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Prothymosin a accelerates dengue
virus-induced thrombocytopenia

Mei-Lin Yang,1,2,12 Chia-Ling Lin,3,12 Yi-Cheng Chen,4 I-An Lu,4 Bing-Hua Su,5 Yen-Hsu Chen,6,7,8,9

Kuan-Ting Liu,10,11 Chao-Liang Wu,1,4,* and Ai-Li Shiau1,2,13,*

SUMMARY

Thrombocytopenia is the hallmark finding in dengue virus (DENV) infection. Prothymosina (ProT) has both
intracellular and extracellular functions involved in cell cycle progression, cell differentiation, gene regu-
lation, oxidative stress response, and immunomodulation. In this study, we found that ProT levels were
elevated in dengue patient sera as well as DENV-infected megakaryoblasts and their culture superna-
tants. ProT transgenic mice had reduced platelet counts with prolonged bleeding times. Upon treatment
with DENV plus anti-CD41 antibody, they exhibited severe skin hemorrhage. Furthermore, overexpres-
sion of ProT suppressed megakaryocyte differentiation. Infection with DENV inhibited miR-126 expres-
sion, upregulated DNA (cytosine-5)-methyltransferase 1 (DNMT1), downregulated GATA-1, and
increased ProT expression. Upregulation of ProT led to Nrf2 activation and reduced reactive oxygen spe-
cies production, thereby suppressingmegakaryopoiesis. We report the pathophysiological role of ProT in
DENV infection and propose an involvement of the miR-126-DNMT1-GATA-1-ProT-Nrf2 signaling axis in
DENV-induced thrombocytopenia.

INTRODUCTION

Dengue is an important arthropod-borne viral disease. The illness caused by dengue virus (DENV) includes asymptomatic infection, acute

febrile illness, classic dengue fever, and dengue hemorrhagic fever including dengue shock syndrome. Among these manifestations, throm-

bocytopenia is the hallmark for bothmild and severe forms of dengue.1 Impaired thrombopoiesis and peripheral platelet (PLT) destruction are

two main mechanisms that contribute to the development of dengue-induced thrombocytopenia.2–4 An early study reported that the bone

marrow is hypocellular during early dengue disease but later becomes hypercellular when recovered from acute suppression.5 There is also

evidence that the bone marrow reduces its ability to support hematopoiesis in dengue infection.6 Direct DENV infection in the bone marrow

was detected in nonhuman primate and humanized mouse models of dengue infection.7,8 CD61-expressing multiploidy cells in the bone

marrow from humans and rhesusmonkeys were shown to be dominantly infected by DENV.9,10 These findings provide evidence that transient

reduction of PLT numbers duringDENV infection is attributable to direct infection ofmegakaryocytes with DENV in the bonemarrow, thereby

interfering with PLT production.

Prothymosin a (ProT) is a highly acidic nuclear protein consisting of 109–110 amino acids and plays a pivotal role in cell cycle progression

andproliferation.11,12 Overexpression of ProT can accelerate cell proliferation, shorten duration of theG1phase of the cell cycle, and suppress

differentiation of human promyelocytic leukemia HL-60 cells.13,14 In contrast, suppression of ProT by antisense RNA results in growth arrest

and apoptosis.15 Regarding oxidative stress, ProT can bind to Keap1 and release Nrf2 from the Nrf2-Keap1 complex.16 Nrf2 then translocates

into the nucleus, binds to the antioxidant response element, and upregulates the expression of antioxidant genes.16 Reactive oxygen species

(ROS) is required for all stages of megakaryopoiesis, which involves multipotent stem/progenitor cell commitment, nuclear polyploidization,

cytoplasmic maturation, and release of PLTs.17 Studies from knockout mice have revealed that Nrf2 activation skews the differentiation
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potential of hematopoietic stem cells toward the granulocyte-monocyte lineage, thereby reducing megakaryocyte and erythroid progeni-

tors.18 ProT exerts differential effects on cell cycle progression, differentiation, and oxidative stress. However, its potential pathological

role in DENV-induced thrombocytopenia remains unexplored.

Host microRNAs (miRNAs) have emerged as important regulators in dengue pathogenesis.19 Differentially expressed miRNAs are de-

tected in the sera of dengue patients and in DENV-infected mice, some of which may be used as indicators for dengue severity.20–22 More-

over, a broader role for DENV infection in miRNAmodulation has been documented. Infection of human hepatoma cells with DENV results in

decreased mRNA levels of miRNA processing proteins, including Dicer, Drosha, Ago1, and Ago2, and subsequent downregulation of miR-

NAs.23 The DENV nonstructural protein 3 (NS3) interferes with loading of miRNAs to Ago proteins through directly binding to human heat

shock cognate protein 70 (hHSC70), which subsequently hampers miRNA biogenesis and results in reduced precursor and mature levels

of miR-126.24 The genetic association of a single-nucleotide polymorphismwithinmiR-126 with parameters of PLT function has been detected

in mice.25 Furthermore, antagomiRs against miR-126-3p blocks PLT aggregation.25 Collectively, these results suggest an essential role for

miR-126 in maintaining PLT function and imply an association between miR-126 and PLT production. However, the impact of miR-126 on

dengue-induced pathogenesis remains unclear.

In the present study, we hypothesized that DENV infection would induce upregulation of ProT, resulting in suppression of megakaryopoi-

esis, and this process is mediated, at least in part, through the miR-126-DNMT1-GATA-1-ProT-Nrf2 signaling axis. Our findings provide

important insights into the function and underlying mechanism of ProT in dengue-associated thrombocytopenia.

RESULTS

Serum ProT levels are elevated in dengue patients and DENV-infected Meg-01 megakaryoblasts

We used the enzyme-linked immunosorbent assay (ELISA) to quantify ProT levels in the sera of 101 dengue patients and 27 healthy controls.

While a normal PLT count in adults ranges from 150,000 to 400,000 PLT/mm3 of blood, a PLT count below 100,000/mm3 is a common clinical

feature of dengue. Therefore, we categorized these patients into three groups based on their PLT counts, including >150,000, 100,000–

150,000, and <100,000/mm3 of blood. As shown in Figure 1A, patients with PLT counts <100,000/mm3 had the highest ProT levels among

the four groups, followed by patients with PLT counts 100,000–150,000/mm3. However, ProT levels did not differ between patients with

PLT counts >150,000/mm3, which were in the normal range, and healthy individuals. Based on a best-fit linear trend line, there was a negative

correlation between serum ProT levels and PLT counts (Figure 1B). Since patients enrolled in this study were admitted to the emergency

department of Kaohsiung Medical University Hospital with fever during dengue outbreaks in 2014–2015, most of these patients were in

the acute febrile phase.26 Thus, it was not possible to further investigate the correlation of serum ProT levels and clinical disease severity.

Taken together, our results from blood samples of dengue patients show a strong negative correlation between serum ProT levels and

PLT counts in patients with acute febrile illness. Our findings also suggest that excess ProT may be involved in dengue pathogenesis.

Due to the heterogeneity of human megakaryocytes,27 we used the human Meg-01 cell line representing a model for PLT precursor cells,

rather than primary megakaryocytes, to examine whether infection with DENV type 2 (PL046 strain) upregulated ProT expression. Viral RNA

levels peaked at day 3 post-infection (pi) (Figure 1C). Furthermore, the ProT transcript significantly increased more than 2-fold at day 1 pi and

remained at similar levels throughout the 4-day testing period (Figure 1D). Immunoblot analysis also revealed that levels of viral NS3 indicative

of viral replication increased in a time-dependent manner after DENV infection (Figure 1E). Notably, ProT protein levels increased at day 1 pi,

peaked at day 3 pi, and remained elevated at day 4 pi (Figure 1E). We also quantified the ProT content in the culture supernatant of DENV-

infected Meg-01 cells by ELISA. While ProT was undetectable in the culture supernatant of uninfected cells, it was released into the super-

natant by DENV-infected cells, with levels being increased with time but reaching a plateau at day 3 pi (Figure 1F). Collectively, our results

from Meg-01 cells indicate that infection with DENV induces ProT expression, which can be detected intracellularly and extracellularly.

ProT accelerates DENV-induced thrombocytopenia in mice

Next, we compared serum ProT levels, PLT counts, and bleeding times between ProT transgenic (Tg) and wild-type (WT) mice. We verified

that ProT Tgmice showed a 3.2-fold increased levels of ProT comparedwithWTmice (Figure 2A). Compared to healthy human adults, normal

mice exhibit much higher PLT counts with smaller size and much shorter lifespan.28 The normal PLT count in mice ranges from 1,0003 103 to

1,500 3 103/mm3 in blood. Murine PLTs are at least approximately four to five times more numerous than human PLTs. We found that PLT

counts were 26% lower in ProT Tgmice compared to those inWTmice (Figure 2B). Furthermore, bleeding times forWTwere in the range of 4-

to 7-min (5.70 G 1.50 min), whereas ProT Tg mice had bleeding times in excess of 7 min (7.75 G 0.67 min) (Figure 2C). We then explored

whether ProT was involved in hemorrhage induced by DENV plus anti-CD41 (PLT marker) antibody that mimics autoantibodies elicited by

viral nonstructural protein 1 (NS1) in C57BL/6mice.29 Bonemarrow cells frommice treatedwith DENV-2 and/or anti-CD41 antibody contained

significantly higher levels of ProT compared with those from saline-treated mice (Figure 2D). Accordingly, C57BL/6 mice treated with DENV

alone or combined with anti-CD41 antibody had an approximately 2-fold increase in serum ProT contents compared with those treated with

saline (Figure 2E). While DENV- and saline-treated mice had similar PLT counts, treatment with anti-CD41 antibody alone or in combination

with DENV significantly reduced the PLT counts inmice (Figure 2F). Based on a best-fit linear regression analysis, there was a trend of negative

correlation between the PLT count and ProT level (p = 0.056) in mice following treatment with DENV and/or anti-CD41 antibody (Figure 2G).

Regarding skin hemorrhage, C57BL/6 mice receiving combination treatment with DENV and anti-CD41 antibody exhibitedmild hemorrhage

(Figure S1). Nevertheless, single treatment with either DENV or anti-CD41 antibody failed to induce skin hemorrhage (Figure S1). Next, we

compared basal PLT counts of ProT Tg and WT mice. As shown in Figure 2H, the basal level of PLT counts appeared to be lower in ProT Tg
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mice than in WT mice, which was in accordance with the data shown in Figure 2B. Furthermore, combination treatment with DENV and anti-

CD41 antibody significantly decreased PLT counts in bothmice, in particular ProT Tgmice. Notably, 60% of ProT Tgmice exhibited skin hem-

orrhage, whereas no hemorrhagewas observed inWTmice (Figure 2I). Accordingly, the clinical skin hemorrhage scorewas significantly higher

in ProT Tgmice than inWTmice (Figure 2J). Taken together, these results indicate that DENV infection increases serumProT levels, and treat-

ment with anti-CD41 antibody that resembles anti-NS1 antibody reduces PLT counts in WT mice. Furthermore, ProT Tg mice have lower PLT

counts and are more prone to developing skin hemorrhage upon treatment with DENV and anti-CD41 antibody. These findings also suggest

that overexpression of ProT may impair PLT production and accelerate skin hemorrhage during DENV infection.

Excess ProT suppresses megakaryocyte differentiation

Next, we studied whether overexpression of ProT impacted megakaryocyte differentiation by detecting CD41-positive (PLT derived) micro-

particles. Since megakaryocyte differentiation correlates with increased DNA contents, we also examined the distribution of relative DNA

content in megakaryocytes of ProT Tg and WT mice. By analyzing CD41-positive and polyploid cells in bone marrow cells that had been

treated with thrombopoietin (TPO) and interleukin-3 (IL-3) for 6 days to inducemegakaryocyte differentiation, we found that the percentages

of CD41-positive megakaryocytes in the bone marrow of ProT Tg mice were lower (24.6%) than those of WT cells (29.6%) (Figure 3A, upper

panels; cells gated with forward scatter component (FSC) >400 and CD41 > 101�102). Furthermore, the percentages of polyploid cells in

CD41-positive cells of ProT Tg mice were also reduced compared with those of WT mice (Figure 3A, lower panels; > 4N, 39.3% in ProT

Figure 1. Serum ProT levels are increased in dengue patients and DENV-infected Meg-01 cells and their culture supernatants

(A) ProT levels in the sera of dengue patients grouped according to their PLT counts, including >150,000/mm3 (n = 35), 100,000–150,000/mm3 (n = 30), and

<100,000/mm3 (n = 36), as well as healthy controls (n = 27) quantified by ELISA. Values are means G SD (one-way ANOVA).

(B) Pearson correlation analysis for the correlation of ProT levels and PLT counts showing the best-fit linear trend line.

(C–F) Determination of DENV RNA (C), ProT mRNA (D), as well as protein levels of ProT and NS3 (E) in Meg-01 cells infected with DENV-2 at an MOI of 1 for

different time points by RT-qPCR (C, D) and immunoblotting (E). The ratio of mock infected cells was arbitrarily set to 100 (D). Expression of GAPDH served

as the loading control (E). Values shown below the blots are ratios between the intensity of the bands corresponding to ProT or NS3 and those

corresponding to GAPDH analyzed by densitometry, where the ratio of mock infected cells was set to 1. The ProT content in the supernatant of DENV-

infected Meg-01 cells was also quantified by ELISA (F). Values are means G SD (n = 3, one-way ANOVA).
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Tg mice vs. 42.9% in WTmice). These results suggest that overexpression of ProT hampers the endomitosis process of megakaryocytes from

the bone marrow. In addition, we further used DENV-infected bone marrow-derived megakaryocytes from ProT Tg and WT mice to analyze

CD41-positive cells and polyploid cells in this population. The percentages of CD41-positive cells in the bonemarrow of ProT Tgmice (10.2%)

were much lower than those of WT mice (34.2%) (Figure 3B, upper panels; cells gated with FSC >400 and CD41 > 101�102). Similarly, the

percentages of polyploid cells in CD41-positive cells were lower in the bone marrow of ProT Tg mice (31.0%) compared with those of WT

mice (39.2%) following DENV infection (Figure 3B, lower panels; Q2 region, > 4N). To further validate that excess ProT impaired megakaryo-

cyte differentiation, we silenced ProT expression in Meg-01 cells via lentivirus (LV)-mediated delivery of short hairpin RNA (shRNA) specific to

ProT, resulting in the silencing of ProT expression by 75%–80% (Figure 3C). After treatment with phorbol 12-myristate 13-acetate (PMA) for

7 days, the percentages of CD41-positive cells were higher in ProT knockdown cells (55.2% for shProT-17; 55.1% for shProT-20) than in the

control cells transduced with LV.shLacZ (50.6%) (Figure 3D, upper panels; cells gated with FSC >400 and CD41 > 101�102). Moreover,

ProT knockdown Meg-01 cells had a higher percentage of polyploid cells (34.8% in shProT-17; 35.6% in shProT-20) compared with

LV.shLacZ-transduced cells (26.2%) (Figure 3D, lower panels; Q2 region, > 4N). Collectively, we conclude that excess ProT expression sup-

presses megakaryocyte differentiation.

We further determined the numbers of total cells, T lymphocytes (CD3+ cells), B lymphocytes (CD19+ cells), mononuclear cells (CD11b+

cells), and megakaryocytes (CD41+CD61+ cells) obtained from the bone marrow of ProT Tg and WT mice under normal conditions or treat-

ment with DENV plus anti-CD41 antibody. As shown in Table S1, total cell numbers were similar between ProT Tg andWTmice regardless of

DENV and/or anti-CD41 antibody treatment. While the percentages of CD41+CD61+ cells had no differences between ProT Tg andWTmice

under the vehicle treatment, they were significantly lower in DENV/anti-CD-41-treated ProT Tg mice compared to their WT counterparts.

Furthermore, the percentages of T cells and B cells were significantly higher and lower, respectively, in ProT Tg mice than in WT mice under

the vehicle treatment or DENV/anti-CD41 treatment. However, the percentages of myeloid-lineage cells (CD11b+ cells) were significantly

higher in ProT Tg mice than in WT mice under the vehicle treatment, which did not occur after treatment with DENV/anti-CD41 antibody.

Thus, these data indicate that excess ProT expression reduces the percentage of CD41+CD61+megakaryocytes inmice uponDENV infection.

Furthermore, the percentages of T and B cells also change after DENV infection. However, the impact of these changes remains unknown.

DENV infection affects the expression of miR-126, DNMT1, GATA-1, and ProT in Meg-01 cells

As miR-126 is implicated in the maintenance of normal PLT function and DENV NS3 interferes with precursor miR-126 expression and de-

creases mature miR-126 levels,24 we further assessed the effect of miR-126 on megakaryoblasts during DENV infection. Meg-01 cells infected

with DENV expressed reduced levels of miR-126-3p (Figure 4A) andmiR-126-5p (Figure S2). It was proposed that the DNMT1-miR-126 epige-

netic circuit controls the growth of esophageal squamous cell carcinoma.30 Furthermore, DNMT1 directly binds to theGata-1 locus in murine

hematopoietic stem cells, resulting in hypermethylation and downregulation of GATA-1, a transcription factor associated with megakaryo-

poiesis.31 DENV infection was shown to reduce GATA-1 expression in megakaryocytes.32 Our results further show that infection with

DENV increased DNMT1 and decreased GATA-1 expression in Meg-01 cells (Figure 4B). Immunohistochemical staining revealed more

DNMT1-positive cells in bone marrow cells of mice treated with DENV plus anti-CD41 antibody compared to those treated with saline (Fig-

ure 4C). Our results collectively suggest that infection with DENV may influence the miR-126-DNMT1-GATA-1 pathway in megakaryoblasts.

To further validate miR-126 as an upstream regulator of the proposed DNMT1-GATA-1-ProT signaling axis, we generated miR-126-over-

expressing Meg-01 cells and vector control cells and compared their gene expression levels of DNMT1, GATA-1, and ProT. Quantitative

reverse-transcription PCR (RT-qPCR) confirmedmiR-126 overexpression inMeg-01 cells transducedwith LV.miRNA-126 compared with those

transduced with the control LV.miR-Ctrl vector (Figure 4D). Overexpression of miR-126 resulted in downregulation of DNMT1 (Figure 4E), up-

regulation of GATA-1 (Figure 4F), and downregulation of ProT (Figure 4G) in Meg-01 cells.

Next, we confirmed that expression of GATA-1 was negatively regulated by DNMT1.We treatedDENV-infectedMeg-01 cells with 50-AZA-
20-deoxycytidine, a DNMT1 inhibitor, and examined whether DENV-induced downregulation of GATA-1 could be abrogated. Figure 5A

shows that expression of GATA-1 was greatly decreased in DENV-infected Meg-01 cells, which could be reversed by pharmacological inhi-

bition of DNMT1, confirming that DNMT1 negatively regulates GATA-1 expression. We further performed a chromatin immunoprecipitation

(ChIP) assay to examine whether DNMT1 bound to the GATA-1 locus in Meg-01 cells infected with DENV, thereby leading to repressing

GATA-1 expression. Our result shows that DENV infection increased the binding of DNMT1 to the GATA-1 promoter, which would lead

to hypermethylation and thus downregulation of GATA-1 expression (Figure 5B).

Figure 2. Overexpression of ProT causes reduction in PLT counts and accelerates DENV-induced thrombocytopenia in mice

(A–C) Serum ProT levels (A), PLT counts (B), and tail bleeding times (C) of 8-week-old ProT Tg and WT C57BL/6 mice.

(D and E) WT mice were subcutaneously injected with or without DENV-2 (107 PFU), followed 24 h later by treatment with or without anti-PLT CD41 antibody

(1 mg/kg). ProT was detected in bone marrow cells (D) and sera (E) of the mice at day 4 pi by immunoblotting and ELISA, respectively. Representative

immunoblot images of ProT with each lane representing a sample from an individual mouse (D, left) and quantification of relative ProT levels normalized to

b-actin (D, right. saline, n = 6; DENV-2, n = 3; anti-CD41, n = 3; DENV-2 + anti-CD41, n = 6). Values shown below the blots are ratios between the intensity of

the bands corresponding to ProT and those corresponding to b-actin analyzed by densitometry.

(F and G) PLT counts of WT mice treated with either saline, DENV-2, anti-CD41, or DENV-2 + anti-CD41 at day 2 pi (F). Pearson correlation analysis for the

correlation of ProT levels and PLT counts showing the best-fit linear trend line (G).

(H–J) PLT counts of ProT Tg andWTmice treated with either saline or DENV-2 + anti-CD41 at day 2 pi (H), as well as images (I) and scores (J) of skin hemorrhage at

day 3 pi. Values are means G SD (one-way ANOVA or Student’s t test).
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Given that DENV infection reduced GATA-1 expression (Figures 4B and 5A), we analyzed the microarray data obtained from NCBI Gene

Expression Omnibus (GEO) database (accession number GSE2527, Dataset record GDS1245).33 We found that megakaryocytes of GATA-1

knockout mice increased the mRNA expression of the Ptma gene that encodes mouse ProT (Figure S3). Because the transcription factor

GATA-1 regulates gene expression through binding to promoter regions with various positive and negative co-factors, we next investigated

whether GATA-1 affects the promoter activity of the PTMA gene that encodes human ProT. Using 293T cells cotransfected with the GATA-1

expression vector pSIN4-EF1a-GATA-1-IRES-Puro and the luciferase reporter vector pGL3-pProT-Luc, we found that overexpression of

GATA-1 in 293T cells downregulated the PTMA promoter activity in a dose-dependent manner (Figure 5C). Furthermore, we used LV-medi-

ated delivery of shRNA specific to GATA-1 (shGATA-1-358 and -359) as well as a control shRNA (shLacZ) in Meg-01 cells to further validate

GATA-1 as an upstream negative regulator of ProT. TwoGATA-1 knockdown cells expressed higher levels of ProT compared with LV.shLacZ-

transduced or mock-transduced cells (Figure 5D). Collectively, these results suggest that components of the miR-126-DNMT1-GATA-1-ProT

signaling axis may be involved in DENV-induced thrombocytopenia.

ProT suppresses megakaryopoiesis through Nrf2 activation and increases expression of the genes encoding its

downstream antioxidant enzymes in DENV-infected Meg-01 cells

Binding of ProT to Keap1 inhibits formation of the Keap1-Nrf2 complex, leading to Nrf2-mediated activation of antioxidative stress genes

involved in scavenging ROS.16 Given that Nrf2 negatively regulates PLT production34 and ROS is required for megakaryopoiesis,17 we further

studied whether ProT suppressed megakaryopoiesis through activation of Nrf2 in DENV infection in Meg-01 cells. Protein levels of Nrf2 were

increased from day 2 onward after viral infection (Figure 6A). Viral NS3 was also detectable from day 2 pi. Notably, nuclear levels of Nrf2 in

Meg-01 cells transfected with ProT expression plasmids (pLAS2w.hProT-HA or pLAS2w.hProT-Venus) were increased compared to those

transfected with the control plasmid (pLAS2w.Ppuro) (Figure 6B). Overexpression of ProT increased expression of heme oxygenase-1

(HO-1) and NAD (P) H: quinone oxidoreductase 1 (NQO1), as well as reduced ROS production (Figure 6C). In contrast, knockdown of endog-

enous ProT had opposite effects (Figure 6D). We further tested whether overexpression of miR-126 reversed ProT-mediated upregulation of

Nrf2, HO-1, and NQO1. Figure 6E shows that mRNA levels of Nrf2, HO-1, and NQO1 were decreased in Meg-01 cells transduced with LV.

miRNA-126 as compared to those transduced with LV.miR-Ctrl. We also investigated whether ProT played a role in PLT release. ProT knock-

downMeg-01 cells expressed higher levels of PLT glycoprotein IX (GP9) and tubulin b1 (TUBB1), which are related to PLT release,35 compared

to the vector control cells (Figure 6F). Furthermore, ProT knockdown cells expressed higher levels of the surfacemolecule CD42b, a marker of

PLT activation that is expressed at the late stage of megakaryocyte differentiation (Figure 6G). Taken together, these results suggest that

DENV-mediated upregulation of ProT expression reduces megakaryocyte differentiation, leading to decreased PLT production, at least in

part, through the ProT-Nrf2-ROS axis.

Overexpression of miR-126 reverses megakaryopoiesis suppression in bone marrow cells of ProT Tg mice

Given that infection with DENV downregulated miR-126 expression (Figure 4A) but upregulated ProT expression (Figures 1D–1F) and that

overexpression of miR-126 decreased ProT expression (Figure 4G) in Meg-01 cells, we next assessed the correlation between miR-126 and

ProT in megakaryopoiesis. We treated bone marrow cells derived from C57BL/6 mice with TPO and IL-3 to induce megakaryocyte differ-

entiation. We found that expression of ProT was decreased in a time-dependent manner during megakaryocyte differentiation from the

bone marrow (Figure 7A). Since the percentages of CD41-positive megakaryocytes and polyploidy cells derived from the bone marrow of

ProT Tg mice were lower than those of WT cells (Figure 3A), we then determined whether overexpression of miR-126 could rescue ProT

suppression of megakaryocyte differentiation. Bone marrow cells derived from ProT Tg mice transduced with LV.miR-126 displayed a

50-fold increase in miR-126-3p levels than those transduced with the control LV.miR-Ctrl vector (Figure 7B). Furthermore, the size and num-

ber of megakaryocytes in bone marrow cells transduced with LV.miR-126 were increased (Figure 7C). The percentages of CD41-positive

megakaryocytes in LV.miR-126-transduced bone marrow cells were higher (33.7%) than those in LV.miR-Ctrl-transduced cells (21.0%) (Fig-

ure 7D, upper panels; cells gated with FSC >300 and CD41 > 101�102). Higher percentages of polyploid cells were detected in LV.miR-

126-transduced cells than in LV.miR-Ctrl-transduced cells (Figure 7D, lower panels; > 4N, 28.9% in LV.miR-126-transduced cells vs. 16.1% in

LV.miR-Ctrl-transduced cells). Collectively, these results indicate that ProT-induced suppression of megakaryocyte differentiation can be

reversed by miR-126 overexpression. They also suggest that suppressive effect of DENV on megakaryopoiesis may be improved by down-

regulation of ProT through miR-126 overexpression.

Figure 3. Overexpression of ProT suppresses megakaryocyte differentiation

(A and B) Percentages (upper panels) and DNA contents (lower panels) of CD41-positive megakaryocytes from ProT Tg and WT mice. Bone marrow cells

collected from the mice were treated with mouse TPO (50 ng/mL) and mouse IL-3 (10 ng/mL) for 6 days alone (A) or in combination with DENV-2 (MOI = 1)

infection from day 3 onwards (B). They were then stained with CD41 and propidium iodide and analyzed by flow cytometry.

(C and D) Meg-01 cells were transduced with shRNAs specific to ProT (shProT-17 and shProT-20) or the control shLacZ for knockdown of ProT, treated with PMA

(10�6 M) for inducing differentiation, stained with CD41 and propidium iodide, and analyzed by flow cytometry. Validation of ProT levels by RT-qPCR (C) and

percentages (upper panels) and DNA contents (lower panels) of CD41-positive cells (D) in ProT knockdown and control cells.

(A–D) The Q2 region represents CD41-positive cells (FSC >400 and CD41 > 101–102). Quantitative data were analyzed using bar charts (right panels). Values are

mean G SD (n = 3, Student’s t test or one-way ANOVA).
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DISCUSSION

In this study, we demonstrate the correlation between ProT and dengue in clinical patients, ProT Tg mice, and the Meg-01 human megakar-

yoblastic cell line. Our results show that DENV infection repressed miR-126-3p and reinforced ProT expression in Meg-01 cells. Our in vitro

studies suggest the involvement of miR-126, DNMT1, and GATA-1 in these events, resulting in the suppression of megakaryopoiesis. Eleva-

tion of ProT was detected in the sera of dengue patients, DENV-infected mice, and DENV-infected Meg-01 cells. We proposed that excess

ProT expression impedes megakaryopoiesis at least partly through Nrf2 activation and increased expression of antioxidant genes, thus

contributing to dengue-induced thrombocytopenia.

Figure 4. DENV infection reduces miR-126-3p, increases DNMT1, and reduces GATA-1 expression in Meg-01 cells

(A and B) Detection and quantification ofmiR-126-3p (A) as well as DNMT1, viral NS3, andGATA-1 proteins inMeg-01 cells infected with DENV-2 at anMOI of 1 at

different time points by RT-qPCR (A) and immunoblotting (B). Values are meansG SD (n = 4, one-way ANOVA). The ratio of mock infected cells was arbitrarily set

to 100 (A). Expression of GAPDH served as the loading control (B). Values shown below the blots are ratios between the intensity of the bands corresponding to

DNMT1 or GATA-1 and those corresponding to GAPDH analyzed by densitometry, where the ratio of mock infected cells was set to 1.

(C) Immunohistochemical detection (original magnification3200; scale bar = 100 mm) (left) and quantitation of DNMT1-positive cells (right) in the bonemarrow of

WT mice treated with either saline or DENV-2 + anti-CD41 at day 4 pi. Values shown are mean G SD (n = 3, Student’s t test).

(D–G) Detection and quantification of miR-126-3p (D), DNMT1 (E), GATA-1 (F), and ProT (G) in Meg-01 cells transduced with LV.miR-126 or LV.miR-Ctrl by RT-

qPCR. The ratio of LV.miR-Ctrl-transduced control cells was arbitrarily set to 100. Values shown are mean G SD (n = 4, Student’s t test).
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ProT is expressed ubiquitously in a variety of tissues in mammals with diverse functions. Accumulating evidence supports a dual role for

ProT, acting both intracellularly and extracellularly.36 ProT has been proposed to be an alarmin, an endogenous protein or molecule that is

released from cells during cellular demise to activate the immune system.37 In addition, ProT exerts antiviral effects. The interaction between

ProT and Toll-like receptor 4 (TLR4) can enhance type I interferon production in immune cells, leading to inhibitingHIV-1 replication.38,39 Since

type I interferons are key regulators of antiviral immunity, the antiviral activity of ProT is likely to have an inhibitory effect on DENV replication.

However, such possibility needs to be further explored. Using ProT overexpression and knockdown in Meg-01 megakaryoblasts, we demon-

strate a role for intracellular ProT in suppressing megakaryopoiesis. Nevertheless, it is plausible that ProT overexpressed in other cells or

acting extracellularly may increase PLT clearance, reduce PLT production, or both. Furthermore, we show that ProT Tg mice have reduced

circulating PLT counts and prolonged bleeding times (Figures 2B and 2C). It was reported that tail bleeding times and thrombus formation

in small arterioles of mice are largely unaffected by reductions of PLT counts up to 97.5%.40 Thus, a reduction of 26% of PLT counts found in

ProT Tg mice is not expected to lead to bleeding disorders. Thus, apart from lower PLT numbers, ProT overexpression may affect additional

factors that contribute to extended bleeding times. In mice, thrombocytopenia per se is not sufficient to lead to bleeding. Inflammation is a

contributing factor to induce bleeding in thrombocytopenic mice.41 We have reported that ProT can upregulate the expression of nuclear

factor kB (NF-kB)-dependent genes, thereby upregulating inflammatory mediators.42 Thus, it is likely that ProT may enhance inflammatory

responses to promote DENV-induced thrombocytopenia and hemorrhage. Moreover, ProT is expressed in endothelial cells. In human um-

bilical vein endothelial cells (HUVECs), ProT is overexpressed under hypoxic conditions43 or after viral infection.44 Interactions of endothelial

cells and PLTs are important for developing dengue complications. Thus, overexpression of ProT in endothelial cells may contribute not only

to increased PLT clearance, thereby reducing PLT numbers, but also to extended bleeding times in ProT Tg mice.

Figure 5. DNMT1 negatively regulates GATA-1 expression, and GATA-1 also negatively regulates ProT expression

(A) Detection (left) and quantification (right) of GATA-1 and viral NS3 in DENV-infected Meg-01 cells treated with 1, 2, or 5 mM of the DNMT1 inhibitor 5-AZA-

20-deoxycytidine (50-Aza-dc) for 72 h. Expression of b-actin served as the loading control. The immunoblot is from one representative experiment of three (left).

Values shown are ratios between the intensity of the bands corresponding to GATA-1 and those corresponding to b-actin analyzed by densitometry, where the

ratio of mock infected cells was set to 1 (right). Values shown are mean G SD (n = 3, one-way ANOVA).

(B) ChIP assay showing a 2.5-fold increase in the binding of DNMT1 to theGATA-1 promoter region in Meg-01 cells after infection with DENV-2 at an MOI of 1 for

3 days. Cross-linked chromatin was immunoprecipitated with anti-DNMT-1 or anti-IgG antibody combined with protein G agarose beads, followed by PCR

amplification of the GATA-1 promoter. The ratio shown below the images is normalized to the amount of the input.

(C) The PTMA promoter activity assessed in 293T cells 48 h after cotransfection with 1 mg of pGL3-pProT-Luc and various doses of pSin4-EF1a-GATA-1-IRES-Puro

(upper panel). The total amount of plasmid DNA for transfection was kept constant by the addition of a control plasmid. Validation of GATA-1 expression in a

dose-dependent manner by immunoblotting (lower panel). Expression of b-actin served as the loading control. Values shown are means G SD (n = 3, one-way

ANOVA).

(D) Expression of ProT (upper panel) and validation of knockdown of GATA-1 expression (lower panel) in GATA-1 knockdown Meg-01 and control cells. Meg-01

cells were transduced with lentiviral vectors encoding shRNAs specific to GATA-1 (shGATA-1-358 and shGATA-1-359) or LacZ (control). Expression of b-actin or

GAPDH served as the loading control. Values shown below the blots are ratios between the intensity of the bands corresponding to ProT or GATA-1 and those

corresponding to b-actin or GAPDH analyzed by densitometry, where the ratio of mock infected cells was set to 1.
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Figure 6. Overexpression of ProT promotes Nrf2 nuclear translocation and decreases ROS production, leading to reduced PLT production

(A) Detection of Nrf2 and viral NS3 in Meg-01 cells infected with DENV-2 at an MOI of 1 at different time points by immunoblotting. Expression of GAPDH served

as the loading control. Values shown at the bottom are ratios between the intensity of the bands corresponding to Nrf2 and those corresponding to GAPDH.
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In the present study, ProT levels increased during the initial phase of DENV infection and then plateaued in Meg-01 cells (Figures 1E and

1F), whereas thrombocytopenia occurs when the viremia declines in patients with dengue. There appears to be discordance between sub-

sidence of viremia and occurrence of thrombocytopenia in Meg-01 cells and mice. Unlike in humans, DENV does not normally propagate or

induce dengue hemorrhagic fever in mice.45 Nevertheless, mouse studies have demonstrated that immunization with DENV NS1 induces

cross-reactive antibodies against self-epitopes on PLTs, leading to thrombocytopenia and lethality.46 Therefore, we used the two-hit model

using DENV and anti-CD41 antibody resembling human dengue infection to induce hemorrhage, which is similar to a local Shwartzman re-

action-mediated hemorrhage.46 In this model, the pathogenic response occurs approximately 24–48 h after DENV injection, and the DENV

titer rapidly declinedwithout further reboundwithin 24–48 h, suggesting that DENVpropagation inmice is not involved in the development of

Figure 6. Continued

(B) Nuclear translocation of Nrf2 in ProT-overexpressing cells. Meg-01 cells were transfected with pLAS2w.hProT-HA (ProT-HA), pLAs2w.hProT-Venus (ProT-

Venus), or pLAS2w.Ppuro (Vector). After 48 h, nuclear and cytosolic extracts were harvested for immunoblot analysis. Lamin A/C and a-tubulin served as the

nuclear and cytoplasmic markers, respectively. Values shown at the bottom are ratios between the intensity of the bands corresponding to Nrf2 and those

corresponding to a-tubulin or Lamin A/C.

(C and D) Quantification of HO-1 (left) and NQO1 (middle) by RT-qPCR and measurement of ROS production (right) in Meg-01 cells transduced with lentiviral

vectors encoding ProT (LV.ProT) or no transgenes (LV.Null) (C) and shRNA specific to ProT (LV.shProT-17 and -20) or LacZ (LV.shLacZ) (D). ROS production in ProT

overexpression (C) and knockdown (D) Meg-01 cells or control cells were measured by flow cytometry after stimulation with PMA (10�6 M) for 7 days and staining

with DCFDA. Values shown are means G SD (n = 3, Student’s t test or one-way ANOVA).

(E) Overexpression of miR-126 reduces Nrf2 levels and antioxidant gene expression. Detection and quantification of Nrf2, HO-1, and NQO1 in Meg-01 cells

transduced with LV.miR-126 or LV.miR-Ctrl by RT-qPCR. Values shown are mean G SD (n = 4, Student’s t test).

(F) Quantification of GP9 and TUBB1, which are involved in PLT release, in ProT knockdown (shProT-20) or control (shLacZ) Meg-01 cells by RT-qPCR. Values

shown are means G SD (n = 3, Student’s t test).

(G) Detection of the PLT activation marker CD42b in ProT knockdown (shProT-20) or control (shLacZ) Meg-01 cells by flow cytometry. Values shown are

means G SD (n = 3, Student’s t test or one-way ANOVA).

Figure 7. Overexpression of miR-126 improves megakaryocyte differentiation in the bone marrow cells of ProT Tg mice

(A) Quantification of ProT mRNA levels in bone marrow cells treated with mouse TPO (50 ng/mL) and mouse IL-3 (10 ng/mL) to induce megakaryocyte

differentiation from C57BL/6 mice at different time points by RT-qPCR. Values shown are mean G SD (n = 4, one-way ANOVA).

(B) Detection and quantification of miR-126-3p in ProT-overexpressing bone marrow cells transduced with LV.miR-Ctrl or LV.miR-126 in the presence of mouse

TPO (50 ng/mL) and mouse IL-3 (10 ng/mL) by RT-qPCR. The relative mRNA level of the control cells was set to 1. Values shown are meanG SD (n = 3, Student’s

t test).

(C) Morphology of megakaryocytes from ProT-overexpressing bone marrow cells transduced with LV.miR-Ctrl or LV.miR-126 in the presence of mouse TPO

(50 ng/mL) and mouse IL-3 (10 ng/mL) (original magnification 3200, bar = 100 mm).

(D) Percentages (upper panels) andDNA contents (lower panels) of CD41-positivemegakaryocytes from ProT-overexpressing bonemarrow cells transduced with

LV.miR-Ctrl or LV.miR-126 in the presence of mouse TPO (50 ng/mL) and mouse IL-3 (10 ng/mL) mice. The Q2 region represents CD41-positive cells (FSC >300

and CD41 > 101–102). Quantitative data were analyzed using bar charts (right panels). Values are mean G SD (n = 3, Student’s t test).
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hemorrhage. In the present study, we show that DENV alone can increase ProT levels in bone marrow cells (Figure 2D) and in the serum (Fig-

ure 2E) of mice while viral propagation is not expected to occur. We also found that ProT Tgmice had lower percentages of polyploid cells in

CD41-positive megakaryocytes compared to WT mice (Figures 3A and 3B). It was also shown that DENV infection hampers polyploidy and

production of PLT-like particles as well as expression of CD41, CD61, and CD42a surface markers in Meg-01 cells.47 Collectively, our results

suggest that DENV infection may induce ProT expression, resulting in suppression of megakaryopoiesis.

Epigenetic modulation plays a critical role in dengue-associated pathogenesis. Furthermore, miRNAs can be controlled by epige-

netic modifications, and they also regulate epigenetic modifications, thus forming an epigenetic-miRNA-epigenetic feedback loop.

The interplay between miR-126 and DNMT1 has been documented. Overexpression of miR-126 reduces DNMT1 protein levels in

CD4+ cells of rheumatoid arthritis patients, leading to hypomethylation in promoters of CD11a and CD70 genes.48 Overexpression

of DNMT1 results in hypermethylation of the Epithelial growth factor-like 7 (EGFL7) promoter and downregulation of miR-126, whereas

overexpression of miR-126 suppresses DNMT1 expression in esophageal squamous cell carcinoma.30 In addition, miR-126 binds to the

30UTR of the DNMT1 gene and reduces DNMT1 expression in leukemia stem cells.49 Our results suggest that a positive-forward

DNMT1-miR-126 regulatory circuit may exist during DENV infection. It has been documented that miR-126 is the most abundant miRNA

in endothelial cells and plays a pivotal role in angiogenesis and vascular integrity.50 Mice with deletion of miR-126 exhibit vascular

defect, leading to vascular leakage, systemic edema, and hemorrhages. Thus, miR-126 is beneficial for repairing impaired endothelial

cells and improving endothelial dysfunction.51,52 Endothelial dysfunction is a hallmark of severe dengue infection through chemokine

and cytokine release from infected immune cells or direct infection with DENV.53 Whether miR-126 is reduced in endothelial cells

with DENV infection, which may hamper vascular integrity and lead to bleeding or plasma leakage, is currently unclear but warrants

further exploration. In the present study, we show that overexpression of miR-126 can attenuate megakaryopoiesis suppression in

the bone marrow cells of ProT Tg mice (Figure 7D), suggesting that DENV-induced downregulation of miR-126 may contribute to

thrombocytopenia in dengue infection.

GATA-1 is essential for the differentiation of hematopoietic stem cells into blood cells, such as megakaryocytes,54,55 mast cells,56 and eo-

sinophils.57 It contains two zinc-finger domains, and the C-terminal zinc finger of GATA-1 promotes DNA binding to (A/T)GATA(A/G)

consensus sequences. GATA-1 can interact with various co-factors, such as Friend of GATA-1 (FOG1), CREB-binding protein (CBP)/p300,

and PU.1, and thus positively and negatively regulate gene expression.58 In addition, GATA-1 inhibits PU.1 expression via interactions

with DNMT1, which results in histone H3K9 methylation and deacetylation, as well as H3K27 methylation.59 In the present study, we show

that ProT mRNA is downregulated during megakaryocyte differentiation (Figure 7A). Furthermore, GATA-1 dose-dependently represses

the PTMA promoter activity (Figure 5C), providing evidence for a negative correlation between GATA-1 and ProT. By analyzing the 50 flaking
sequence of the PTMA gene, we found two potential GATA-1 binding sites at �764 to �770 and �1211 to �1217, as well as one PU.1

GAGGAA motif at �1000 to �1005 from the transcriptional start site. These are similar to the sequences reported previously.60 We show

that ProT can be downregulated by GATA-1 during megakaryocyte differentiation. However, whether GATA-1 directly binds to the PTMA

promoter region or cooperates with other factors requires further study.

The importance of Nrf2 in dengue infection has been documented in various aspects. DENV infection increases theNrf2 level and its trans-

location into the nucleus through NS2B3, which causes increases in CLEC5A and tumor necrosis factor alpha (TNF-a) production by mono-

nuclear phagocytes. These contribute to the development of hemorrhage during DENV infection.61 DENV infection induces oxidative stress

that activates Nrf2 and leads to antiviral immunity and apoptotic responses in dendritic cells.62 Ferrari et al. show that viral NS2B3 can target

Nrf2 for lysosomal degradation, resulting in ROS imbalance and disturbance of antiviral immune response in primary human dendritic cells.63

In peripheral bloodmononuclear cells fromdenguepatients, downregulation of Nrf2mRNAhas been observed.64 It has been shown that Nrf2

negatively regulates PLT production through competing with NF-E2, an erythroid transcription factor. NF-E2 dominates over Nrf2 to enhance

megakaryocytic maturation by promoting ROS accumulation.34 ProT can release Nrf2 from the Nrf2-Keap1 complex,16 thereby promoting

Nrf2 translocation into the nucleus to upregulate antioxidant gene expression and reduce ROS production.16 We have previously reported

that ProT can induce antioxidant gene expression and reduce ROS formation in H2O2-treated endothelial cells.65 In the present study, we

demonstrate that ProT and Nrf2 are upregulated upon DENV infection in Meg-01 cells (Figure 6A). Excess ProT promotes nuclear transloca-

tion of Nrf2 (Figure 6B) and expression of antioxidant genes (Figure 6C), which may result in suppression of megakaryocyte differentiation.

Due to conflicting evidence in the literature, the interaction of Nrf2 and oxidative stress in dengue pathogenesis appears to be complicated

and warrants further research.

Bleeding and vascular leakage are two common complications found in severe dengue patients, which are attributable to both PLT reduction

and PLT dysfunction. Several lines of evidence have suggested that megakaryocytes are the main target for DENV infection.66,67 Infection with

DENV inhibits megakaryocyte viability and differentiation.7,68 Using humanized mice to study the pathophysiology of thrombocytopenia in

DENV infection, Vogt et al. showed that mature megakaryocytes are reduced and mainly infected by DENV in the bone marrow.69 It was shown

that DENV envelope protein domain III suppresses megakaryopoiesis in vivo and in vitro.70 Moreover, DENV infection impedes megakaryopoi-

esis in Meg-01 cells, which may be attributed to the binding of viral envelope protein to TAL-1, a megakaryopoiesis-specific transcription factor,

and sequestration of TAL-1 in the cytoplasm.47 Therefore, the mechanisms underlying dengue-induced impairment of megakaryopoiesis and

thrombopoiesis are complicated and largely unclear. In the current study, our findings provide another possible mechanism, where DENV in-

duces ProT overexpression to suppress megakaryopoiesis through promoting Nrf2 translocation to the nucleus and reducing ROS production.

Different mechanisms of DENV-induced thrombocytopenia have been reported or proposed. Our results obtained from ProT Tg mice,

dengue patients, as well as ex vivo and in vitro experiments indicate that elevated expression of ProT is associated with thrombocytopenia
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in dengue infection. Although DENV infection can upregulate ProT expression and lower PLT numbers, the evidence for a causal relationship

between ProT and thrombocytopenia in DENV infection has not been clarified, which warrants more research.

Conclusions

This study links ProT with thrombocytopenia in dengue infection, which may involve miR-126, DNMT1, GATA-1, Nrf2, and ROS. Our findings

provide important insights into the function and underlying mechanism of ProT in dengue-associated thrombocytopenia.

Limitations of the study

In this study, we demonstrate that DENV infection upregulates ProT expression, leading to suppressing megakaryopoiesis. The underlying

mechanism was studied in the Meg-01 megakaryoblastic cell line. Since the cellular behavior in vitro is sometimes greatly different from their

responses in vivo, the detailedmolecular mechanism still remains to be further investigated. In addition, patients with dengue enrolled in this

study were admitted to the emergency department of a teaching hospital with fever; most were in the acute febrile phase. Therefore, it was

not possible to study the correlation of serum ProT levels and disease severity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD41 antibody BD Biosciences Cat #553847; RRID: AB_395084

mouse monoclonal anti-ProT antibody Sukhacheva et al., 200271 clone 2F11

FITC-conjugated anti-mouse CD41 antibody BD Biosciences Cat #561849; RRID: AB_10892804

BB515-conjugated anti-human CD41 antibody BD Biosciences Cat #565938; RRID: AB_2739402

PE-conjugated anti-mouse CD61 antibody BioLegend Cat #104307; RRID: AB_313084

PE-Cy5-conjugated anti-human CD42b antibody BD Biosciences Cat #551141; RRID: AB_394069

FITC-conjugated anti-mouse CD3e BD Biosciences Cat #553062; RRID: AB_394595

FITC-conjugated anti-mouse CD19 BD Biosciences Cat #553785; RRID: AB_395049

PE-conjugated anti-mouse/human CD11b BioLegend Cat #101207; RRID: AB_312790

rabbit anti-DENV NS-3 antibody GeneTex Cat #GTX124252; RRID: AB_11171668

Mouse monoclonal anti-Dnmt1 antibody Santa Cruz Biotechnology Cat #sc-271729; RRID: AB_10710384

Mouse monoclonal anti-Dnmt1 antibody Abcam Cat #ab13537; RRID: AB_300438

mouse monoclonal anti-GATA-1 antibody Abcam Cat #ab181544; RRID: AB_2920794

rabbit anti-Nrf2 antibody Proteintech Cat #16396-1-AP; RRID: AB_2782956

rabbit anti-Keap1 antibody Proteintech Cat #10503-2-AP; RRID: AB_2132625

rabbit anti-HA probe antibody Abcam Cat #ab9110; RRID: AB_307019

mouse monoclonal anti-GFP antibody Santa Cruz Biotechnology Cat #sc-9996; RRID: AB_627695

rabbit anti-GAPDH antibody GeneTex Cat #GTX100118; RRID: AB_1080976

mouse monoclonal anti-a-tubulin antibody Abcam Cat #7291; RRID: AB_2241126

rabbit anti-lamin A/C antibody Proteintech Cat #10298-1-AP; RRID: AB_2296961

mouse monoclonal anti-b-actin peroxidase

antibody

Sigma-Aldrich Cat #A3854; RRID: AB_262011

Horseradish peroxidase-conjugated goat

anti-mouse antibody

Jackson Immunoresearch Laboratories Cat #115-035-003; RRID: AB_10015289

Horseradish peroxidase-conjugated goat

anti-rabbit antibody

Jackson Immunoresearch Laboratories Cat #111-035-003; RRID: AB_2313567

Bacterial and viral strains

DENV-2 (PL046 strain) N/A

Chemicals, peptides, and recombinant proteins

murine thrombopoietin (TPO) Peprotech Cat #315-14

murine IL-3 Peprotech Cat #213-13

phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat #P8139

Propidium Iodide (PI) Sigma-Aldrich Cat #P4170

50-AZA-20-deoxycytidine Sigma-Aldrich Cat #A3656

20,70-dichlorodihydrofluorescein diacetate (DCFDA) Invitrogen Cat #D399

Critical commercial assays

Dengue NS1 Ag STRIP Bio-Rad Cat #70700

High Pure RNA Isolation Kit Roche Cat #11828665001

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat #4368813

TagMan Universal PCR Master Mix Applied Biosystems Cat #4304437

TaqMan miRNA assay: has-miR-126-3p Applied Biosystems Cat #A25576

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ai-Li Shiau

(alshiau@mail.ncku.edu.tw).

Materials availability

All data generated in this study are available from corresponding authors on reasonable request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TaqMan miRNA assay: RNU6B snRNA Applied Biosystems Cat #4427975

EZ-CHIP kit Millipore Cat #17-371

Experimental models: Cell lines

Human: Meg-01 cell Bioresource Collection and Research Center Cat #60238

Human: 293T cell National RNAi Core Facility, Academia Sinica,

Taiwan

N/A

Mosquito: C6/36 cell Bioresource Collection and Research Center Cat #60114

Hamster: BHK-21 cell Bioresource Collection and Research Center Cat #60041

Experimental models: Organisms/strains

C57BL/6 mice National Cheng Kung University (NCKU)

Laboratory Animal Center

N/A

ProT Tg mice (C57BL/6J strain) Li et al., 200572 N/A

Oligonucleotides

qPCR and PCR Primers (See Table S2) This paper N/A

Recombinant DNA

pSIN4-EF1a-GATA1-IRES-Puro Addgene Addgene plasmid 61062; RRID:

Addgene_61062

mVenus N1 Addgene Addgene plasmid 27793; RRID:

Addgene_27793

pSin-EF2-Pur Su et al., 201573 N/A

pGL3-pProT-Luc This paper N/A

pLAS2w.hProT-HA This paper N/A

pLAS2w.hProT-Venus This paper N/A

pLAS2w.Ppuro RNAi core N/A

pre-miR-126 System Biosciences Cat #PMIRH126AA-1

pre-miR-scramble System Biosciences Cat #PMIRH000PA-1

shRNA to human ProT: shProT-17 RNAi Core Facility, Academia Sinica Cat #TRCN0000134223

shRNA to human ProT: shProT-20 RNAi Core Facility, Academia Sinica Cat #TRCN0000138750

shRNA to b-galactosidase: shLacZ RNAi Core Facility, Academia Sinica Cat #TRCN0000072240

Software and algorithms

ImageJ National Institutes of Health https://ImageJ.nih.gov/ij/;

RRID: SCR_003070

Prism GraphPad version 8.0 https://www.graphpad.com/;

RRID: SCR_002798

FlowJo BD Biosciences RRID: SCR_008520

Deposited data

RNA expression in megakaryocytes from

GATA-1 knockout mice, microarray data

Muntean and Crispino, 200533 GSE2527
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Data and code availability

� All data reported in this paper will be shared by the corresponding authors upon request.
� This paper analyzes existing, publicly available data. The accession number for the dataset is listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical samples

Since dengue is not endemic in Taiwan, most dengue fever cases in Taiwan have resulted from imported cases. However, Taiwan has expe-

rienced two large dengue outbreaks in history, the first in 2014 (15,492 cases) and the second in 2015 (43,419 cases) in southern Taiwan.26 The

present study included serum samples from adult dengue patients (n = 101, male n = 46 and female n = 55) in the age range of 20–89 years

admitted to the emergency department of Kaohsiung Medical University Hospital and healthy individuals (n = 27) collected during dengue

outbreaks in 2014–2015. Serum samples fromdengue patients whowere diagnosed as dengue were confirmedwith the DengueNS1 Ag strip

(Bio-Rad, Maines-la-Coquette, France) at the Taiwan Centers for Disease Control (CDC).74 Dengue patients were grouped according to their

PLT counts (>150,000/mm3, n = 35; 100,000–150,000/mm3, n = 30; <100,000/mm3, n = 36). The use of the sera from adult dengue patients and

healthy individuals in this study has been approved by the Institutional Review Board of Kaohsiung Medical University Hospital (IRB Number:

KMUHIRB-E(I)-20170197). The sera were collected after obtaining informed written consents.

Mice and DENV-induced thrombocytopenia mouse model

Male C57BL/6 mice were purchased from National Cheng Kung University (NCKU) Laboratory Animal Center and used at 6–8 weeks of age.

ProT Tgmicewere generated on aC57BL/6 background in our laboratory.72 All animal work was conducted in animal biosafety level 2 facilities

at NCKU. The experimental protocols adhered to the rules of the Animal Protection Act of Taiwan andwere approved by the Animal Care and

Use Committee of NCKU (IACUC number: 106120).

A two-hit model for dengue-induced hemorrhage was established as previously described.29 Human primary infection with DENV can

induce mild symptoms, known as dengue fever. However, secondary infection may induce life-threatening dengue hemorrhagic fever.

The two-hit model in mice using DENV and anti-CD41 (PLT marker) antibody resembles human dengue infection. The first hit mimics viremia

by injecting DENV, and the second hit imitates NS1-elicited autoantibody by offering anti-CD41 neutralizing antibody. ProT Tg and WT

C57BL/6mice were injected subcutaneously with 107 PFU of DENV-2 (PL046 strain) with or without injection of 1mg/kg of anti-CD41 antibody

(BD Biosciences, San Diego, CA, USA) after 24 h at the same site of DENV injection. Various parameters of mice were determined at different

time points after viral infection.

Cells

Human megakaryoblastic Meg-01 cells were cultured in RPMI 1640 medium at 37�C in 5% CO. Human 293T, hamster BHK-21, and mosquito

C6/36 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) at 37�C in 5% CO2, except for C6/36 cells, which were grown at

28�C. All media were supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 50 mg/mL gentamicin. Megakaryocyte differ-

entiation from bone marrow cells of ProT Tg and C57BL/6 mice were maintained in DMEM supplemented with 10% FBS, 50 ng/mL murine

thrombopoietin (TPO) (Peprotech, Cranbury, NJ), 10 ng/mLmurine IL-3 (Peprotech), 2 mM L-glutamine, and 50 mg/mL gentamicin for 6 days.

Plasmids and lentiviral vectors

pSIN4-EF1a-GATA1-IRES-Puro andmVenusN1 plasmids were gifts from Igor Slukvin (Addgene plasmid # 61062) and Steven Vogel (Addgene

plasmid # 27793), respectively.75,76 The pSin-EF2-Pur plasmid that encodes no transgenes was constructed as previously described.73 A lucif-

erase reporter plasmid containing the PTMA promoter was generated as follows. The PTMApromoter region (from�1875 to +1 bp relative to

the transcription start site) was obtained by polymerase chain reaction (PCR) with the primer pairs (ProT-prom): 50-AGACGGGCACCTGG

GAACG-30 (forward) and 50-GTTCAGGGACTCTGGCGATAAAGC-30 (reverse) and subcloned into the pGL3-Basic vector (Promega,Madison,

WI) to generate the PTMA promoter-containing pGL3 luciferase reporter vector pGL3-pProT-Luc. For construction of human ProT expression

vectors, the coding region of STAT3 was removed from pCMV-STAT3-HA77 and replaced with the coding region of human ProT obtained

from 293T cells by RT-qPCR amplification, resulting in pCMV-hProT-HA plasmid. Furthermore, the coding region of human ProT was also

subcloned into mVenus-N1 to generate hProT-Venus plasmid. Subsequently, the fragments of hProT-HA and hProT-Venus were excised

from pCMV-hProT-HA and hProT-Venus plasmids and then subcloned into pLAS2w.Ppuro lentiviral vector (RNAi Core, Academia Sinica,

Taiwan), yielding pLAS2w.hProT-HA and pLAS2w.hProT-Venus, respectively. For miRNA-126 overexpression experiments, plasmids of pre-

miR-126 (System Biosciences, PMIRH126AA-1) and pre-miR-scramble (System Biosciences, PMIRH000PA-1) were obtained. For knockdown

experiments, pLKO.1-puro-based lentiviral vectors encoding shRNAs for human GATA-1 (TRCN0000358358 and TRCN0000358359; desig-

nated shGATA-1-358 and 359), human ProT (TRCN0000134223 and TRCN0000138750; designated shProT-17 and 20) and b-galactosidase

(TRCN0000072240, designated shLacZ) were obtained from the RNAi Core at Academia Sinica, Taiwan. Recombinant LVs for overexpression

and knockdown experiments were produced and titrated as previously described.42
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Propagation and titration of DENV

DENV-2 (PL046 strain), a Taiwanese strain isolated from a dengue virus patient in 1981 by Y.C. Wu at the National Institute of PreventiveMed-

icine, Taiwan (renamed Centers for Disease Control in 1999, Executive Yuan), was provided by Y.C. Wu.78 The viruses were propagated in

C6/36 cells and quantified by the plaque assay on BHK-21 cells as previously described.79 All in vitrowork onDENVwas carried out in biosafety

level 2 laboratories.

METHOD DETAILS

Determination of complete blood count, bleeding time, and skin hemorrhage

For measuring bleeding time, a distal 10-mm segment of the mouse tail was amputated with a scalpel and the tail was immediately sub-

merged in a 50 mL of isotonic saline prewarmed to 37�C. The time to bleeding cessation was recorded up to 10 min. For measuring the

PLT count, 100 mL whole blood from mice were collected into 1.5 mL centrifuge tubes containing 10 mL 0.5 M EDTA (pH 8.0). The complete

blood counts were determined by Scil Vet Focus 5 hematology analyzer (Scil Animal Care Company, Gurnee, IL, USA). To observe hemor-

rhage development, the skins from DENV-infected mice were collected, and images of hemorrhagic lesions of the skin were taken. Clinical

score of local skin hemorrhage was evaluated as previously described.80

Flow cytometric analysis of megakaryocyte differentiation

In ex vivo experiments, bone marrow cells were isolated from both sides of the femurs and tibias of ProT Tg andWT C57BL/6 mice for mega-

karyocyte differentiation as describedpreviously.81Mousebonemarrow cells were treatedwithmouse TPO (50 ng/mL) for 6 days and infected

with DENV-2 at a multiplicity of infection (MOI) of 1 from day 3 onwards. For miR-126 overexpression experiments, bone marrow cells

collected from ProT Tg mice were treated with mouse TPO (50 ng/mL) for 7 days and transduced with LV.miR-126 or LV.miR-Ctrl at day 2.

In in vitro experiments, Meg-01 cells that had been transduced with lentiviral vectors encoding shRNAs specific to ProT or LacZ were treated

with 10�6 M phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO, USA), which is commonly used for inducing megakaryo-

poiesis in vitro,82 for 7 days. The treated cells from ex vivo and in vitro experiments were examined for specific megakaryocytic cell surface

markers using FITC-conjugated anti-mouse CD41 antibody (BD Biosciences), BB515-conjugated anti-human CD41 antibody (BD Biosci-

ences), or PE-conjugated anti-mouse CD61 antibody (BioLegend, San Diego, CA, USA), followed by propidium iodide staining.81,83 For

detection of late stage of megakaryocyte differentiation, the cells were incubated with PE-Cy5-conjugated anti-human CD42b antibody

(BD Biosciences), and their surface expression of CD41 and CD42b, as well as DNA content was analyzed by flow cytometer

(FACSCalibur, Becton-Dickinson Biosciences, San Jose, CA, USA).

ELISA and immunoblot analysis

Levels of ProT in human and mouse sera and cell culture supernatants were quantified by ELISA.13,73,84 Meg-01 cells (2 3 105) were infected

with DENV-2 at an MOI of 1, and the culture medium was replaced with 2 mL of fresh medium containing 4% FBS after 2 h. The culture su-

pernatants were harvested at different time points for detecting ProT levels by ELISA. It should be noted that the sandwich ELISA that we

developed used rabbit anti-human ProT polyclonal antibody as the coating antibody and mouse 6A9 monoclonal antibody that you gener-

ated previously as the detecting antibody.73 Since we did not map the epitope of ProT recognized by the 6A9 antibody, we could not exclude

the possibility that some ProT-related fragments may not be detected using this assay. Immunoblotting was performed using standard

methods, except for detecting ProT, which required an acidic transfer method.42 Levels of ProT, DENV NS-3, DNMT1, GATA-1, Nrf2,

Keap1, HA, or GFP were assessed in the cell lysates from DENV-infected Meg-01 cells, genetically modified Meg-01 cells via lentiviral trans-

duction or plasmid transfection, or primary mouse bone marrow cells. In another set of the experiment, DENV-infected Meg-01 cells were

treated with various concentrations of the DNMT1 inhibitor 50-AZA-20-deoxycytidine (A3656, Sigma-Aldrich) for 72 h,85 and the cell lysates

were detected for GATA-1 and NS3 by immunoblotting. The primary antibodies used in this study included mouse monoclonal anti-ProT

(1 mg/mL, clone 2F11, ascites fluid),71 rabbit anti-DENV NS-3 antibody (1:3000, GeneTex, Irvine, CA, USA), rabbit anti-Dnmt1 antibody

(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mousemonoclonal anti-GATA-1 antibody (1:10000, Abcam, Cambridge, UK), rabbit

anti-Nrf2 antibody (1:1000, Proteintech, Chicago, IL, USA), rabbit anti-Keap1 (1:1000, Proteintech), rabbit anti-HA probe antibody (1:5000, Ab-

cam), mouse monoclonal anti-GFP (1:1000, Santa Cruz), rabbit anti-GAPDH antibody (1:10000, GeneTex), mouse monoclonal anti-a-tubulin

(1:10000, Abcam), rabbit anti-lamin A/C (1:1000, Proteintech), and mouse monoclonal anti-b-actin peroxidase antibody (1:10000, Sigma-

Aldrich). Horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG (Jackson Immunoresearch Laboratories, West Grove, PA,

USA) was used as the secondary antibody. Relative intensities of protein bands were quantified using the public-domain image analysis pack-

age ImageJ software (U.S. National Institute of Health). Of note, themouse 2F11 anti-ProTmonoclonal antibody that we used for immunoblot

analysis has been shown to recognize epitopes within the amino terminal portion of ProT, at least containing first 1–31 amino acid residues of

ProT.71 For detecting intracellular ProT by immunoblotting, only one clear band around 17 kDa was detected in all immunoblots. Due to the

high background problem of the 2F11 antibody, we used the 6A9 antibody as the detecting antibody for ELISA.

RT-qPCR and luciferase reporter assay

Total cellular RNA was extracted by using High Pure RNA Isolation Kit (Roche Diagnostics, Mannheim, Germany) according to the manufac-

turer’s protocol. A REVERSE-IT first-strand synthesis kit (Applied Biosystems, Foster, CA, USA) was used for complementary DNA synthesis.
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For real-time PCR analysis, we followed the standard SYBR Green method with the StepOne and StepOnePlus Real-Time PCR Systems

(Applied Biosystems). GAPDH was used as a control for normalization of cellular RNA and intracellular viral RNA. The following primers

were used: for DENV 50UTR: 50- AGTTGTTAGTCTACGTGGACCGA-30 (forward) and 50- CGCGTTTCAGCATATTGAAAG-30 (reverse); for
human DNMT1: 50- AGGCGGCTCAAAGATTTGGAA-30 (forward) and 50- GCAGAAATTCGTGCAAGAGATTC-30 (reverse); for human ProT:

50- GCTAACGGGAATGCTAATGAGG-30 (forward) and 50- GTAGCTGACTCAGCTTCCTCATCT-30 (reverse); for human GATA-1: 50-ATCAC
AAGATGAATGGGCAGAA-30 (forward) and 50-CACAGTGTCGTGGTGGTCGT-30 (reverse); for human Nrf-2: 50-AACCACCCTGAAAGCA

CAGC-30 (forward) and 50- TGAAATGCCGGAGTCAGAATC-30 (reverse); for human HO-1: 50- CCGACAGCATGCCCCAGGATTT-30 (forward)
and 50- TTGAAGCCGTCTCGGGTCACCT-30 (reverse); for human NQO1: 50-CGCAGACCTTGTGATATTCCAG-30 (forward) and 50-CGTT

TCTTCCATCCTTCCAGG-30 (reverse); for human GP9: 50- ACCCTCGATGTGACGCAGA-30 (forward) and 50-CCAGAGGCGCAGA

TAGGTG-30 (reverse); for human TUBB1: 50-AACACGGGATCGACTTGGC-3’ (forward) and 50-CTCGGGGCACATATTTCCTAC-3’ (reverse);

for GAPDH: 50-GCCATCACTGCCACCAG -30 (forward) and 50-TCTTACTCCTTGGAGGCCATGT -30 (reverse). The expression of miR-126-

3p was measured using TagMan universal Master Mix and TaqMan miRNA assay (has-miR-126-3p, Catalog no: A25576, Assay ID:

477877_mir). The RNU6B snRNA was used as the housekeeper gene (Catalog no: 4427975, Assay ID: 001093). To determine whether expres-

sion of GATA-1 affected the PTMA promoter activity, 293T cells (23 105) cultured in 12-well plates were cotransfected with the ProT reporter

vector pGL3-pProT-Luc (1 mg) and the GATA-1 expression vector pSin4-EF1a-GATA1-IRES-Puro (0, 0.25, 0.5, and 1 mg). The total amount of

plasmid DNA for transfection was kept constant by the addition of a control plasmid (pSin-EF2-Pur). Cell lysates were harvested at 48 h after

transfection, and their luciferase activities were determined.

ChIP assay

ChIP assay was performed with the EZ-ChIP kit (Millipore, Billerica, MA, USA) as described previously.42 Briefly, Meg-01 cells with or without

DENV infection for 3 days were crossed-linked by 1% formaldehyde for 5 min. The cells were lysed in an SDS lysis buffer, and lysates were

sonicated with alternating 30 s pulses for 8 times with an ultrasonic cell disruptor (Microson XL2000, Misonix Inc., Farmingdale, NY, USA)

to shear DNA. Immunoprecipitation was carried out overnight at 4�C with 5 mg anti-Dnmt1 (Abcam), or 1 mg anti-IgG antibodies in combi-

nation with protein G agarose provided in the EZ-ChIP kit. The immunoprecipitates were washed and reverse cross-linked, and the DNA

was eluted. PCR was performed to detect the binding of DNMT1 to the GATA-1 promoter with specific primers 2,300 bp upstream of the

transcription start site of human GATA-1 (GeneBank: NC_000023.11). The PCR primer pair used in the ChIP assay was GATA-1-2.3

k: 50-GGCTGTCAATGGGTACAAAG-30 (forward) and 50-CGCCTCTTTCAGCTATTTTG -30 (reverse). The PCR products were separated by

1.5% agarose gel electrophoresis.

ROS assay

Meg-01 cells transduced with lentiviral vectors encoding ProT or shRNAs specific to ProT, or with respective control vectors were treated with

10�6 M PMA for 7 days, followed by incubation with the ROS sensitive fluorometric probe 20,70-dichlorodihydrofluorescein diacetate (DCFDA)

(Invitrogen, Carlsbad, CA, USA) at 37�C for 30 min. The cells were then analyzed using FACSCalibur flow cytometer (BD Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed asmeanG standard deviation (SD). Statistical differences were compared by Student’s t test between two groups and by

one-way ANOVA with Bonferroni post hoc test among three or more groups. The differences were considered significant if p values were

<0.05. Statistical tests were performed using GraphPad Prism (version 8.0, GraphPad software, San Diego, CA, USA).
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