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Abstract

STAT (Signal Transducer and Activator of Transcription) transcription factors are constitutively 

activated in most hematopoietic cancers. We previously identified a target gene, LPP/miR-28 (LIM 

domain containing preferred translocation partner in lipoma), induced by constitutive activation of 

STAT5, but not by transient cytokine-activated STAT5. miR-28 exerts negative effects on 

thrombopoietin receptor signaling and platelet formation. Here, we demonstrate that, in 

transformed hematopoietic cells, STAT5 and p53 must be synergistically bound to chromatin for 

induction of LPP/miR-28 transcription. Genome-wide association studies show that both STAT5 

and p53 are co-localized on the chromatin at 463 genomic positions in proximal promoters. 

Chromatin binding of p53 is dependent on persistent STAT5 activation at these proximal 

promoters. The transcriptional activity of selected promoters bound by STAT5 and p53 was 

significantly changed upon STAT5 or p53 inhibition. Abnormal expression of several STAT5-p53 

target genes (LEP, ATP5J, GTF2A2, VEGFC, NPY1R and NPY5R) is frequently detected in 

platelets of myeloproliferative neoplasm (MPN) patients, but not in platelets from healthy controls. 
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In conclusion, persistently active STAT5 can recruit normal p53, like in the case of MPN cells, but 

also p53 mutants, such as p53 M133K in human erythroleukemia cells, leading to pathologic gene 

expression that differs from canonical STAT5 or p53 transcriptional programs.

Introduction

JAK-STAT (Janus Kinase-Signal Transducer and Activator of Transcription) signaling is 

transiently activated by cytokines during hematopoiesis. Genetic lesions inducing 

constitutively activated JAK-STAT signaling have been described for several cancers, 

especially myeloproliferative neoplasms (MPNs) and leukemia,1 whereas constitutively 

active STATs have been detected in many solid and hematopoietic cancers.2 The JAK2 

V617F gain-of-function mutation is a common acquired somatic mutation associated with 

MPNs, which leads to constitutive activation of STAT5 and of several cytokine receptor 

downstream pathways.3–6 Activation of STAT5 is essential for the establishment of the 

MPN phenotype as recently demonstrated by studies performed in STAT5A/B double 

knockout mice.7,8 This is reminiscent of the constitutive activation of STAT5 in 

hematopoietic cells transformed by expression of the spleen focusforming virus gp55 

envelope protein, which leads to persistent activation of erythropoietin receptor signaling via 

JAK2 and STAT5, with STAT5B being the most sensitive to activation by low levels of 

constitutive signals.9 Chromatin immunoprecipitation (ChIP) and sequencing showed that 

the constitutive activation of STAT5 leads not only to STAT5 binding to common promoters, 

but also to different promoters containing low affinity binding sites.9 Interestingly, although 

STAT5A and STAT5B share 96% sequence similarity and have redundant targets and effects, 

it has recently been shown that STAT5B and STAT5A bind target gene promoters with 

different kinetics10 and they contribute differently to protection against stress in 

hematopoietic cells, with STAT5B being essential for survival, whereas STAT5A regulating 

the redox state.11 However, a more complete picture needs to be drawn and such differences 

might come also from expression differences, and more studies are necessary to obtain a 

deep mechanistic understanding of the common and distinct functions of STAT5A and 

STAT5B.

We have recently identified a microRNA, miR-28 which downmodulates translation of 

thrombopoietin receptor (TpoR, MPL) mRNA, along with mRNAs coding for other 

signaling proteins involved in megakaryocyte differentiation.12 The host gene for miR-28 is 

LPP (LIM domain lipoma preferred partner). As miR-28 and LPP are not induced in cell 

lines by acute cytokine stimulation, but are induced by JAK2 V617F, by active mutants 

forms of STAT5, by BCR-ABL or by active mutants of TpoR,12 we hypothesized that the 

LPP promoter is a prototype of those promoters regulated mainly by persistent STAT5 

activity.

We report here that the constitutively activated STAT5 transcription factor associates with 

p53 to induce the transcription of LPP/miR-28 and genes other than classical STAT5 or p53 

target genes. Furthermore, both wild-type and mutated p53 (such as the M133K mutant in 

human erythroleukemia (HEL) cells) cooperate with STAT5 in this manner. We find genes 
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induced by this mechanism to be pathologically overexpressed in platelets from MPN 

patients.

Results

We first conducted an in-depth promoter analysis (Figure 1) of a gene coding for both a 

microRNA (miR-28) and a protein (LPP). In a previous study we observed that this gene is 

overexpressed in platelets of MPN patients carrying an activating mutation of JAK2 (Janus 

Kinase 2) (JAK2 V617F),12 responsible for the constitutive phosphorylation of STAT5.4 

miR-28 negatively regulates translation of TpoR (c-MPL), and of several other signaling 

proteins, resulting in altered megakaryocyte differentiation.12 The LPP/ miR-28 promoter 

cloned in a luciferase vector was able to drive transcription in a JAK2 V617F positive cell 

line HEL cells. We previously reported that a dominant negative STAT5 mutant inhibits 

LPP/miR-28 transcription in HEL cells.12 Here we show that deletion of the STAT 

consensus site or of a p53 predicted binding site abrogated 80 or 40% of the luciferase 

activity, respectively. This suggests that STAT5 and, unexpectedly, p53, are both necessary 

for the transcription of the LPP/miR-28 promoter

Because HEL cells (homozygous for JAK2 V617F) basally express high levels of LPP/

miR-28, and the promoter induction required the p53 site, we hypothesized that both the 

wild-type and the M133K mutant p53 can cooperate with STAT5 in inducing LPP/ miR-28 

expression. Next, we confirmed by ChIP that both STAT5B and p53 M133K were bound to 

the endogenous LPP/miR-28 promoter in HEL cells (Figure 2a). We focused mainly on 

STAT5B in this study, as constitutively activating mutations in STAT5B were found in large 

granulocytic leukemia patients,14 and due to significant expression levels in myeloid 

leukemia cell lines and the longer activation status after tyrosine phosphorylation compared 

with STAT5A.15 Thus, we chose STAT5B for genome-wide ChIP, after having tested for 

binding by other STATs, that is, STAT3, which did not bind significantly to the LPP/miR-28 

promoter. STAT5A also bound to the LPP/miR-28 promoter but weakly, possibly because of 

a shorter half-life in the nucleus than STAT5B, and different kinetics of activation.10 In 

hematopoietic cells STAT5B is often activated at the lowest levels of constitutive signaling, 

is inducing survival and is effective at low levels associated with gene induction for survival.

9,11 Using shRNAs targeting p53 and a JAK2 inhibitor (Ruxolitinib), we dissected the 

relative contributions of p53 and STAT5B to transcription of LPP/ miR-28. We used the 

INCB018424 (Ruxolitinib) as a clinically relevant JAK2 inhibitor, but for a broader 

spectrum of distinct JAK2 inhibitors and to exclude off-target effects, we also use 

TG101209, AZD1480 and JAK inhibitor 1, as we have shown already that they were 

preventing induction of LPP/miR-28 gene.12 Knockdown of p53 or inhibition of STAT5 

phosphorylation by a JAK2 inhibitor were both able to reduce LPP expression by 50% 

(Figure 2b, bottom left and right panels). The JAK2 inhibitor prevented STAT5 tyrosine 

phosphorylation, but did not influence STAT5 or p53 protein levels (Figure 2b, middle panel, 

right and Nakatake et al.16). STAT5 co-immunoprecipitates with p53 in spleens from JAK2 

V617F heterozygous knockin mice, where STAT5 is constitutively active17 (Figure 2c). 

When tested in HEL cells both in the absence or presence of JAK2 inhibitor, the 

coimmunoprecipitation between STAT5 and p53 was similar (Figure 2d), suggesting that 

association between p53 and STAT5 is independent of STAT5 activation. However, for a 
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definitive conclusion, STAT5 mutants should be used in a STAT5-deficient background. 

Although ruxolitinib and other JAK2 inhibitors inhibited LPP transcription and STAT5 

tyrosine phosphorylation, it is still possible that the association between unphosphorylated 

STAT5 (U-STAT5) and p53 might have a regulatory role relevant for induction of LPP. One 

scenario could involve U-STAT5 sustaining LPP expression after initial transient induction 

of LPP via tyrosine phosphorylated STAT5 and p53, a model that would reproduce examples 

from other systems describing effects of U-STATs.18 It would be of great interest to test the 

influence of p53 on noncanonical STAT signaling.

ChIP experiments then showed that STAT5B was still bound to the LPP/miR-28 promoter in 

the absence of p53 (down-modulated by shRNA against p53), whereas in contrast, the 

binding of p53 was diminished in the absence of STAT5B binding (inhibited by JAK2 

inhibitor, panel 2b) (Figure 2d). This is consistent with a model where recruitment of p53 

depends on prior binding of STAT5B to the promoter to drive LPP/miR-28 transcription.

Although in a yeast transcriptional assay the p53 M133K was reported as lacking DNA-

binding activity to canonical p53 target genes,13 we tested whether indeed in our system this 

mutant would not induce canonical targets, and whether it would bind to novel targets 

having the p53-binding consensus sites, but that are normally not induced by p53. First, we 

verified that p53 M133K was not bound to p53 canonical targets in HEL cells, which was 

the case (Supplementary Figure S3). Second, from our bioinformatics analysis, we predicted 

that p53 and STAT5 binding sites are frequently found close together, in the human genome 

within a 2.5 kb distance compared with an equiprobable distribution (Po2.2e − 16, chi-

squared test) (Figure 3b), suggesting that these two transcription factors may frequently 

cooperate to regulate transcription.

Next, we studied more in detail the interaction between STAT5 and p53 using: (i) co-

immunoprecipitation, (ii) luciferase assays measuring the transcriptional activities of each of 

the two transcription factors after co-expressing wild-type and mutant form of each.

We tested co-immunoprecipitation between p53 and wild-type STAT5 or truncated mutants 

where either the N-terminus (residues 1–136, denoted deltaN) or the C-terminus (residues 

749–794, denoted deltaC) was missing, thereby reducing their size (Supplementary Figure 

S1e, upper panel). When each of these mutants were expressed in Ba/F3 cells along with 

p53 by electroporation, immunoprecipitation with anti-p53 (recognizing the N-terminus of 

endogenous p53) led to the co-immunoprecipitation of full length STAT5, but also of 

deltaNSTAT5 and deltaC-STAT5, with the latter being co-precipitated stronger 

(Supplementary Figure S1e, middle panel). Our assay was not sensitive enough to detect co-

immunoprecipitation between endogenous p53 and endogenous STAT5 in Ba/F3 cells, 

whereas p53 sufficed to co-immunoprecipitate exogenous STAT5 variants (Supplementary 

Figure S1e, right panel), where again deltaC-STAT5 co-precipitated stronger with p53 than 

wild type or deltaN-STAT5. Control isotype IgG did not co-precipitate any of the STAT5 

proteins. These data and Figures 2c and d would indicate that p53 interacts with a region of 

STAT5 that is containing the core protein sequence with the DNA-binding domain (between 

sequences 136 and 749 that are also highly conserved between the two STAT5A/B 

isoforms). Our data suggest that the C-terminal transactivation domain (that is also a site for 
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tyrosine phosphatase docking and thus determines stability of activation) might exert a 

negative effect on the interaction. However, these conclusions need validation in a STAT5-

deficient background.

In Supplementary Figure S1f, we show that, as described by the Groner lab19 p53 

suppresses transcriptional activity of STAT5. In contrast, STAT5 does not inhibit p53 

transcriptional activity, as detected by the luciferase reporter PG13-luc (data not shown, and 

Fritsche et al.19). We used this assay as a read-out for functional interaction and observed 

that wild-type p53, the M133K and V143A mutants (Supplementary Figure S1f) and to a 

lower extent the truncated mutant p53 Delta288 of UT7 cells (Supplementary Figure S1g) 

are all able to reduce transcriptional activity of STAT5 on a luciferase reporter driven by the 

spi-luc STAT5 responsive promoter. Thus, all such mutants can functionally interact with 

STAT5, explaining for example why, in UT7 cells, expression of JAK2 V617F induced 

RNA-polymerase II binding to the LPP promoter (detected by ChIP only after JAK2 V617F 

expression Figure 2c and data not shown) and induction of LPP gene expression.12 

Interestingly, the deltaN-STAT5 mutant that lacks the N-terminus (residues 1–136) remains 

able to induce transcription and to be inhibited by p53 proteins in gamma2A cells 

(Supplementary Figure S1f).

To characterize this previously unrecognized STAT5–p53 cooperation for transcriptional 

activity, we performed ChIP of STAT5B and p53 followed by hybridization to promoter 

microarrays with or without previous treatment with JAK2 inhibitor in HEL cells, which 

inhibits the JAK2 V617F mutant, that is homozygously expressed in this cell line. We 

observed that about 9% peaks corresponding to STAT5B and p53 binding were co-localized 

on promoters (Figure 3a) and separated by less than 1 kb (Figure 3b). Seventy-five percent 

(3967/5246) of STAT5Bbinding peaks and fifty-six percent (2958/5211) of p53-binding 

peaks were diminished by more than twofold after JAK2 V617F inhibition (Figure 3c), 

suggesting that p53 M133K binding is dependent on STAT5B DNA binding.

Gene ontology analysis showed that unique STAT5 targets were enriched for genes coding 

for phosphoproteins, serine/threonine kinases, nuclear and cytoplasmic proteins, and were 

associated with biological activities such as cell cycle, cytoskeleton organization, RNA 

processing or cytokine production. In contrast, common p53-STAT5B targets are coding for 

transmembrane proteins, glycoproteins and secreted proteins (Supplementary Figure S4), 

and are associated with different biological processes, such as regulation of secretion or 

synaptic transmission. Taken together, these results indicate that the p53–STAT5B complex 

may bind to genes that contribute to distinct cellular functions from that of STAT5B alone. 

Such genes might be directly linked to the pathogenesis and phenotypes of malignancies in 

the hematopoietic lineage or may become candidate markers of disease.

We selected 463 genomic positions where STAT5B- and p53binding peaks overlap and are 

sensitive to JAK2 inhibition targets shown to be downregulated by JAK2 inhibition.21 We 

found that 10 genes were upregulated and 9 genes were downregulated after either JAK2 

inhibition, p53 M133K knockdown or both (Figure 4a). Among these, GTF2A2, FAM107B, 

ATP5J, ANKRD35 and GINS3 (Figure 3) were the most significantly downregulated genes 

and CRABP1 was the most significantly upregulated gene upon inhibition of JAK2/STAT5 
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phosphorylation, p53 M133K knockdown or both (Figure 4b). Furthermore we confirmed 

the diminished RNA pol II recruitment at the STAT5B-p53 common peaks’ positions in 

HEL cells by ChIP (Figure 4c). These data demonstrate that cooperative DNA binding of 

STAT5B and p53 M133K is involved in the transcriptional regulation of target genes.

Next, we evaluated the expression levels of the novel STAT5p53 target genes in platelets 

from the peripheral blood of MPN patients. Platelets are the product of maturation of 

megakaryocytes in the bone marrow. We tested 11 healthy controls and 86 MPN patients, 

namely 6 polycythemia vera, 16 primary myelofibrosis and 64 essential thrombocythemia 

(ET) patients (Figure 5a). Strikingly, 39 out of the 64 ET, 14 out of the 16 primary 

myelofibrosis and 8 out of the 10 polycythemia vera patient samples overexpressed such 

genes. These results might be relevant as 50% of ET and primary myelofibrosis were until 

very recently negative for known pathogenic mutations. LEP, ATP5J, GTF2A2, VEGFC, 

NPY1R and NPY5R are the genes that were most frequently overexpressed in ET patients 

(Figure 5b). Overall, 62% ET, 87% primary myelofibrosis and 80% polycythemia vera 

patients were positive for the increased expression of at least one of these genes (Figure 5c). 

Some of those patients were carrying JAK2 V617 or MPL (TpoR) W515K/L mutations 

known to lead to constitutive STAT5 activation (Figure 5d) whereas others did not, 

suggesting those that overexpress this MPN-disease cluster regulated by STAT5-p53 might 

harbor STAT5-activating mutations. LEP codes for the hormone leptin, which induces 

weight loss, a characteristic of MF, and which has been reported to be increased in MF 

patients.22 GTF2A2 codes for the general initiation factor TFIIA of the RNA polymerase II 

important for transcriptional activity23 and ATP5J codes for the F6 subunit of the Fo 

complex of the mitochondrial ATP synthase responsible for ATP synthesis.24 VEGFC codes 

for the growth factor VEGFC that could be important for bone marrow changes during MPN 

progression. Another such regulated gene, LPP, hosts miR-28 which induces megakaryocyte 

differentiation defects.12 Altogether these data suggest that contrary to the cytokine-

activated STAT5 in healthy controls, the persistent STAT5 activity in MPN patients may 

recruit p53 onto promoters of alternative target genes inducing pathological transcription in 

megakaryocytes that remains detectable in platelets and that might be relevant for disease.

Discussion

The data presented here report a novel molecular mechanism of pathologic transcription in 

myeloid cancers, namely STAT5 transcriptional activation of alternative target genes through 

p53 recruitment. The constitutive phosphorylation of STAT5 leads to persistence in the 

nucleus and an increased probability to bind to GAS (gamma interferon activated sites) that 

are not normally high-affinity targets.9 On the other hand, STAT5 interacts with p53, as 

shown by co-immunoprecipitation (Figures 2c and d, Supplementary Figure S1e) and this 

interaction does not require tyrosine phosphorylation of STAT5, as it is maintained in the 

presence of JAK2 inhibition. However, the effect on LPP transcription requires active 

tyrosine-phosphorylated STAT5, as show by inhibition of STAT5 chromatin binding and 

LPP induction after treatment with ruxolitinib (Figures 2b and e) and several other JAK2 

inhibitors.12 Both constitutive activation of STAT5 and its ability to associate with p53 

appear to stabilize p53 binding on specific new targets in the human genome leading to 

transcription of a new set of genes, that are dependent on both p53 and STAT5. Several 
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previous studies described interactions between p53 and STAT signaling. p53 inhibits 

transcriptional activation by STAT5, whereas STAT5 does not inhibit p53 transcriptional 

activity.19 In Ba/F3 cells transformed by the oncogenic interaction between the gp55 

envelope protein of spleen focus-forming virus and the erythropoietin receptor, p53 

transcriptional activity is inhibited by constitutive active signaling via the 

phosphatidylinositol-3’-kinase pathway and not via STAT5 signaling.25 In addition, STAT1 

was shown to interact with p53 and enhance DNA-damageinduced apoptosis.26 Moreover, 

p53 and STAT5 were reported to cooperate in inducing apoptotic sensitization by oncostatin 

M in osteoblasts.27 Our present co-immunoprecipitation and luciferase transcription assays 

show that p53 interacts with STAT5 in a manner that does not involve the NH2-terminal 

tetramerization domain and that is negatively regulated by the COOH-terminal domain. This 

negative regulation via the C-terminal STAT5A domain could be meaningful, as the C-

terminus of STAT5A can be alternatively spliced, proteolytically processed or 

posttranslationally modified by acetylation, sumoylation or serine phosphorylation and it is 

the domain for nuclear shuttling associated with Rho/Rac activity in myeloid leukemia cells.

28 Thus, whatever modification might exist in the C-terminus of STAT5A or STAT5B, it will 

result in changed heterodimers and that will allow tailored STAT5-p53-regulated gene 

transcription.

The observation that the p53 M133K mutant activates LPP/ miR-28, but cannot bind to and 

activate promoters of canonical p53 target genes13 (Supplementary Figure S3) indicates that 

mutants of p53 associated with malignancies might preserve their ability to interact 

functionally with constitutively active STAT5. We show this for both M133K and the 

endogenous delta288 p53 variant expressed in UT7 cells (Supplementary Figure S2f and g). 

The inhibitory effect of p53 delta288 was much weaker than that of wild-type p53, in 

agreement with the requirement of the COOH-terminal sequence of p53 for effective 

inhibition of STAT5.19

Although, p53 M133K is mutated in its DNA-binding domain in HEL cells, it is still able to 

bind DNA in cooperation with an activated STAT5. This is compatible with a model, in 

which the presence of STAT5B increases the DNA-binding affinity of p53. The p53 M133K 

mutation does not seem to change the DNA-binding site specificity of p53, as we detected a 

consensus p53-binding site conserved by more than 70% in the DNA sequences of 65% of 

the p53 M133K binding peaks in HEL cells responding to JAK2 inhibition. The binding of 

p53 depends on constitutively active STAT5 only on chromatin, as a luciferase reporter 

driven by the LPP promoter can be induced by p53 alone not only in UT7 (in which active 

STAT5 is nuclear and bound to chromatin), but also in COS7 cells, which are known to lack 

STAT5 expression (Figure 1d). Thus, it will be very interesting to determine the mechanisms 

by which binding of p53 (or p53 mutants) is restricted on LPP promoter in the absence of 

STAT5.

Interestingly, STAT5-p53 potential target genes code for different classes of proteins that are 

normally not active in the hematopoietic system. Their activation may be dependent on the 

level of phosphorylation of STAT5 in the megakaryocytic progenitors of MPN patients. 

Epigenetic chromatin changes are well documented in MPN and they may be necessary to 

activate the transcription of these genes, including recruitment of p53. Several genes 
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pathologically overexpressed in the platelets from MPN patients that are induced via the 

STAT5–p53 cooperation might have a role in MPN progression. This might be the case for 

leptin, which has been shown to be expressed and secreted by malignant hematopoietic cells 

and cell lines.22 Leptin signaling changes lipid and glucose metabolism and it can activate 

STAT5 proteins to induce further LPP/miR-28 to block megakaryocyte differentiation.12 

Moreover, high patient leptin levels can contribute to a chronic inflammatory state and they 

are contributing to weight loss in MPN and other cancer patients, and this weight loss is 

reversed upon ruxolitinib treatment. The panel of six genes identified in this study and LPP 

can be used to test whether in MPN patients without known mutations, such genes are 

pathologically overexpressed in platelets. Positive results for such a gene signature would 

suggest molecular defects that still induce constitutive activation of STAT5. In that sense it 

will be important to test whether the newly described calreticulin mutants, which are 

associated with >70% of ET and MF negative for JAK2/MPL or other known mutations and 

which seem to activate also JAK229,30 are associated with such pathologic gene induction 

in platelets of MPN patients.

The constitutive activation of JAK2 leads to nuclear tyrosine phosphorylation of histone 

H321 and inhibits the PRMT5 methyltransferase activity on arginines R3 of histones H2A 

and H4.20 Along the same lines it is possible that JAK2 V617F may also induce epigenetic 

changes to allow STAT5B and p53 to bind to these alternative genomic sites. This is 

reminiscent of the enhanced repeat-induced variegation observed in Drosophila in presence 

of a gain-of-function JAK-D mutation, which disrupts the heterochromatic gene silencing, 

allowing transcriptional activation of genes that are not necessarily direct targets of D-STAT.

31 Further work will certainly be necessary to test the possibility of epigenetic changes at 

the STAT5-p53 targets and how they change chromatin also in light of oncogenic activation 

of STAT5 and p53-induced DNA damage or apoptosis response upon chemotherapy or 

radiotherapy.

Materials and Methods

Plasmids

The human genomic sequence corresponding to the LPP/miR-28 alternative promoter 

(chr3:187871155–187872055)12 cloned in the pGL4–11[luc2P] vector was purchased from 

SwichGearGenomics (La Hulpe, Belgium). Site-directed mutagenesis was performed with 

the QuickChange Site-Directed Mutagenesis Kit (Stratagene, Waldbronn, Germany) and 

primers indicated in Supplementary Table S1. Expression plasmid for wildtype p53 was 

described previously.32 Retroviral constructs carrying an shRNA-targeting p53 or a 

nonsilencing control were described previously.33

Cell culture and transfection

Human erythroleukemia (HEL) and UT7 cells were maintained as described.12 Gamma2A 

and COS7 cells were maintained in Dulbecco’s modified Eagle’s medium with 10% fetal 

calf serum. Plasmid constructs and the pRL-TK internal control vector (Promega, Leiden, 

Germany) were transfected with Lipofectamine (Invitrogen, Gent, Belgium) following 

manufacturer’s instructions. Luciferase activities were assayed 48 h posttransfection with 
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the Dual-Luciferase Reporter system (Promega) using LPP/miR-28-luciferase reporter or the 

spi-Luc reporter for STAT5 transcriptional activity34 or the PG13-LUC p53 reporter.35

Antibodies and reagents

ChIP grade antibodies against STAT5B, p53 and RNA pol II were purchased from Upstate/

Millipore (Billerica, MA, USA, 06–554), active motif (La Hulpe, Belgium, 39553) and 

Diagenode (Seraing, Belgium, AC-055–100), respectively. JAK inhibitor INCB018424 

(Ruxolitinib, INC4424, Novartis, Vilevorde, Belgium) was used at a 1 μM concentration for 

16 h.

ChIP

Chromatin cross-linking, cell lysis and DNA shearing were performed as described.12 

Immunoprecipitation was performed using the OneDay ChIP kit (Diagenode) following 

manufacturer’s instructions. Quantification of DNA immunoprecipitation was performed by 

real-time PCR using proLPP/miR promoter primers: TTGAGCACAGGACAGAGGAA and 

TTTTA GCCCTGAGCCTTGAA; or beta-actin primers as negative control: CCTGGC 

ACCCAGCACAAT and GGGCCGGACTCGTCATACT. Immunoprecipitated DNAs and 

input samples were amplified by two rounds of GenomePlex Complete whole genome 

amplification (WGA2) (Sigma, Diegem, Belgium) and hybridized on Human ChIP-chip 2.1 

M Deluxe Promoter Array (Roche NimbleGen, Waldkraiburg, Germany, HG18 build).

Gene expression analysis

RNAs were extracted with the RNeasy kit (Qiagen, Venlo, Netherlands) and reverse 

transcribed with the Reverse Transcriptase Core kit (Eurogentec, Seraing, Belgium) and 

random primers. Real-time PCRs were performed on a StepOne Real-Time PCR system 

(Applied Biosystems, Gent, Belgium) with the MESA GREEN MasterMix (Eurogentec) and 

primers reported in Supplementary Table S3.

Microarray and bioinformatics analyses

Data analysis and processing was performed with the R computing software (http://www.r-

project.org/). We calculated IP/input log2 ratio for each oligonucleotide from raw 

fluorescence values provided by Roche NimbleGen. All data set were normalized as 

previously described.36 For data representation, we smoothed the immunoprecipitation 

ratios over a 1 kb window using the Ringo package and created wig files to visualize them 

with the UCSC genome browser (build hg18). To find ChIP peaks, we identified regions 

with more than six consecutive oligonucleotides with a smoothed log2 ratio >0.5 using the 

Ringo package. STAT5- and p53-binding sites were predicted by the matchPWM function 

from the Biostrings package (http://www.bioconductor.org).

The findOverlaps function (GenomicRanges package) was used to identify coordinates of 

tiled promoters containing co-localized STAT5B and p53 peaks. For each promoter 

containing both STAT5 and p53 peaks, we calculated the minimal distance between peaks 

and the number of promoters as a function of minimal peak distances. Gene ontology 

analyses were performed with the DAVID functional annotation tool.37 Transcription factor 

binding site predictions were performed with MatInspector (Genomatix software suite, 

Girardot et al. Page 9

Oncogene. Author manuscript; available in PMC 2016 June 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.r-project.org/
http://www.r-project.org/
http://www.bioconductor.org


Munich, Germany). The data discussed in this publication have been deposited in NCBI’s 

Gene Expression Omnibus and are accessible through GEO Series accession number 

GSE38143.

Immunoprecipitation and western blotting

Cells were lysed either after being pretreated or not for 18 h with 10 μM INCB018424 JAK2 

inhibitor in lysis buffer containing 1% NP40 and protease inhibitors. Lysates were incubated 

with anti-p53 (Santa Cruz, Heidelberg, Germany), empty Protein A Sepharose beads or 

isotype control for the anti-p53 antibody overnight and immunoprecipitates were analyzed in 

parallel with aliquots of total cell lysates by western blotting using antiSTAT5, anti-pY 

STAT5 (Cell Signaling Technology, Leiden, Netherlands), anti-p53 (Santa Cruz) or anti-

beta-actin (Sigma) antibodies.

Patient samples

Platelets were isolated from MPN patients diagnosed at Hospital Henri Mondor (Paris, 

France), Saint-Luc Hospital (Brussels, Belgium) and Cambridge Institute for Medical 

Research (Cambridge University, Cambridge, UK) (Supplementary Table S4). Blood 

samples were collected with approval of all participating institutions’ ethical committees and 

informed consent was obtained in accordance with the Declaration of Helsinki. The JAK2, 

V617F and MPL W515 status was determined by TaqMan PCR and sequencing.12

Statistical analysis

Statistical significance was assessed by a two-tailed paired Student’s t-test unless otherwise 

specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
STAT- and p53-binding sites are required for transcriptional activity of the LPP/miR-28 

promoter. (a) The cloned DNA sequence corresponding to the LPP/miR-28 promoter 

(chr3:187 871 155–187 872 054) was tested for its promoting activity compared with an 

empty luciferase vector (*Po0.05) by transfection in human HEL cells, that express LPP/

miR-28 from its endogenous locus. The mutant promoters Δ− 290 and Δ+188 expressed 

significantly less luciferase, demonstrating that the transcriptional activity of the original 

promoter require a STAT (Δ− 290) and a p53 (Δ+188) binding site. (b) Predicted consensus 

Girardot et al. Page 13

Oncogene. Author manuscript; available in PMC 2016 June 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



binding sites for known transcription factors were deleted individually by directed 

mutagenesis and tested for luciferase activity compared with the original promoter. (c) A 

p53 expressing vector was cotransfected in HEL cells with a luciferase reporter under the 

control of the LPP/miR-28 promoter. The transcriptional activity was significantly increased 

by the expression of p53 WT (*Po0.05). (d) The transcription in UT-7e cells via the LPP/

miR-28 promoter was increased by p53 WT (*Po0.05) and in the presence of both STAT5 

and p53 WT (*Po0.05), but not by the inactive p53 mutant (V143A). The average of two 

experiments performed in triplicates is represented. Error bars represent s.e.m.
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Figure 2. 
STAT5B and p53 both are necessary for transcriptional activation of the LPP/miR-28 

promoter. (a) Chromatin immunoprecipitations (ChIP) using antibodies against RNA pol II, 

STAT5B or p53 were performed on LPP/miR-28 non-expressing (UT7) or expressing (HEL) 

cell lines. Both STAT5B and p53 are bound on the LPP/miR-28 promoter in HEL cells 

whereas only STAT5B is bound in UT7 cells (*Po1e − 4; P = 3.7e − 3 and P = 1.4e − 3, 

respectively). The beta-actin amplification produced by primers in the beta-actin gene body 

was used as a negative control for STAT5B and p53 binding. (b) (Upper left) quantitative 
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RT–PCR for p53 transcript in p53 knockdown HEL cell line compared with control HEL 

cell line (*P = 1.5e − 5). (Middle left) western blotting of p53 from HEL cell lines 

expressing an shRNA against p53 or a control shRNA. (Bottom left) quantitative RT–PCR 

for LPP transcript in HEL cell lines knockdown for p53 (*P = 4.4e − 3) or control. (Middle 

right) western blot analysis of p53 and STAT5 levels and tryrosine phosphorylated STAT5 in 

the presence and absence of JAK2 inhibitor in total lysates of HEL cells. (Bottom right) 

quantitative RT–PCR for LPP transcript in HEL cell lines treated with the JAK2 inhibitor 

INCB018424 (*P = 8.2e − 3). (c) Coimmunoprecipitation of endogenous STAT5 and p53 

from enlarged spleens of JAK2 V617F knockin heterozygous mice presenting MPN 

phenotype (d) Co-immunoprecipitation of endogenous STAT5 and p53 in HEL cells, in the 

presence (18 h pretreatment, 10 μM INCB018424) or absence of JAK2 inhibitor. (e) ChIP of 

RNA pol II, STAT5B and p53 (*P = 2.7e − 2) in p53 knockdown HEL cells and control 

cells, and in HEL cells treated with the JAK2 inhibitor INCB018424 or solvent alone 

(DMSO) (STAT5B: *P = 1.1e − 2; p53: *P = 1.8e − 5). Error bars represent s.d. for the 

qPCR performed in triplicate on sh-Ctrl and sh-p53 cells, or s.e.m. from two independent 

experiments performed on HEL cell after treatment by the JAK2 inhibitor qPCR, 

quantitative PCR; RT–PCR, PCR in reverse transcription. DMSO, dimethyl sulfoxide.
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Figure 3. 
STAT5B and p53 ChIP-on-chip binding peaks are frequently co-localized and dependent on 

STAT5B activation. (a) Enrichment levels of STAT5B or p53 chromatin 

immunoprecipitations from HEL cells (+DMSO) are represented in red and blue, 

respectively, and STAT5B and p53 enrichment levels after JAK2 inhibition (+INCB018424) 

are represented in pink and light blue, respectively. Dotted lines correspond to the twofold 

enrichment ratio compared with the input samples. (b) The number of promoters is plotted 

as a function of the relative distances between STAT5B- and p53-binding peaks on 

promoters (red line) and the relative distance between STAT5 and p53 predicted binding 

sites in promoters of the human genome (black line). A significant proportion of promoters 

contain both STAT5- and p53-binding sites within a 2.5 kb distance compared with an 

equiprobable distribution (dashed line) using the chi-squared test (2.2e− 16). (c) Venn 

diagram summarizing the total amount of STAT5B-binding peaks (red, 5246) and p53-

binding peaks (blue, 5211); STAT5B peaks (3967) and p53 peaks (2958) inhibited by JAK2 

inhibition are represented in pink and light blue, respectively. The intersection represents 

overlapping STAT5B and p53 responsive peaks (purple, 463). (d) From this list of 463 

peaks, 362 (78%) contained a consensus STAT5 binding site (>85% similar to the STAT5 

consensus site, in red), 301 (65%) contained a p53 consensus binding site (>70% similar to 
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the p53 consensus site, in blue) and 244 (52%) contained both (purple). DMSO, dimethyl 

sulfoxide.
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Figure 4. 
Transcriptional activity of STAT5B and p53 target genes. (a) Heatmap profile summarizing 

qRT–PCR on STAT5B and p53 target genes in HEL cells (DMSO), HEL cells treated by a 

JAK2 inhibitor (INCB018424), HEL cells knocked-down for p53 expression (shRNA-p53) 

and HEL cells treated with the JAK2 inhibitor and p53 shRNA (shRNA-p53+INCB018424). 

For each gene, red represents the highest and green the lowest expression level. (b) Relative 

expression of target genes compared with beta-actin expression assessed by qRT–PCR, 

showing a significant change upon STAT5B and p53 inhibition (*Po0.05). (c) Heatmap 
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profiles of STAT5B, p53 and RNA pol II binding at selected promoters analyzed by 

chromatin immunoprecipitation using primers reported in Supplementary Table S3. DMSO, 

dimethyl sulfoxide. Relative expression of target genes compared with beta-actinexpression 

assessed by qRT–PCR, showing a significant change upon STAT5B and p53 inhibition 

(*Po0.05). (c) Heatmap profiles of STAT5B, p53 and RNA pol II binding at selected 

promoters analyzed by chromatin immunoprecipitation using primers reported in 

Supplementary Table S3. DMSO, dimethyl sulfoxide.
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Figure 5. 
Increased expression of STAT5B and p53 target genes in the platelets of MPN patients. (a) 

Relative gene expression levels in the platelets of healthy controls (Ctrl, n = 11), essential 

thrombocythemia (ET, n = 64), primary myelofibrosis (PMF, n = 16) and polycythemia vera 

(PV, n = 6) patients. P-values indicate the probability that a given expression level is in the 

range of the normal distribution measured on control samples. (b) Number of polycythemia 

vera, essential thrombocythemia and primary myelofibrosis patients with increased gene 

expression levels (Po1e − 3). (c) Number of patients for whom zero, one, two or more genes 
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were significantly increased. (d) Summary of the molecular alterations for patients positive 

for STAT5B and p53 target genes expression. Numbers in parenthesis are the number of 

patients in each category.
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