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Background: Essential thrombocythemia (ET) is one of the Philadelphia-negative

(Ph−) classical myeloproliferative neoplasms (MPNs), characterized by increased

megakaryocyte and platelet counts, as well as an increased risk of thrombo-

hemorrhagic complications. The JAK2 V617F mutation is detected in 50%–60%

of patients with ET and can drive ET occurrence through ligand-independent

activation of the thrombopoietin (TPO) receptor, resulting in JAK/STAT pathway

signaling. Phosphatase and tensin homolog (PTEN) has been found to be

associated with many hematologic diseases, particularly in MPNs, and is

involved in the JAK/STAT pathway. This study aimed to determine the role of

PTEN in ET patients with the JAK2 V617F mutation.

Methods: In this study, we analyzed a series of 32 ET patients without treatment

and 25 age- and sex-matched normal controls for the detection of PTEN

expression and the STT motif phosphorylation of PTEN, as well as the

expression patterns of STAT3 and STAT5 and their phosphorylated molecules

(p-STAT3 and p-STAT5, respectively), in bone marrow mononuclear cells (BM-

MNCs) by immunohistochemical (IHC) staining of bone marrow biopsies and

Western blotting. Correlations between the PTEN expression and other clinical

characteristics were also examined.

Results: The results showed a downregulated PTEN expression in the BM-MNCs

of patients with ET, as well as an elevated p-STAT3 expression and a decreased p-

STAT5 expression. In addition, analysis in combination with clinical data

demonstrated a negative correlation between the expression of PTEN and the

patients’ age and platelet counts. In contrast, a positive correlation was detected

between the expression of PTEN and the level of p-STAT5.

Conclusions: The results of this study suggest that aberrant PTEN expression and

JAK/STAT pathway signaling might be involved in the onset of ET. Our findings

could shed new light on the pathogenesis of and the treatment for ET.
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1 Introduction

Essential thrombocythemia (ET) is one of the Philadelphia-

negative (Ph−) classical myeloproliferative neoplasms (MPNs),

which additionally includes polycythemia vera (PV) and overt

and primary myelofibrosis (PMF), according to the latest World

Health Organization (WHO) classification (1). As a clonal

hematopoietic stem cell (HSC) disease, ET is characterized by

increased megakaryocytes in the bone marrow and platelet counts

in peripheral blood, along with an increased risk of thrombo-

hemorrhagic complications, leading to disability and even death

(2). ET is also associated with elevated fibrotic progression rates and

an increased risk of transformation into secondary acute myeloid

leukemia (AML). Driver mutations in JAK2, CALR, and MPL are

considered to be constitutive activation of the JAK/STAT signaling

pathway, which are detected in approximately 90% of patients with

ET and are crucial for diagnosis (3). Among the three types of

mutations, the JAK2 V617F mutation is the most common, which is

involved in all the different types of Ph− classical MPNs and

detected in 50%–60% of patients with ET (4). While JAK2 V617F

can drive the occurrence of ET through ligand-independent

activation of the thrombopoietin (TPO) receptor, the

megakaryocytic lineage expands and inflammatory cytokines are

released, leading to various clinical features such as vasomotor

symptoms, constitutional manifestations, splenomegaly,

thrombosis, and hemorrhage (2, 5).

The evolutionally conserved JAK/STATpathway acts as a critical

intracellular mediator for cell surface receptor–ligand interactions

and is a bridge for the activation of the downstream signaling

cascade. Engagement of the cytokine receptor with ligand results in

the phosphorylation of substrate molecules, including signal

transducers and activators of transcription (STATs). As STAT

family members, there are numerous studies on STAT3 and

STAT5 in MPNs. A crucial role of STAT3 in ET has been

supported by findings of higher levels of activated STAT3

(phosphorylated STAT3, p-STAT3) detected in an AML1/MDS1/

EVI1 (AME) murine model that exhibited similar characteristics to

ET comparedwith normal controls (6). An elevated level of p-STAT3

was also found in approximately half of bone marrow samples of

patients with ET, regardless of the JAK2mutation status. Conversely,

the expression of p-STAT5 (phosphorylated STAT5) appeared to be

downregulated (6, 7). This discrepancy in the expression of the STAT

family members may be due to the roles they each play. STAT3 is an

important regulator in the process of megakaryocytopoiesis (8).

Therefore, the phosphorylation of this signal transducer may

increase in patients with ET, while that of STAT5 does not.

Phosphatase and tensin homolog (PTEN) plays a negative

regulatory role in phosphatidylinositol-3-kinase (PI3K) and

mitogen-activated protein kinase (MAPK) signaling, which are

downstream of RAS, termed as the PTEN/PI3K (or MAPK)/RAS

pathway. PTEN has been found to be associated with various types

of cancers, particularly some solid malignancies such as breast and

lung cancers. In addition, deficiency in PTEN has been reported in

many hematological diseases, including juvenile myelomonocytic

leukemia (JMML), where it is deficient in 67% of patients (9). The
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phosphorylation of the Ser380, Thr382, and Thr383 residues

(collectively named the STT motif) on the C-terminal tail of

PTEN is connected to its stability; thus, the STT motif regulates

its catalytic activity and stability, which may be associated with its

antitumor activity (10). However, the role of PTEN and PTEN

phosphorylation in Ph− classical MPNs remains largely unexplored.

The relationship between PTEN and the STAT family has been

described in many publications. The STAT3 pathway was observed

to be positively regulated by mammalian target of rapamycin

(mTOR) signaling, while PTEN serves as a negative regulator of

both STAT3 and mTOR signaling in human breast cancer cell lines

(11). Recent research on JAK2-mutant mouse models (12, 13) and

MPN patient samples (14) has revealed that the JAK2 V617F

mutation increases the fitness of HSCs and promotes

megakaryocyte–erythroid differentiation. However, the function

of PTEN and the STAT family in the pathogenesis of the classical

JAK2 V617F mutation-positive ET has not been fully investigated.

In this study, we aimed to identify the role of PTEN and the STAT

family in the pathogenesis of the classical JAK2 V617F mutation-

positive ET and to provide implications for the development of

targeted therapies for this malignant disease.

As previous research works involving JAK2-mutant mouse

models (12, 13) and MPN patient samples (14) have

demonstrated that JAK2 V617F increases the fitness of HSCs and

promotes megakaryocyte–erythroid differentiation, in this study,

our aims were to identify the function of PTEN and the STAT

family in the pathogenesis of the classical JAK2 V617F mutation-

positive ET and to provide implications for the development of

agents that target improved treatment of this malignant disease.
2 Methods

2.1 Patients

This research was approved by the hospital-based ethics

committee (no. 2017004). Written informed consent was obtained

from all participants or their legal guardians. The study was

conducted in accordance with the Declaration of Helsinki. A total

of 32 ET patients without treatment and 25 age- and sex-matched

normal controls were enrolled in this study. The diagnosis of ET

was based on the WHO 2016 diagnostic criteria (1). In all patients

with ET, the presence of the JAK2V617F mutation was documented

using next-generation sequencing (NGS). The bone marrow

aspirate and biopsy samples from patients with ET were collected

at the time of diagnosis. The bone marrow samples of the control

group were collected from normal donors for bone marrow

transplantation. Information on the ET patients and normal

controls enrolled in this study is provided in Table 1.
2.2 Bone marrow aspiration and biopsy

All study patients and normal controls underwent bone

marrow aspiration and biopsy performed under sterile
frontiersin.org
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conditions using a 13-gauge, 200-mm bone marrow biopsy needle

(Aisiai, Shanghai, China) on the anterior superior iliac spine.

Approximately 10 ml of the bone marrow aspirate from each

donor was collected in EDTA-coated tubes. The bone marrow

biopsy materials (biopsy core of 1.5 cm) were transported to the
Frontiers in Hematology 03
pathology laboratories in 4% paraformaldehyde solution. The bone

marrow pathological specimens were examined by the same

histopathologist who is experienced in MPNs. All examinations

were performed under an Olympus BX53 light microscope

(Olympus, Tokyo, Japan).
TABLE 1 Clinical characteristics of patients with essential thrombocythemia (ET).

Patients Gender Age (years)
WBC Hb PLT

Splenomegaly TE LDH (U/L) VAF (%)
(109/L) (g/L) (109/L)

P1 F 24 11.7 62 1,256 No Yes 181 4.32

P2 F 45 5.8 124 554 No Yes 251 7.50

P3 M 49 5.86 144.6 483 Yes Yes 279 13.15

P4 F 20 5.42 99.3 697 Yes No 231 91.37

P5 M 32 23.66 173.7 777 Yes Yes 531 71.53

P6 F 58 3.44 126.4 661 Yes No 136 42.00

P7 F 61 14.41 148.2 608 No No 191 66.50

P8 M 46 9.3 126 1,175 Yes No 493 86.00

P9 F 55 20.48 84 644 Yes Yes 856 33.56

P10 F 33 7.51 119 446 No No 146 8.00

P11 F 47 10.57 161 661 No No 255 25.29

P12 F 50 9.71 154 675 No No 321 23.48

P13 M 20 14.55 146.5 750 No Yes 208 32.19

P14 M 52 18.7 144 979 Yes No 422 29.39

P15 M 59 9.87 178.4 552 No Yes 349 41.48

P16 F 77 8 138 828 No No 213 11.41

P17 M 24 35.21 151.6 871 No Yes 468 82.09

P18 M 23 7.41 129.5 542 No Yes 140 7.06

P19 F 63 25.45 176.8 732 No No 417 73.76

P20 F 48 16.8 149 584 Yes No 178 18.80

P21 F 66 15.69 116 896 No Yes 429 20.60

P22 F 24 8.88 110 822 No Yes 339 19.20

P23 M 55 7.3 98 519 Yes Yes 170 9.00

P24 M 45 21.6 123 890 Yes No 279 68.11

P25 F 33 5.3 136 518 Yes No 223 30.29

P26 M 45 10.5 150 611 Yes Yes 266 26.64

P27 F 21 14.55 146.5 750 No Yes 208 32.19

P28 F 19 8.63 133.8 545 No No 212 26.40

P29 M 50 11 115 540 No No 252 27.70

P30 M 39 8.87 148 682 No Yes 370 41.48

P31 F 29 15.41 148.2 662 Yes No 198 63.50

P32 F 58 8 138 928 No No 256 14.41
fro
M, male; F, female; WBC, white blood cells; Hb, hemoglobin; PLT, platelets; TE, thrombotic events; LDH, lactic dehydrogenase; VAF, variant allele frequency of the JAK2 V617F mutation.
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2.3 Cell separation and Western blot

Bone marrow mononuclear cells (BM-MNCs) were isolated

from EDTA anticoagulant bone marrow samples from the study

subjects using Ficoll-Hypaque density gradient centrifugation at

1,800 rpm for 20 min at 20°C. All nucleated cells were then

recovered, washed twice, and suspended in phosphate-buffered

saline (PBS). Cell samples were incubated with 1 ml RIPA lysis

buffer (Beyotime, Shanghai, China). After incubation on ice for 30

min, the cell lysates were centrifuged at 4°C and the supernatant

proteins recovered and measured using a bicinchoninic acid (BCA)

protein assay kit (Merck KGaA, Darmstadt, Germany), then

dissolved in an SDS sample buffer (Beyotime), boiled for 5 min,

and then separated on 10%–15% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE). These proteins

were then transferred into polyvinylidene difluoride (PVDF)

membranes (Merck KGaA). After blocking with 5% nonfat milk,

the PVDF membranes were incubated with primary antibodies in

Tris-buffered saline (TBS) overnight at 4°C. The primary antibodies

were anti-GAPDH, anti-PTEN, anti-STAT3, anti-p-STAT3, anti-

STAT5, anti-p-STAT5 (1:1,000; Bioswamp, Wuhan, China), and

anti-Phospho-PTEN (Ser380/Thr382/Thr383) (1:1,000; Absin,

Shanghai, China). The following day, the PVDF membranes were

incubated with goat anti-rabbit horseradish peroxidase (HRP)-

conjugated antiserum (1:20,000; Bioswamp) for 1 h at room

temperature. After soaking the membranes in an enhanced

chemiluminescence reagent (Thermo Scientific, Waltham, MA,

USA) for 5 min, the blots were visualized using an X-ray film.
2.4 Immunohistochemistry

Immunohistochemistry (IHC) staining was conducted to

examine the expression of PTEN, STAT3, and p-STAT3 in the

bone marrow cells of patients with ET. The aspirated material was

centrifuged and the sediment transferred into 10% buffered

formalin for overnight fixation. Tissue sections (5 mm) taken

from each formalin-fixed, paraffin-embedded tissue block were

deparaffinized, rehydrated, and rinsed in distilled water. Antigen

retrieval was performed using a pressure cooker with 10 nM citrate

buffer (pH 6.0) for 2 min. Endogenous peroxidase activity was then

blocked by incubating the slides in 3% hydrogen peroxide in

methanol for 10 min. The primary antibodies [anti-PTEN, anti-

STAT3, anti-p-STAT3, and anti-p-STAT5 (Abcam, Cambridge,

UK); anti-STAT5 (Bioss, Beijing, China); and anti-Phospho-

PTEN (Ser380/Thr382/Thr383; Absin, Shanghai, China)] were

incubated at room temperature for 2 h, and chromogen

development was performed using the PV-9001 detection kit

(ZSGB-BIO, Beijing, China). Sections were counterstained using

hematoxylin, hydrated, cleaned, and then mounted under

coverslips. The slides were visualized using an Olympus BX53

light microscope. The 3,30-diaminobenzidine (DAB)-positive

areas were determined from the IHC images using the ImageJ

program (v.1.51j8). Image-Pro Plus software was also used to

analyze the optical density of protein expression.
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2.5 Statistical analysis

Statistical analyses were performed with Stata 7.0 software

(Stata, College Station, TX, USA). Data were given as the mean ±

standard error of the mean (SEM). Statistical comparisons between

groups were performed using one-way ANOVA followed by

Scheff’s test or the Wilcoxon signed-rank test. The relationships

between PTEN and the other clinical characteristics were evaluated

using Pearson’s correlation test. A two-sided p-value <0.05 was

considered statistically significant. Descriptive univariate analysis

was also performed. Differences among groups were considered

significant when p < 0.05.
3 Results

3.1 Demographic information of the
recruited ET patients

As shown in Table 1, a total of 32 untreated patients with ET

were recruited into this study. Of these patients, 16 (50%) were men,

and the median age was 62.5 years (range, 14–83 years). In the

overall cohort, the peripheral blood examination showed a median

white blood cell (WBC) count of 10.19 × 109/L (range, 3.44–35.21 ×

109/L), a median hemoglobin (Hb) volume of 138 g/L (range, 62–

178.4 × 109/L), and a median platelet count of 668.5 × 109/L (range,

446–1,256 × 109/L). The indicators of disease burden, i.e., lactic

dehydrogenase (LDH) and the variant allele frequency (VAF) of the

JAK2 V617F mutation, were also evaluated. The median LDH value

was 253.5 U/L (range, 136–856 U/L), while the median VAF for

JAK2 V617F was 28.55% (range, 4%–91%). Splenomegaly and

history of thrombotic events were found in 13 (40.63%) and 14

(43.75%) patients with ET, respectively.
3.2 The expression of PTEN decreased in
ET patients compared with normal controls

In order to preliminarily understand the expression of PTEN in

the bone marrow cells of patients with ET, the data from public

databases were first analyzed. The public gene expression profile

GSE103176 was downloaded from the Gene Expression Omnibus

(GEO) (http://www.ncbi.nlm.nih.gov/geo), a public functional

genomic data repository. The GSE103176 data showed that the

PTEN mRNA expression was significantly decreased in ET

patients compared with normal controls (p < 0.001) (Figure 1A).

The status of the JAK2 V617F mutation also appeared to affect the

PTEN mRNA expression, as demonstrated in Figure 1B. Although

the low incidence limited the sample sizes of the JAK2 V617F-

negative ET in public databases, we were still able to observe that

patients with ET who were negative for the JAK2 V617F mutation

exhibited lower PTEN mRNA expression compared with those with

a positive mutation status. Subsequently, we confirmed the database

results for the detection of PTEN expression in the BM-MNCs and

bone marrow biopsy tissue from 32 ET patients and 25 normal
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FIGURE 1

Data from the public dataset GSE103176 showing the phosphatase and tensin homolog (PTEN) mRNA expression in patients with essential
thrombocythemia (ET) and in normal controls. (A) Data from the public dataset GSE103176 showed that the PTEN mRNA expression is significantly
decreased in patients with ET. (B) JAK2 V617F mutation-negative ET patients had lower PTEN mRNA expression than those who were mutation-
positive. *p < 0.05, ***p < 0.001, ****p < 0.0001.
FIGURE 2

Western blot (WB) analysis of phosphatase and tensin homolog (PTEN), p-PTEN, STAT3, p-STAT3, STAT5, and p-STAT5 in the bone marrow
mononuclear cells (BM-MNCs) of essential thrombocythemia (ET) patients and normal controls. (A–C) Three representative bands of the WB
diagrams of PTEN, p-PTEN, STAT3, p-STAT3, STAT5, and p-STAT5 in ET patients and controls. (D–F) Quantitative results of the expression of PTEN
and p-PTEN (PTEN/GAPDH and p-PTEN/GAPDH) (D); STAT3 and p-STAT3 (STAT3/GAPDH and p-STAT3/GAPDH) (E); and STAT5 and p-STAT5
(STAT5/GAPDH and p-STAT5/GAPDH) (F) in ET patients and normal controls. p-PTEN, phosphorylation of the STT (Ser380, Thr382, and Thr383
residues) motif on PTEN. *p < 0.05, **p < 0.01. NS, not significant.
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controls. In the Western blot analysis, densitometric analysis of the

bands revealed that the ET patient samples exhibited lower PTEN

levels compared with normal controls (Figures 2A, D). Furthermore,

the IHC showed similar results (Figures 3A, B, K). The
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phosphorylation of the STT motif at the C-terminal of PTEN has

been proven essential for its DNA repair activity and its contribution

to cell survival in several research studies (15). To explore the

phosphorylation level of the STT motif, Western blotting and IHC
FIGURE 3

Immunohistochemistry (IHC) analysis of phosphatase and tensin homolog (PTEN), p-PTEN, STAT3, p-STAT3, STAT5, and p-STAT5 in the bone
marrow mononuclear cells (BM-MNCs) of patients with essential thrombocythemia (ET). (A–L) Representative IHC diagrams of PTEN, p-PTEN,
STAT3, p-STAT3, STAT5, and p-STAT5 in ET patients and normal controls. Scale bar, 50 mm (magnification, ×400). p-PTEN, phosphorylation of the
STT (Ser380, Thr382, and Thr383 residues) motif on PTEN. (M–R) Average optical density per area (AOD; Integral optical density/Area) calculated
with digital image analysis for the quantification of proteins. **p < 0.01, with t-test (n=3; each sample image was averaged from three fields of view).
ns, not significant.
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analysis were performed. The results showed no differences between

the ET patients and normal controls (Figures 2A, D, 3C, D, N).
3.3 p-STAT3 is negatively correlated with
PTEN in the BM-MNCs of ET patients

Based on literature reports, we hypothesized that PTEN may

negatively regulate STAT3/p-STAT3, resulting in their excessive

activation in the bone marrow cells of patients with ET. To verify

this hypothesis, the protein expression levels of STAT3 and p-

STAT3 were examined in the bone marrow cells from ET patients

and normal controls. The results of the Western blot showed that

the level of p-STAT3 was drastically elevated in the BM-MNCs of

patients with ET compared with normal controls (Figures 2B, E),

while the steady-state level of STAT3 remained unchanged. The

results of IHC also supported the increased expression of p-STAT3

in patients with ET (Figures 3E, F, M). The reduced

phosphorylation of STAT3 could be inversely correlated with the

elevated level of PTEN found in ET bone marrow cells.
3.4 p-STAT5 is decreased in ET patients as
confirmed by Western blot and IHC
analysis

We also investigated the p-STAT5 expression of the BM-MNCs

isolated from ET patients and normal controls. As shown in

Figures 2C, F, compared with that in normal controls, the p-

STAT5 level in patients with ET was significantly decreased,

which was confirmed by densitometric analysis of the bands in

the Western blot. Analysis of the IHC data also showed similar

results (Figures 3I, J, O). Both the Western blot and IHC detection

exhibited a slightly decreased STAT5 expression in patients with ET

compared with normal controls; however, the differences did not

reach significance.
3.5 Correlation of PTEN with ET clinical
characteristics

To explore the association of the aberrant expression of PTEN

and the JAK/STAT signaling pathway with the pathological

characteristics of ET, the quantitative values of PTEN, p-PTEN,

STAT3, STAT5, p-STAT3, and p-STAT5 expression were analyzed

in ET patients with the clinical indicators of the same patients,

including patient age, WBC count, Hb level, platelet count, LDH

level, and the VAF of the JAK2V617F mutation. The results showed

that the expression level of PTEN was negatively correlated with the

platelet count (p = 0.031) and the patient age (p = 0.01), but was

positively correlated with the p-STAT5 level (p = 0.025), while no

correlation with the VAF of the JAK2 V617F mutation was found

(Figure 4). Moreover, there seemed to be a positive correlation

between the WBC count and the LDH level (p = 0.015) and a

negative correlation between the platelet count and the p-STAT5
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level (p = 0.049). Univariate descriptive analysis was also performed.

However, the PTEN expression and the molecule levels on the JAK/

STAT signaling pathway were not found to have any impact on the

splenomegaly and thrombotic events in patients with ET (data not

shown). Subsequently, multivariate analysis was performed, which

showed a negative correlation between PTEN and patient age and a

positive correlation between PTEN and p-STAT5 (Supplementary

Table S1).
4 Discussion

In this study, a decreased PTEN level was detected in the BM-

MNCs from untreated ET patients with the JAK2 V617F mutation

for the first time. Previous research has reported PTEN as a negative

regulator of STAT3 activity through the mediation of p-STAT3

dephosphorylation (16). Our findings are consistent with previous

research, indicating elevated p-STAT3 levels in the BM-MNCs of

ET patients with the JAK2 V617F mutation, whereas the p-STAT5

levels were observed to have decreased. Furthermore, analysis in

combination with clinical data showed a negative correlation

between PTEN expression and patient age and platelet count.

Conversely, a positive correlation was found between the

expression levels of PTEN and p-STAT5.

Previous studies on PTEN as a tumor suppressor gene mostly

focused on solid tumors such as prostate cancer and colorectal cancer

(17, 18), as well as hematological tumors such as myelodysplastic

syndromes (MDS) and AML (19). Our study revealed, for the first

time, that PTEN is poorly expressed in the BM-MNCs of patients with

ET. Most research studies have reported a PTEN-regulated PI3K/

AKT/mTOR signaling pathway (20, 21), and the loss of PTEN in

pancreatic cancer-related fibroblasts resulted in increased STAT3

phosphorylation (22). In papillomavirus-infected cells, PTEN

negatively regulated STAT3 phosphorylation activation, and mutant

PTEN increased STAT3 phosphorylation compared with the wild-

type PTEN group (16). The mTOR signaling pathway positively

regulated STAT3 in MCF7, a model of cancer stem cell-like cells,

while PTEN acted as a negative regulator of both STAT3 and mTOR

signaling (11). In human cancer cell line U266, DU-145, and SCC4

cells, the sinoquinone-dependent expression of PTEN thereby

inhibited the activation of STAT3 signaling, suppressed cell

proliferation and invasion, and induced apoptosis through the

activation of caspase-3 (23). In human glioblastoma cell lines, in

both PTEN-expressing and PTEN-deficient cells, blockage of the

JAK-2/STAT3 signaling pathway inhibited the migration and

invasive potential of tumor cells, but the inhibition of STAT3 in

PTEN-expressing cells might have a higher therapeutic potential (24).

As the aberrant expression of PTEN and the subsequent dysregulation

of the p-STAT3 and p-STAT5 levels exhibited, our results suggest that

a low PTEN expression might be one of the key factors in the

pathogenesis of ET. Platelet hyperreactivity and enhanced granule

secretion have been reported as potential mechanisms for thrombosis

in the setting of ET. Previous multiomic and functional analyses have

identified PI3K/AKT/mTOR signaling as a principal contributor to

platelet hyperreactivity in ET, while a-ketoglutarate (a-KG)
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supplementation has been proven to be an efficacious metabolic

intervention by inhibiting PI3K/AKT/mTOR signaling, thereby

modulating the metabolic responses and hyperreactivity in platelets

from patients with ET (25). On the other hand, the activation ofMEK/

ERKhas also been proven to contribute to the inefficacy/persistence of

JAK2 inhibitor treatment in preclinicalMPN studies (26). Thus far, the

role of PTEN in the pathogenesis of ET has not been documented.

Previous studies indicated that PTEN in imatinib-resistant chronic

eosinophilic leukemia (CEL) EOL-1R cells dephosphorylated AKT,

ERK, and STAT5, which led to the negative regulation of both PI3K/

AKT andMEK/ERK signaling (27). It can be reasonably assumed that

the downregulation of PTEN could lead to the activation of PI3K and

MEK/ERK, which contributes to the occurrence of ET.

PTEN is mostly phosphorylated at the last 50 amino acid

residues in the C-terminal, and the phosphorylation at the STT

motif of PTEN is crucial for its DNA repair activities and aids in cell

survival. However, there are hardly any studies exploring the

phosphorylated PTEN in MPNs. This study also revealed for the
Frontiers in Hematology 08
first time the small differences in the phosphorylation levels of the

STT motif of PTEN between ET patients and normal controls.

These results might have been limited by the small sample size, and

further studies are needed to be performed in order to explore

whether the phosphorylation at other sites or other epigenetic

regulation modes of PTEN are involved in the downregulation of

its expression in patients with MPN.

As the predominant driver mutation of Ph− classical MPNs, the

JAK2 V617F mutation requires the presence of one of three

homodimeric type I myeloid cytokine receptors for pathological

signaling—MPL, EPOR, or G-CSFR—while EPOR triggers the

activation of signaling pathways including JAK2/STAT5, PI3K/

AKT, and MAPK (28, 29). JAK2 V617F also activated persistent

MPL-dependent STAT3 signaling that induced transcriptional

activation at the promoter of programmed death ligand 1 (PD-

L1), leading to the enhanced expression of PD-L1 at the surface of

monocytes, megakaryocytes, and platelets (30). Studies have

demonstrated STAT3 activation in the bone marrow samples of
FIGURE 4

Pearson’s correlations for the relationships between the quantitative values of phosphatase and tensin homolog (PTEN), p-PTEN, STAT3, STAT5, p-
STAT3, and p-STAT5 expression and the clinical indicators of patients with essential thrombocythemia (ET). WBC, white blood cells; Hb, hemoglobin;
PLT, platelets; LDH, lactic dehydrogenase; VAF, variant allele frequency of the JAK2 V617F mutation; p-PTEN, phosphorylation of the STT (Ser380,
Thr382, and Thr383 residues) motif on PTEN. The numbers represent Pearson’s coefficients. *p < 0.05, **p < 0.01, ***p < 0.001.
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half of patients with ET, regardless of the presence of JAK2

mutation (6). While there was no positive correlation between the

JAK2 V617F allele burden and the expression of p-STAT3 and p-

STAT5 in patients with MPN, the phosphorylation of STAT5 and

STAT3 in megakaryocyte nuclei was significantly higher in JAK2

V617F-positive MPN patients than that in negative samples. In

addition, lower p-STAT5 levels were observed in the bone marrow

biopsies from JAK2 V617F+ ET patients compared with JAK2

V617F+ early PMF patients (31).

Recent studies have highlighted the central pathogenic role of

persistent JAK–STAT activation in MPN (32, 33). The activation of

STAT3 signaling is a well-accepted mechanism in the pathogenesis

of MPN, including ET. The JAK2 V617F, MPL W515K/L/A/R, and

S505N mutations were believed to directly activate JAK2–STAT,

resulting in a clonal myeloproliferation that is cytokine-

independent or hypersensitive (34, 35). Although the central role

of JAK–STAT activation in MPN has been highlighted (36, 37), this

particular concept was confounded by the coexistence of an

inflammatory state in MPN with aberrant cytokine expression

and the fact that the activated JAK–STAT is a nonspecific

phenomenon in cancer (38). Furthermore, “targeted therapy”

with JAK inhibitors has so far failed to induce selective

suppression of the disease clone in MPN (39). Regardless, the

underlying mechanisms that enable single mutations to result in

ET remain not fully understood. We found that the STAT3

phosphorylation level was negatively correlated with the PTEN

expression levels and was not associated with the JAK2 V617F

mutation. This suggests that PTEN might be another key regulator

in the activation of the STAT3 pathway in ET bone marrow cells.

Although ET advances relatively slowly compared with PMF

overall, some patients still show rapid disease progression, resulting

in various complications such as thrombosis and transformation

into AML in the short term. The rapid progression of the disease in

these patients cannot be explained solely by the JAK2 V617F gene

mutation, indicating abnormalities in other signaling pathways

driving the disease progression. Here, both the univariate and

multivariate analyses demonstrated that a lower PTEN expression

was correlated with increased patient age and reduced p-STAT5

levels. However, research on CEL has indicated that forced PTEN

expression might result in the dephosphorylation of STAT5 (27).

This contradicted our findings of reduced p-STAT5 levels, which

exhibited a positive correlation with PTEN. Possibly, it was the

distinction in the pathogenesis between CEL and ET and will

influence our new research direction. The limited sample size

could have also potentially hindered further research into the

PTEN and STAT signaling pathways. Nonetheless, based on our

results, the combination of JAK2 inhibitors and PTEN agonists is

likely to exert a synergistic function to provide new avenues for

clinical ET treatment.

In conclusion, this study showed variations in the expression of

PTEN and molecules such as STAT3, STAT5, p-STAT3, and p-

STAT5 on the JAK/STAT signaling pathway in the BM-MNCs of

ET patients without treatment. The downregulation of the PTEN

level might play an essential role in the pathogenesis of ET, leading
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to elevated p-STAT3 and decreased p-STAT5 expression while

having little impact on the expression of STAT3 and STAT5.

Combined with clinical data, the expression of PTEN exhibited a

negative correlation with patient age and platelet count and a

positive correlation with p-STAT5, but no correlation with the

JAK2 V617F mutation allele burden, which indicates that, although

the JAK2 V617F mutation might initiate the onset of the disease, its

allele burden is independent relative to PTEN expression. These

results could therefore shed light on the new pathogenesis of and

treatment strategies for ET.
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