet 
count for measuring the clinical severity of ITP.13 However, 
the role of 5-HT in the pathogenesis of ITP has not been 
studied. 
5-hydroxytryptamine receptor-7 (5-HTR7) is a newly identi-
fied receptor for 5-HT.14 5-HTR7, like other 5-HT receptors, 
is also classified as a G protein-coupled receptor (GPCR). 
Three isomers have been identified in different species.15 
Although mainly distributed in the central nervous system 
and the gastrointestinal system,16 5-HTR7 is also expressed 
in various other cells including arterial smooth muscle 
cells and intestinal immune cells.17 5-HTR7 is involved in 
a variety of physiological processes in humans, such as 
thermoregulation, learning and memory-related behaviors, 
circadian rhythm, and endocrine regulation.16 5-HTR7 also 
plays a role in the pathogenesis of various diseases, such 
as depression, schizophrenia, epilepsy, and inflammatory 
bowel disease,18 in which 5-HTR7 functions mainly via reg-
ulating calcium channels.19 Interestingly, over 50% of ITP 
patients have psychological disorders, such as anxiety, by 
the time they are diagnosed with ITP for the first time.20 
However, it is unknown whether 5-HTR7 is involved in the 
pathogenesis of ITP. Herein, we investigated the role of 
5-HTR7 in megakaryocytopoiesis in ITP using primary CD34+ 
cells and a mouse model of active ITP. Our data provide a 
novel mechanism for dysregulated megakaryocytopoiesis 
in ITP during which 5-HTR7 deteriorates megakaryocyte 
maturation via the PKA/Orai1/ERK1/2 pathway.

Methods

Patients
Based on Chinese guidelines for ITP, newly diagnosed ITP 
needs to meet the following criteria: (i) thrombocytopenia 
in two consecutive complete blood counts without blasts 
in peripheral blood smears; (ii) absence of splenomegaly; 
(iii) increased or normal megakaryocytes with matura-
tion disorder in a bone marrow smear; (iv) exclusion of 
pseudothrombocytopenia, inherited or congenital diseases 
and secondary thrombocytopenia (due to drugs, vaccines, 
connective tissue diseases or immunodeficiency syndrome, 
etc.); (v) disease duration <3 months without initiation of 
disease-specific treatments including corticosteroids or 

intravenous immunoglobulins.21 Importantly, no use of an-
tidepressant-like selective serotonin reuptake inhibitors in 
the preceding 3 months was also needed for enrolled ITP 
patients. Healthy controls and newly diagnosed ITP patients 
were recruited at the First Affiliated Hospital of Soochow 
University. Bone marrow samples were collected before 
treatment, after informed consent had been obtained. 
The study was approved by the Medical Ethical Committee 
of the First Affiliated Hospital of Soochow University and 
was conducted in accordance with the principles of the 
Declaration of Helsinki.

Proplatelet formation assay
Primary megakaryocytes were spun onto fibrinogen-coated 
glass slides (1×105 cells/mL) and cultured at 37°C for 24 
h. The cells were then fixed with 4% paraformaldehyde, 
permeabilized with 0.5% Triton X-100, and stained with 
antibodies to CD41 (Abcam, UK) and β-tubulin (Abcam, 
UK), phallotoxins (YEASEN, China), and DAPI. Cells were 
imaged by confocal microscope, and megakaryocytes with 
filopodia or cytoplasmic protrusions were defined as show-
ing proplatelet formation.22 Results were expressed as a 
percentage of adherent cells.

Mouse model of active immune thrombocytopenic purpura
Briefly, platelets were obtained from the peripheral blood 
of wild-type C57BL/6N mice and resuspended in phos-
phate-buffered saline. CD61-/- mice were infused with 108 
platelets weekly via a tail vein infusion for 4-6 consecutive 
weeks. The immunized CD61-/- mice were euthanized and 
splenocyte suspensions were prepared. Wild-type C57BL/6N 
mice, planned to be recipients, were subjected to 350-400 
cGy whole body irradiation. Within 3 h after irradiation, the 
wild-type C57BL/6N mice were injected via a tail vein with 
1×107 splenocytes from the CD61-/- mice.23 Platelet counts 
were monitored every other day for 2-3 weeks.

Statistical analysis
For statistical analysis and creation of graphs, we used 
GraphPad Prism 9.0 software. All data are shown as the 
mean ± standard error or mean. Statistical significance 
was established using a Student t test, one-way analysis 
of variance (ANOVA) or two-way ANOVA. P<0.05 indicates 
statistically significant results.
Further details of the methods are provided in the Online 
Supplementary Materials.

Results

5-HTR7 is upregulated in megakaryocytes of patients 
with immune thrombocytopenic purpura
A total of 15 newly diagnosed ITP patients and 12 healthy 
controls were included in our study. The ITP group consisted 
of eight females and seven males, with a median age of 43 
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years. The group of healthy controls was composed of six 
females and six males, with a median age of 41 years. The 
median platelet count of the healthy controls and ITP pa-
tients was 156×109/L and 14×109/L, respectively. Bone marrow 
samples from ITP patients and the healthy controls were 
analyzed with flow cytometry. Megakaryocytes, which were 
CD41+CD34-, were positive for 5-HTR7 (Figure 1A). Compared 
with megakaryocytes from healthy controls, those from 
ITP patients had a higher level of 5-HTR7 (20,497±6,853 
vs. 12,935±5,421, P=0.006) (Figure 1B). Besides, single-cell 

RNA sequencing suggested higher 5-HTR7 expression in 
megakaryocytic progenitors within the bone marrow of ITP 
patients (Online Supplementary Figure S1F).

Bone marrow supernatant of patients with immune 
thrombocytopenic purpura increases 5-HTR7 expression 
in human megakaryocytes 
Human megakaryocytes were cultured in vitro with bone 
marrow supernatant (BMS) from healthy controls and ITP 
patients. The mean fluorescence intensity (MFI) of 5-HTR7 

Figure 1. Expression of 5-HTR7 
is elevated in megakaryocytes 
from patients with immune 
thrombocytopenic purpura. 
(A) Gating strategy for flow cy-
tometry for 5-HTR7 on prima-
ry megakaryocytes ex vivo. (B) 
Quantification of 5-HTR7 ex-
pression on megakaryocytes. 
The mean fluorescence inten-
sity of 5-HTR7 of the 
CD41+CD34- cell population 
was calculated and compared 
between healthy controls (HC) 
and patients with immune 
thrombocytopenic purpura 
(ITP). (C) Expression of 5-HTR7 
on the cultured CD41+ cell 
population. The CD34+ mega-
karyocytic cells were cultured 
with bone marrow superna-
tant from HC or ITP patients. 
Expression of 5-HTR7 on cells 
on day 3, day 7, and day 10 was 
measured by flow cytometry. 
Representative results of three 
independent experiments are 
shown. Data are presented as 
the mean ± standard error of 
mean.
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Figure 2. Inhibition of 5-HTR7 promotes the maturation of megakaryocytes in vitro. (A) CD34+ megakaryocytes were cultured in 
vitro for 7 days and 10 days with dimethylsulfoxide (DMSO) or SB269970A, and megakaryocyte maturation was analyzed. (B) Anal-
ysis of polyploidy formation by flow cytometry. (C) DNA ploidy analysis of megakaryocytes by anti-CD41 antibodies and propidium 
iodide. (D) Analysis of proplatelet formation by megakaryocytes and quantification of proplatelet-forming megakaryocytes. Mega-
karyocytes were stained with antibodies to CD41 (red), β-tubulin (green), F-actin (pink), and DAPI (blue). Scale bar 10 μm. (E) 
Adhesion of megakaryocytes and analysis of cell adhesion and covered areas. Scale bar 20 μm. (F) Migration of megakaryocytes 
in a transwell chamber and quantification of migrated megakaryocytes. Scale bar 20 μm. Images are representative of at least 
three independent experiments. Data are presented as mean ± standard error of mean. NS: not statistically significant; *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001. HC: healthy control; ITP: immune thrombocytopenic purpura; DMSO: dimethylsulfoxide; MK: 
megakaryocytes.

gated on CD41+ cells was measured and the relative 5-HTR7 
expression was expressed as the ratio of the measured 
value to the mean MFI of the group of healthy controls 
at the indicated timepoints. Compared with BMS from 
healthy controls, ITP BMS increased 5-HTR7 expression 
on cultured megakaryocytes in the early stage of culture. 
In addition, the relative expression of 5-HTR7 on cultured 
megakaryocytes gradually decreased with time (Figure 1C). 

Inhibition of 5-HTR7 promotes megakaryocyte 
maturation and migration, and proplatelet formation
Primary megakaryocytes cultured with ITP BMS had lower 
expression of CD41, CD42, and CD61, compared with mega-
karyocytes cultured with BMS from healthy controls (Figure 
2A). To explore the role of 5-HTR7 in megakaryocytopoiesis, 
we used a specific 5-HTR7 inhibitor, SB269970A, to treat 
cultured primary megakaryocytes. As shown in Figure 2A, 
SB269970A increased the expression of CD41+, CD42+, and 
CD61+ on primary megakaryocytes cultured with ITP BMS. 
In addition, megakaryocytes cultured with ITP BMS showed 
a significantly higher percentage of megakaryocytes with 
a DNA content of 2N in comparison with those cultured 
with healthy control BMS, indicating impaired polyploidy 
formation (Figure 2B). Treatment with SB269970A increased 
the percentage of megakaryocytes with DNA content ≥8N, 
suggesting a promotion of polyploid formation in the setting 
of ITP BMS culture (Figure 2C). 
As for proplatelet formation, we observed that F-actin and 
CD41+ spread area of megakaryocytes were remarkably re-
duced in megakaryocytes cultured with ITP BMS, compared 
with megakaryocytes cultured with healthy control BMS. 
However, after treatment with SB269970A, the spread area 
positive for both F-actin and CD41 was enlarged, indicating 
an increase of proplatelet-forming megakaryocytes (Figure 
2D). For adhesion and migration, ITP BMS reduced the num-
ber and the spreading area of adherent megakaryocytes, 
which was rescued by the 5-HTR7 inhibitor (Figure 2E, F)

Inhibition of 5-HTR7 increases megakaryocytopoiesis by 
store-operated calcium entry via the PKA/Orai1/ERK1/2 
pathway
To reveal the potential signaling pathway, we performed 
single-cell RNA sequencing on primary megakaryocytes at 
day 7 cultured with ITP BMS treated with DMSO (ITP+DMSO) 
or SB269970A (ITP+SB269970A). After quality control and 

dimensional reduction, we annotated 14 cell types (Online 
Supplementary Figure S2A-D). Among differential path-
ways, the MAPK signaling pathway altered in response to 
5-HTR7 inhibition (Figure 3A). We further found that phos-
phorylation of ERK1/2 was increased by administration of 
SB269970A (Figure 3B, C). We then used a highly selective 
ERK inhibitor, SCH772984, to validate the pathway. With 
the administration of 10 μM of SCH772984, the expression 
of CD41+ and CD42+ decreased both at day 7 and day 10 
of culture regardless of SB269970A treatment, suggesting 
that the SB269970A-enhanced megakaryocyte maturation 
was blunted by SCH772984 at day 7 (Figure 3D) and day 
10 (Figure 3E) of culture. SCH772984 also suppressed the 
expression of CD41+PI- particles in cultured megakaryocytes, 
indicating an inhibition of resting platelet production. Yet, 
SB269970A did not increase the expression of CD41+PI- 
subsets with SCH772984 treatment, suggesting the insuf-
ficiency of SB269970A rescue (Figure 3F). Thus, our data 
suggest that 5-HTR7 promoted megakaryocytopoiesis by 
activating the ERK1/2 pathway.
As 5-HTR7 is a GPCR, we tested its role in regulating calcium 
mobilization. We investigated resting intracellular calcium 
concentration of CD41+ cells in the bone marrow of ITP pa-
tients and healthy controls. The normalized fluorescence of 
calcium in CD41+ cells of healthy controls was remarkably 
higher than that in CD41+ cells from ITP patients (15,325±4,515 
vs. 11,260±3,417, P=0.012) (Figure 4A), indicating a lower level 
of resting calcium concentration in megakaryocytes of ITP 
patients. We also determined the intracellular calcium con-
centration in primary megakaryocytes treated with DMSO 
or SB269970A at different timepoints of culture. The results 
showed that SB269970A elevated normalized fluorescence 
of calcium of CD41+ cells at the early timepoint of culture 
but that this decreased after culture for a longer time (Fig-
ure 4B), suggesting that inhibition of 5-HTR7 increased the 
calcium concentration of megakaryocytes.
The pathophysiological significance of store-operated calci-
um entry (SOCE) in the function of megakaryocytes has been 
explored,24 so we were wondered whether SOCE is involved 
in the effect of 5-HTR7. With the use of thapsigargin, a po-
tent inhibitor of sarco/endoplasmic reticulum Ca2+ ATPase 
(SERCA), the calcium in the endoplasmic reticulum was 
depleted, leading to an increase of intracellular calcium, 
reflecting the level of calcium stores in the endoplasmic 
reticulum. Seconds later, intracellular calcium reached a 
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Figure 3. Analysis of the pathway through which 5-HTR7 regulates megakaryocyte maturation and migration. (A) Megakaryocytes 
cultured with immune thrombocytopenic purpura bone marrow supernatant were pretreated with dimethylsulfoxide or SB269970A, 
and the enriched pathways in megakaryocytes were analyzed with single-cell RNA sequencing. (B) Enriched pathways in (A) were eval-
uated with western blot. (C) Quantification of the alterations in activation of P-AKT (normalized to AKT), P-MEK (normalized to MEK), 
and P-ERK1/2 (normalized to ERK1/2). (D, E) Expression of CD41 and CD42 on megakaryocyte cultured for 7 days (D) and 10 days (E). 
(F) Analysis and quantification of resting platelet formation by flow cytometry. Data are presented as mean ± standard error of mean. 
NS: not statistically significant; *P<0.05; ***P<0.001; ****P<0.0001. RBC: red blood cell; GMP: granulocyte-macrophage progenitor; 
GRA: granulocyte; HSC: hematopoietic stem cell; NK: natural killer cell; MEP: megakaryocyte-erythroid progenitor; MK: megakaryocyte; 
ITP: immune thrombocytopenic purpura; DMSO: dimethylsulfoxide; PI: propidium iodide.
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plateau. In the presence of exogenous calcium, the second 
plateau of intracellular calcium emerged, representing cal-
cium influx in the presence of exogenous calcium. SOCE 
was detected in primary megakaryocytes after 8 days of 
culture. Compared with DMSO-treated cells, cells treated 
with SB269970A showed a sharper increase of intracellular 
calcium in response to thapsigargin and exogenous calcium, 
indicating that SB269970A enhanced SOCE via increasing 
the release of calcium stores in the endoplasmic reticulum 

and calcium influx from the extracellular fluid (Figure 4C, D). 
In addition, western blot analysis revealed that SB269970A 
treatment increased the expression of Orai1 but not Stim1 
(Figure 4E). To explore the underlying mechanism, the role 
of protein kinase A (PKA) was examined. Human primary 
megakaryocytes cultured to day 8 with SB269970A were 
harvested and re-seeded. The megakaryocytes were then 
cultured for another 24 h in the presence of a PKA agonist 
(bucladesine at 20 μM) or an Orai1 antagonist (zegocrac-

Figure 4. 5-HTR7 alters calcium mobilization in megakaryocytes. (A) Normalized fluorescence of intracellular calcium in CD41+ 
cells from the bone marrow of healthy controls or patients with immune thrombocytopenic purpura. (B) Normalized fluorescence 
of intracellular calcium of primary megakaryocytes at the indicated timepoints after culture. (C) Store-operated calcium entry in 
primary megakaryocytes on day 8 of in vitro culture. (D) Quantitative analysis of peak intracellular calcium concentration during 
thapsigargin-evoked calcium release and calcium influx in megakaryocytes treated with dimethylsulfoxide (N=60) or SB269970A 
(N=64). (E) Western blot of Orai1 and Stim1 in megakaryocytes. (F) Validation of the signaling pathways altered by 5-HTR7. Data 
are presented as mean ± standard error of mean. HC: healthy controls; ITP; immune thrombocytopenic purpura; DMSO: dimeth-
ylsulfoxide; TG: thapsigargin.
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tin at 3 μM) or both. Western blot analysis showed that 
either PKA agonist or Orai1 antagonist could block the 
phosphorylation of ERK1/2 (Figure 4F), suggesting that PKA 
and Orai1 function upstream of ERK1/2 in the response of 
5-HTR7-mediated stimuli.

Megakaryocyte 5-HTR7 expression is higher in a mouse 
model of active immune thrombocytopenic purpura, and 
inhibition of 5-HTR7 accelerates platelet recovery in 
these thrombocytopenic mice
The mouse model of active ITP was established mainly fol-
lowing the protocol of Ni and colleagues.23 Differently from 
them, we established the ITP model with C57BL/6N wildtype 
mice after a higher dose of irradiation and transfusion of a 
larger number of splenocytes (Figure 5A). Suspensions of 
bone marrow mononuclear cells from control and ITP mice 
were collected, and CD41+ cells were sorted by flow cytom-
etry. Quantitative real-time polymerase chain reaction with 
sorted CD41+ cells showed that megakaryocytes from ITP 
mice had a higher level of 5-Htr7 than control megakaryo-
cytes (Figure 5B). Furthermore, mice were given SB269970A 
(1 mg/kg, body weight) or saline starting from day 9 to day 
15 after irradiation. SB269970A significantly accelerated the 
platelet recovery in ITP mice at diverse timepoints (Figure 
5C). Mice were euthanized on day 20 after irradiation, and 
megakaryocytes within the femurs were analyzed (Figure 5D). 
The megakaryocyte count was significantly higher in the ITP 
mice given SB269970A than in the saline-treated controls 
(12.6±1.8/field vs. 9.7±1.6/field, P=0.004) (Figure 5E). Further-
more, compared with the control, SB269970A treatment 
caused megakaryocytes to locate closer to the center of 
the nearest vessel (45.4±17.6 μM vs. 72.5±22.3 μM, P=0.0006) 
(Figure 5F), suggesting increased platelet production after 
SB269970A treatment. Taken together, our results suggest 
that inhibition of 5-HTR7 by SB269970A improved the plate-
let count, which may have been the result of increasing the 
megakaryocyte population in the bone marrow and promoting 
the chemotaxis of megakaryocytes.

Discussion

Although abnormal activation, adhesion and destruction of 
platelets in the circulation play critical roles in the patho-
genesis of ITP, dysregulated megakaryocytopoiesis in ITP 
development has been highlighted recently. For example, 
the widespread use of thrombopoietin receptor agonists 
in ITP may indicate impaired megakaryocyte maturation in 
ITP.25-28 Our study demonstrated the role of 5-HTR7 in the 
progression of ITP. We found that 5-HTR7 expression is up-
regulated on megakaryocytes in newly diagnosed ITP patients. 
When primary human CD34+ cells were cultured with ITP 
BMS, mimicking the ITP bone marrow microenvironment, 
the elevation of 5-HTR7 prevented megakaryocyte matura-
tion, which was rescued by a specific inhibitor of 5-HTR7. 

The role of 5-HTR7 in megakaryocyte maturation was also 
demonstrated in a mouse model of active ITP. Furthermore, 
our studies showed that 5-HTR7 regulates megakaryocyte 
maturation by controlling SOCE through the PKA/Orai1/ERK 
axis (Figure 6).
Ever more studies are reporting the role of receptors for 
5-HT in hematopoiesis. 5-HTR1F expression on human CD34+ 
hematopoietic stem and progenitor cells leads to molec-
ular interrelation of neuronal and hematopoietic signaling 
crosstalk in humans.29 5-HTR2 is mainly involved in phys-
iological thrombopoiesis and pathological thrombocytope-
nia.12,30 5-HTR1A facilitates megakaryocyte differentiation and 
platelet production via the SRC/MAPK pathway.31 5-HTR7, a 
newly identified 5-HT receptor, is expressed in the nervous, 
gastrointestinal, and vascular systems,32 and participates in 
immune regulation in the settings of inflammatory bowel 
disease and sepsis.33,34 In this study, we revealed that the 
expression of 5-HTR7 on megakaryocytes is increased in 
ITP, which prohibits megakaryocyte maturation. Inhibition 
of 5-HTR7 improves the differentiation of megakaryocytes 
and formation of proplatelets in vitro. Interestingly, 5-HTR7 
could be a bi-directional regulator of megakaryocyte matu-
ration, as agonists of 5-HTR7 also inhibited the differentia-
tion of megakaryocytes (Online Supplementary Figure S3A) 
and resting platelet formation (Online Supplementary Figure 
S3B). Addressing this, we are making efforts to knockdown 
or overexpress 5-HTR7 in primary CD34+ cells via lentiviral 
transfection to investigate the maturation and proplatelet 
formation of megakaryocytes. Furthermore, megakaryo-
cyte-specific 5-Htr7 knockout and knockin mice are being 
generated using CRISPR/Cas9 technology to verify the alter-
ation of megakaryocytes in vivo. The defects of ITP megakary-
ocytes could not be corrected by agonists or antagonists to 
other 5-HT receptors, such as 5-HTR2 (Online Supplementary 
Figure S4A, B). The consequence seemed to be contradictory 
to the results of Yang and colleagues, which suggested that 
5-HT binding to 5-HTR2 increased platelet production by 
promoting the proliferation of megakaryocytes.11 The possible 
interpretation of this might be that the thrombocytopenia of 
ITP is mostly caused by deficiency of maturation rather than 
poor proliferation of megakaryocytes. 
The mitogen-activated protein kinase (MAPK) signaling path-
way is associated with thrombopoietin. The MAPK family 
comprises four members: extracellular signal-related kinases 
(ERK), ERK5, p38MAPK and c-Jun amino-terminal kinases 
(JNK).35 ERK1/2 plays a key role in megakaryocytopoiesis in 
vivo and ex vivo.36,37 Our research suggests that the inhibition 
of 5-HTR7 promotes maturation of megakaryocytes mainly 
through activating the ERK/1/2 signaling pathway but not 
the MEK pathway. This pattern of regulation suggests that 
the 5-HTR7 inhibitor increase of the platelet count, without 
suppressing erythrocytes, is due to sparing the MEK-ERK1/2 
axis progenitors for the megakaryocyte and erythroid cell 
lineages.38,39 In erythropoiesis, the MEK-ERK signaling path-
way plays a pivotal role in the proliferation, survival, and 
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Figure 5. A higher level of 5-HTR7 on megakaryocytes from mice with immune thrombocytopenic purpura impairs megakaryocyte 
maturation. (A) Schematic diagram of the establishment of the murine model of active immune thrombocytopenic purpura (ITP). 
(B) Comparison of the relative mRNA expression levels of 5-HTR7 in megakaryocytes between the control and active ITP groups. 
There were six mice in each group. (C) Platelet counts in the circulation of mice with active ITP treated with saline or 1 mg/kg 
SB269970A. Each group contained six to seven mice. (D) Immunofluorescence of megakaryocytes and endothelial cells in the 
bone marrow. Scale bar 20 μm. (E) Quantification of megakaryocyte count per field. (F) Analysis of the distance between certain 
megakaryocytes and the center of the nearest blood vessel. Images are representative of at least five independent experiments. 
Data are presented as mean ± standard error of mean. WT: wild-type; KO: knockout; MK: megakaryocyte.
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differentiation of erythroid progenitor cells. By modulating 
transcription factors such as GATA-1 and interacting with 
other signaling pathways (such as JAK-STAT and PI3K-Akt), 
the MEK-ERK pathway ensures a balance between prolifer-
ation and maturation of erythrocytes.40 5-HTR7 functioned 
mostly by phosphorylating the ERK1/2 signaling pathway in 
primary cell cultures or different cell lines.41-44 In our study, 
treatment with 5-HTR7 inhibitors increased calcium entry 
into or calcium release from the endoplasmic reticulum in 
megakaryocytes. Therefore, 5-HTR7 may regulate megakaryo-
cyte maturation by altering calcium signaling45-47 rather than 
the canonical ERK1/2 pathway. In addition, 5-HTR7 inhibition 
not only promoted Ca2+ influx from extracellular space but 
also increased endoplasmic reticulum Ca2+ storage. Mech-
anistically, 5-HTR7 inhibition upregulated Orai1 expression 
in megakaryocytes, thereby enhancing SOCE activity. These 
findings are consistent with those of the study by Balduini 
and colleagues, which showed that SOCE played an important 
role in modifying megakaryocyte behavior including promoting 
proplatelet extension and megakaryocyte motility via Orai1.22 
Furthermore, our study indicated that PKA functions as a 
regulator of Orai1 in the pathway of 5-HTR7 in megakaryo-
cytes during megakaryocytopoiesis.
In conclusion, our study is the first to demonstrate the role 
of 5-HTR7-regulated megakaryocyte maturation in the patho-
genesis of ITP and the potential of 5-HTR7 as a therapeutic 
target for ITP treatment. We do, however, acknowledge the 

limitations of our study, such as the relatively small num-
ber of enrolled patients and the fact that the study did not 
include patients with other types of thrombocytopenia.
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