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Some familial platelet disorders are associated with 
predisposition to leukemia, myelodysplastic syndrome (MDS) 
or dyserythropoietic anemia�,2. We identified a family with 
autosomal dominant thrombocytopenia, high erythrocyte mean 
corpuscular volume (MCV) and two occurrences of B cell–
precursor acute lymphoblastic leukemia (ALL). Whole-exome 
sequencing identified a heterozygous single-nucleotide change 
in ETV6 (ets variant 6), c.64�C>T, encoding a p.Pro2�4Leu 
substitution in the central domain, segregating with 
thrombocytopenia and elevated MCV. A screen of 23 families 
with similar phenotypes identified 2 with ETV6 mutations. 
One family also had a mutation encoding p.Pro2�4Leu and 
one individual with ALL. The other family had a c.�252A>G 
transition producing a p.Arg4�8Gly substitution in the  
DNA-binding domain, with alternative splicing and exon 
skipping. Functional characterization of these mutations showed 
aberrant cellular localization of mutant and endogenous ETV6, 
decreased transcriptional repression and altered megakaryocyte 
maturation. Our findings underscore a key role for ETV6 in 
platelet formation and leukemia predisposition.

ETV6 (also known as TEL) encodes a transcriptional repressor in 
the ETS family3. ETV6 was initially identified as a tumor suppressor 
by its involvement in somatic translocations in childhood leukemia, 

including in ETV6-RUNX1 fusion. These translocations often occur 
together with a somatic mutation in the intact ETV6 allele, suggest-
ing that loss of ETV6 function contributes to the development of 
leukemia4–6. Somatic ETV6 mutations have also been described in 
patients with MDS and T cell leukemias7,8, but germline mutations 
had not been described until recently9. ETV6 also has a key role in 
hematopoiesis, as demonstrated in animal models10,11. Mice with 
conditional Etv6 knockout in megakaryocytic-erythroid cells are 
thrombocytopenic, and megakaryocyte colony formation is absent 
in homozygous knockout hematopoietic cells and decreased in 
heterozygous knockout cells, indicating the involvement of Etv6 in 
thrombopoiesis12,13. ETV6 is also one of four transcription factors  
shown to be sufficient to differentiate mouse fibroblasts into  
hematopoietic-lineage cells14.

We present here three families with germline mutations in ETV6 
and defects in hematopoiesis. Affected members (n = 5) in the 
original family from the United States (family 1; Fig. 1a) had vari-
able thrombocytopenia (67,000–132,000 platelets/µl, normal range 
150,000–450,000 platelets/µl) and elevated red blood cell MCV 
(92.5–101.5 fl, normal range 80–95 fl), suggesting a defect affecting 
megakaryocytic-erythroid precursors. Hematocrit and other hema-
tologic indexes were within normal ranges (Supplementary Table 1).  
Platelets had normal mean volume and ultrastructure, with some 
elongated α-granules (Supplementary Fig. 1). Patients exhibited 
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mild to moderate bleeding, and two developed B cell–precursor ALL 
at ages 3 (III-1) and 37 (II-7) years. Histopathological analysis of 
bone marrow from affected individuals without leukemia showed 
small, hypolobulated megakaryocytes and abnormal red blood cell 
precursors (Fig. 1b).

Whole-exome sequencing of family 1 identified a heterozygous 
single-nucleotide change in ETV6, which segregated completely 
with thrombocytopenia and high red blood cell MCV. This missense 
variant, c.641C>T, encodes a proline-to-leucine amino acid change 
(p.Pro214Leu) in the central domain of ETV6 (NM_001987, P41212) 
(Fig. 1c); the variant was not found in the 1000 Genomes Project 
or dbSNP databases and was predicted to be possibly damaging by 
PolyPhen-2. We screened 23 additional European families with auto-
somal dominant thrombocytopenia, high red blood cell MCV and, in 
some cases, increased incidence of leukemia via Sanger sequencing 
of the exons and exon-intron boundaries of ETV6. This approach led 
to the identification of two additional families with germline ETV6 
mutations. One (family 2; Fig. 1a) had affected members with platelet 
counts of 44,000–115,000 platelets/µl, red blood cell MCV of 88–97 fl  
and ALL in individual I-2 at age 14 years, with all affected mem-
bers exhibiting a c.641C>T mutation identical to the one identified 
in family 1. In the other family (family 3; Fig. 1a), having individu-
als with platelet counts of 99,000–101,000 platelets/µl and red blood 
cell MCV of 93–98 fl but no malignancies, we detected a mutation 
affecting the DNA-binding domain (c.1252A>G; p.Arg418Gly) that 
was not observed in the 1000 Genomes Project database and was 
predicted to be highly damaging by PolyPhen-2. Sequence alignment 
demonstrated that both mutations affect amino acids that are highly 
conserved across multiple species (Supplementary Note). Both muta-
tions were present in the Catalogue of Somatic Mutations in Cancer 
(COSMIC) database, indicating that somatic acquisition of these 
mutations may be oncogenic.

The c.1252A>G mutation is located in the last codon of exon 7, 
which is split with exon 8, raising the possibility of this variant dis-
rupting a splice site. To test this possibility, we isolated RNA from the 
peripheral blood cells of two individuals with the c.1252A>G mutation.  
RT-PCR detected two different transcripts, one of the expected size 
(386 bp) and another of 285 bp, indicating an alternatively spliced prod-
uct (Supplementary Fig. 2). Sequencing of the 285-bp product showed 
skipping of exon 7. This c.1153_1253del mutation is predicted to cause 
a partial deletion of the putative DNA-binding domain (p.385_418del) 
and a subsequent p.Asn385Valfs*7 frameshift alteration resulting in 
the introduction of a premature stop codon, raising the possibility of 
a truncated protein. Although this truncated protein was expressed in 
transfection assays in HEK293T cells (Supplementary Fig. 3), it was not 
detected in platelets obtained from patients (Supplementary Fig. 4),  
suggesting that it is not functional in megakaryocytes. The alterna-
tive splicing event did not affect all mutant RNA, as sequencing of the 
386-bp RT-PCR product, as well as plasmids into which this product 
was cloned, showed the presence of the G nucleotide in addition to the 
wild-type A nucleotide, indicating that the Arg418Gly form of ETV6 is 
likely to be expressed in patients from this family. This type of genetic 
aberration, in which an exonic mutation creates an alternative splic-
ing site as well as an amino acid change, has been observed in other 
hematological disorders such as hemoglobin E disease15.

ETV6 is a 57-kDa protein with 452 amino acids and 3 functional 
domains: the N-terminal pointed (PNT), central regulatory and 
C-terminal DNA-binding (ETS) domains (Fig. 1c). The nuclear 
localization and transcriptional repression activity of ETV6 require 
homodimerization via the pointed domain16. ETV6 modulates 
the activity of other ETS transcription factors such as FLI1—for 
which hemizygous deletions of the corresponding gene cause Paris-
Trousseau–related thrombocytopenia17,18—and several other known 
ETV6 interaction partners that are present in platelets19,20 and 

Figure 1 Mutation analysis of ETV6.  
(a) Pedigrees for three affected families.  
Filled symbols represent affected individuals 
with thrombocytopenia and high red blood 
cell MCV. Asterisks indicate individuals who 
developed B cell leukemia. (See supplementary 
table 1 for complete blood count (CBC) 
values). (b) Representative images of a 
bone marrow aspirate for one of the affected 
individuals without leukemia, showing mild 
dyserythropoiesis (left; yellow arrows) and an 
immature, hypolobulated megakaryocyte  
(right; yellow arrow) (magnification 600×).  
(c) Top, schematic of ETV6, which is composed 
of eight exons encoding UTRs (yellow) and 
protein-coding sequences (blue). The two 
mutations identified, c.641C>T in exon 5 and 
c.1252A>G in exon 7, are depicted. Bottom, 
schematic of the ETV6 protein showing its 
different domains, pointed (PNT), central and 
ETS (the DNA-binding domain), and the location 
of the amino acid changes. (d) Effects of the 
ETV6 mutant alleles (encoding p.Pro214Leu, 
p.Arg418Gly and p.385_418del) on the  
activity of an ETV6-responsive reporter plasmid 
(pGL2-754TR) when expressed alone or in 
combination with the wild-type allele. Luciferase 
activity, represented by fold repression, is shown 
relative to that observed with empty vector and normalized using an internal control plasmid expressing Renilla luciferase. Wild-type ETV6 repressed 
luciferase expression by approximately 7.5-fold in comparison to empty vector, whereas Pro214Leu, Arg418Gly and 385_418del ETV6 repressed 
transcription 4.5-, 1.5- and 1.5-fold, respectively (*P < 0.0001, one-way ANOVA). Coexpression of wild-type and mutant proteins caused intermediate 
repression of the stromelysin-1 (MMP3) promoter. Experiments were performed in triplicate and repeated four times (error bars, s.d.).
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 presumably in megakaryocytes. The function of the central domain 
is not well understood, but this domain has been shown to undergo 
post-translational modifications and to be essential for the repressive 
function of ETV6 in in vitro reporter assays21.

To investigate the effect of the p.Pro214Leu, p.Arg418Gly and 
p.385_418del alterations on ETV6 transcriptional repression, we used 
an in vitro reporter assay to measure luciferase expression induced by 
the promoter of the known ETV6 target stromelysin-1 (MMP3)8,22. As 
expected, wild-type ETV6 repressed luciferase expression in compari-
son to empty vector. Expression of each of the three mutant forms of 
ETV6 resulted in less transcriptional repression than detected with 
wild-type ETV6 when the mutant was expressed alone or together 
with wild-type ETV6 (Fig. 1d). We determined that the protein 
expression of wild-type ETV6 and all the mutants in transfected cells 
was equivalent by immunoblot, suggesting that the mutations do not 
influence protein stability (Supplementary Fig. 3).

Thrombopoiesis involves a complex sequence of cellular events 
in bone marrow megakaryocytes culminating in the elaboration 
of proplatelet extensions that release platelets into the circulation. 
Approximately 1 × 1011 platelets must be produced daily to main-
tain the normal concentrations of 150–400 × 109 platelets/l in human 
blood23. To determine the effect of the p.Pro214Leu and p.Arg418Gly 
ETV6 substitutions on megakaryocyte differentiation, we transduced 
human CD34+ cells with lentivirus containing ETV6 alleles encoding  

wild-type, Pro214Leu or Arg418Gly protein and cultured them with 
thrombopoietin to support megakaryocyte development. Cells trans-
duced with lentivirus expressing Pro214Leu or Arg418Gly ETV6 
showed delayed/decreased maturation when compared to control 
cells and those transduced with lentivirus expressing wild-type ETV6, 
as indicated by increased numbers of small, immature megakaryo-
cytes (similar to the abnormalities observed in the bone marrow of 
affected individuals; Fig. 1b) and decreased generation of proplate-
lets (Fig. 2a–d). These findings indicate that the identified mutations 
affect megakaryocyte development and likely platelet production.

As ETV6 requires dimerization to exert its transcriptional 
repression, it is possible that the p.Pro214Leu, p.Arg418Gly and 
p.385_418del alterations might affect this interaction in a dominant- 
negative manner. We found that all mutants dimerized with  
wild-type ETV6, as demonstrated by concomitant pulldown of both 
differentially His-tagged wild-type ETV6 and Myc-tagged ETV6 
mutants (Supplementary Fig. 5). We examined the intracellular 
distribution of protein produced by transduced constructs for the 
Pro214Leu, Arg418Gly and wild-type forms of ETV6 in megakaryo-
cytes by immunofluorescence staining for their Myc tag, which 
showed the expected nuclear localization for wild-type ETV6, whereas 
Pro214Leu and Arg418Gly ETV6 were concentrated in the cytoplasm 
(Supplementary Fig. 6). Staining for ETV6 (Fig. 3) showed that this 
protein was concentrated in the nuclei of untransduced controls and 
cells transduced with wild-type ETV6 and that it was largely in the 
cytoplasm of cells expressing mutant ETV6 (see also Supplementary 
Videos 1–4). These results indicate that the mutant forms of ETV6 
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Figure 2 Abnormal development of cultured megakaryocytes expressing 
mutant ETV6 at day 12. Control cells and those transduced with lentivirus 
to express Myc-tagged forms of ETV6 (wild type, Pro214Leu and 
Arg418Gly) were assessed via immunofluorescence microscopy imaging; 
scale bars, 5 µm. (a–c) Megakaryocytes (control cells shown) were 
identified via expression of CD61 (magenta) and VWF (red) and staged by 
diameter, <15 µm (a) or >15 µm (b), or by the presence of proplatelets (c).  
(d) Population distributions showed no significant differences between 
control cells and those transduced with lentivirus expressing wild-type 
ETV6, whereas megakaryocytes transduced with lentivirus for Pro214Leu 
ETV6 showed a significantly higher proportion (*P < 0.05, two-tailed  
t test) of cells in the earlier developmental stage (<15 µm) and fewer cells 
in the mature, proplatelet-forming stage (control, n = 7; wild type (WT), 
n = 3; Pro214Leu, n = 3; Arg418Gly, n = 4 cultures, with >300 cells for 
each; error bars, s.d.). Images for control cells and those transduced with 
lentivirus expressing wild-type, Pro214Leu and Arg418Gly forms of ETV6 
are shown in supplementary Figure 6.

Control

DNA ETV6 Myc Merge

ETV6 WT

ETV6 P214L

ETV6 R418G

Figure 3 Aberrant cytoplasmic localization of ETV6 in cultured 
megakaryocytes transduced with lentivirus expressing ETV6 mutants. 
Comparison via immunofluorescence microscopy of ETV6 localization in 
cultured control megakaryocytes and those transduced with lentivirus for 
wild-type or mutant (Pro214Leu or Arg418Gly) Myc-tagged forms of  
ETV6 at day 12. Confocal z sections of representative mature cells  
(>15 µm) are shown stained for DNA (blue), ETV6 (both endogenous and 
Myc-tagged forms; green) and Myc (red). In control cells, endogenous 
ETV6 is concentrated in the nucleus, as is endogenous and Myc-tagged 
wild-type ETV6 in cells transduced with lentivirus for wild-type ETV6.  
In contrast, cells transduced with mutant Myc-tagged ETV6 (Pro214Leu 
or Arg418Gly) showed this protein concentrated in the cytoplasm  
with little visible in the nucleus. Scale bars, 5 µm. See also 
supplementary Videos 1–4.
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mislocalize inside cells and, by dimerizing with endogenous wild-type 
protein, may also prevent nuclear localization, further compromising 
the repression activity of ETV6.

Several cases of leukemia involving somatic ETV6 alterations have 
been associated with loss of ETV6 function4–6. To identify additional 
genetic aberrations contributing to leukemogenesis, we performed 
whole-exome and RNA sequencing (RNA-seq) on leukemia blast 
cells collected at the time of diagnosis and on bone marrow cells 
collected after remission in the same patient (III-1, family 1). RNA-
seq showed that the wild-type ETV6 allele was structurally normal 
and that wild-type transcripts and those encoding p.Pro214Leu were 
expressed at equal levels in the bone marrow samples. We found sev-
eral genetic variants and a new gene fusion between PAX5 and SHB 
in the leukemia sample that were not present in the remission sample 
(Supplementary Table 2). These variants may represent candidate 
mutations cooperative with the germline ETV6 mutation in the devel-
opment of leukemia24,25.

In summary, we present new germline mutations in ETV6, a gene 
known to be involved in human leukemogenesis and in mouse and 
zebrafish hematopoiesis, in three families with thrombocytopenia and 
high red blood cell MCV, along with leukemia predisposition in two of 
the three families (with the mutation encoding p.Pro214Leu). These 
mutations partially disrupt ETV6 transcriptional repression in vitro 
and cause aberrant cytoplasmic localization of both mutant and 
endogenous ETV6, suggesting a dominant-negative effect. Recently, 
while this manuscript was under review, a manuscript by Zhang et al. 
showed similar findings in three unrelated families9. These two studies  
represent effective independent replications and lend further sup-
port to the findings. The identified mutations in ETV6 also impair 
megakaryocyte development and proplatelet formation in culture. 
Furthermore, platelet RNA-seq of patients with the p.Pro214Leu 
alteration showed decreased expression of platelet-specific tran-
scripts associated with the mutation, including considerable reduc-
tion in the levels of several cytoskeletal transcripts (Supplementary  
Figs. 7 and 8, Supplementary Note and Supplementary Data Set). 
The mutations in these families show the implications of viable germ-
line mutations in ETV6 and provide insights into the importance of 
ETV6 for platelet biology and tumor-suppressor activity.

METhODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. BioProject, PRJNA276621; Sequence Read Archive 
(SRA), SRP056053; database of Genotypes and Phenotypes (dbGaP), 
phs000873.v1.p1.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METhODS
Patient tissue acquisition. All patients in the original cohort (family 1) were 
recruited at the Hematology Clinic at the Children’s Hospital of Michigan. 
The study received institutional review board approval from the University 
of Colorado Anschutz Medical Campus, and informed consent was obtained 
for all participants. Patients in families 2 and 3 were recruited in clinical cent-
ers in the Czech Republic and Italy as part of a European consortium focused 
on inherited platelet disorders. The institutional review board of the IRCCS 
Policlinico San Matteo Foundation of Pavia, Italy, approved the study protocol. 
Informed consent was obtained from all patients in the study. Studies were 
performed in accordance with the Declaration of Helsinki. Genomic DNA 
was extracted from whole blood using the Gentra PureGene DNA Extraction 
kit (Qiagen). Platelets were purified from whole blood and negatively selected 
using CD45+ MACS MicroBeads (Miltenyi Biotec). Bone marrow aspirates 
were obtained at diagnosis, and permission was obtained from families to 
use images.

Exome sequencing. Genomic DNA (3–5 µg) was sheared, size selected  
(~400–600 bp), ligated to sequencing adaptors and PCR amplified follow-
ing standard library preparation procedures. The library obtained after PCR 
amplification was used for exome capture with the Agilent SureSelect Human 
All Exon v4 Capture kit. Eight exome-enriched samples were sequenced using 
two lanes (2 × 100 bp) on an Illumina HiSeq 2000. Exome sequencing was 
performed in eight individuals from family 1: II1, II3, II5, II7, III1, III2, III9 
and III10. We screened for ETV6 mutations in the European families by 
Sanger sequencing of the promoter region, exons and exon-flanking regions 
of ETV6.

Bioinformatics of exome sequencing. Reads passing the Illumina chastity 
filter were subjected to a quality filter step that removed low-quality bases 
from the 3′ end and retained pairs of reads if the trimmed reads for both 
members of the pair were 50 bp or longer. Paired reads that passed the qual-
ity filter step were mapped to the reference human genome sequence (hg19) 
with GSNAP (Genomic Short-read Nucleotide Alignment Program, version 
2012-07-20)26. Sequence calls for SNPs and insertions and deletions (indels) 
were performed using GATK (the Broad Institute’s Genome Analysis Toolkit, 
v2.1-8-g5efb575)27.

The program ANNOVAR (Annotate Variation, version 2012-03-08) 
was used to classify variants and to cross-reference all variants across vari-
ous genetic variation databases. Included in ANNOVAR are databases to 
identify nonsynonymous and splice-site variants (refGene.txt), variants in 
conserved genomic regions (phastConsElements46way.txt), variants in seg-
mental duplications (genomicSuperDups.txt) and variant frequencies from 
the 1000 Genomes Project database (hg19_ALL.sites.2012_02.txt). Variants 
located outside of conserved regions or with frequencies >1% were excluded 
from further analysis28. Only nonsynonymous changes (SNPs and indels), 
splice-site variants and/or changes resulting in an aberrant stop codon were 
considered for further analysis. All insertion and deletion variants were 
considered to be damaging, whereas SNP variants were cross-referenced to 
dbNSFP (database of functional predictions for nonsynonymous SNPs, ver-
sion 2.0) to determine whether the changes would be considered tolerable or 
damaging using four algorithms (Sorting Intolerant From Tolerant (SIFT), 
PolyPhen-2 (Polymorphism Phenotyping v2), likelihood-ratio test (LRT) and 
MutationTaster)29.

The final filtered list of variants for each affected family member was then 
intersected to find putative causal variants.

Platelet RNA sequencing. RNA was isolated from leukoreduced platelet prep-
arations stored in TRIzol as previously described30. RNA-seq libraries were 
prepared and barcoded using Illumina TruSeq V2 with oligo(dT) selection. We 
generated 50 cycles of single-end reads on a single lane of the HiSeq 2000 and 
aligned the reads using Novoalign (Novocraft Technologies) to UCSC genome 
version hg19 with known and shuffled splice junctions included. Normalization 
of read counts and differential expression analysis were performed with 
DESeq2 (ref. 31). Sample-to-sample variability in the levels of leukocyte 
transcripts, which can significantly alter read counts (J.W.R., unpublished 
observations), was corrected for by including the ratio of PTPRC (encoding  

the leukocyte marker CD45) to ITGA2B (encoding a platelet marker) as 
a factor in the model for significance testing. Relationship to the affected 
individual was also included in the model. Euclidean distance computation, 
clustering (complete linkage) and heat map analysis of the regularized log-
transformed read counts was performed in R as described in the DESeq2 
vignette. A list of 351 expressed transcripts involved in platelet biogenesis or 
function was curated from Reactome and from transcripts enriched in platelets 
in comparison to all other tissues in Illumina’s Human Body Map 2.0. Gene 
Set Enrichment Analysis (GSEA)32 of the 177 differentially expressed targets 
included testing against GO biological process, Biocarata, KEGG and Reactome  
gene sets.

Bone marrow RNA sequencing. Total RNA was isolated from samples taken 
from bone marrow at diagnosis of leukemia and again during remission. cDNA 
libraries were constructed for each sample using the TruSeq mRNA sample 
preparation kit (Illumina). The poly(A) mRNA fraction was isolated from total 
RNA using selection via poly(T) oligonucleotide attached to magnetic beads. 
RNA was chemically fragmented and randomly primed before reverse tran-
scription and cDNA generation. cDNA fragments then underwent end repair, 
the addition of a single A base to the 3′ end and ligation to adaptors. Finally, the 
products were purified and PCR enriched to create the double-stranded cDNA 
library. The uniquely indexed libraries were pooled and sequenced on a single 
lane of an Illumina HiSeq 2000 flow cell, yielding 2 × 100-bp reads.

Bioinformatics of RNA sequencing. Reads passing the Illumina chastity filter 
were subjected to a quality filter step as described above. Paired reads that 
passed the quality filter step were mapped to the reference human genome 
sequence (hg19) with GSNAP (version 2012-07-20)26. The aligned reads were 
then searched for gene fusions using two separate algorithms: TopHat-Fusion, 
v2.0.9 (ref. 33), and FusionMap, version 7.0.1.25 (ref. 34). Intersection of the 
resulting gene fusion predictions from the two programs resulted in a single 
high-confidence candidate.

Plasmids and mutagenesis. A pCMV-Entry vector containing cDNA for 
human ETV6 (ets variant 6) and a sequence encoding a C-terminal Myc/DDK 
tag was obtained from Origene. Site-directed mutagenesis was carried out 
using the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies) 
and primers designed to contain the mutations of interest (c.641C>T and 
c.1252A>G) with flanking complementary sequence. Wild-type ETV6 was also 
cloned into a pCMV-Entry vector encoding a C-terminal His tag (Origene). 
A construct designed to encode the alternatively spliced and truncated ETV6 
(p.385_418del, p.Asn385Valfs*7) was generated by GenScript and cloned into 
the pCMV-Entry vector encoding a C-terminal Myc/DDK tag. The luciferase 
reporter construct (pGL2-754TR) was originally published by S. Hiebert and 
was obtained from A. Ferrando (Columbia University)8. The pCMV-Renilla 
vector was also obtained from A. Ferrando. All constructs were transformed 
into Mix & Go Competent Escherichia coli cells (Zymogen Research) and 
grown up with 100 µg/ml kanamycin or ampicillin.

Luciferase reporter assays. HEK293T cells (a gift from D. Ginsburg, University 
of Michigan) were cultured in MEM (Invitrogen) supplemented with 10% FBS. 
Cells were seeded at 1.5 × 106 cells/60-mm dish and transfected using Trans-
IT 293 (Mirus) 24 h after seeding with either 2 µg of empty pCMV-Entry 
vector or vector encoding wild-type, Pro214Leu, Arg418Gly or 385_418del 
ETV6 or with 1 µg of wild-type ETV6 and 1 µg of mutant ETV6 cDNA for 
cotransfection experiments. Cells were also cotransfected with 2 µg of pGL2-
754TR luciferase reporter, along with 15 ng of pCMV-Renilla as a transfection 
control. Cells were collected 48 h after transfection, lysed with Passive Lysis 
Buffer (Promega) and analyzed using the Dual-Luciferase Reporter Assay kit 
(Promega). Before experiments, cells were tested for mycoplasma contamina-
tion, and contamination was ruled out.

Pulldown assays. HEK293T cells were transfected with construct encoding 
Myc/DDK- or His-tagged wild-type ETV6 alone or cotransfected with con-
struct encoding His-tagged wild-type ETV6 and Myc/DDK-tagged wild-type, 
Pro214Leu, Arg418Gly or 385_418del ETV6, and cells were collected as previ-
ously described. Protein complexes containing the Myc/DDK tag were purified 
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from cell lysate using the c-Myc Protein Mild Purification kit (Medical and 
Biological Laboratories). Protein was eluted using c-Myc peptide, and eluate was 
run on SDS-PAGE and probed using a primary antibody to DDK (TA50011-100, 
clone 4C5, Origene) or His (polyclonal, 2365, Cell Signaling Technology).

Lentiviral CD34+ cell transduction. Lentivirus generation and CD34+ cell 
transduction were performed following methods previously described35. 
Specifically, ETV6 sequences encoding c-Myc–tagged wild-type, Pro214Leu 
and Arg418Gly protein were cloned into the lentiviral vector PLJM1, and the 
vectors were cotransfected into HEK293T cells with PMD2.G, PMDLg/pRRE 
and pRSV-Rev. Supernatants were collected every 24 h for up to 72 h, and virus 
was concentrated via ultracentrifugation. CD34+ cells were affinity purified 
from G-CSF–mobilized blood progenitor cells from bone marrow transplant 
donors using the CD34 MicroBeads kit (Miltenyi Biotec) and cultured with 
IMDM (Gibco) supplemented with 10% BIT 9500 (Stemcell Technologies),  
2 mM l-glutamine (Wisent), 1% penicillin-streptomycin (Wisent) and 50 ng/ml  
thrombopoietin (a gift from the Kirin Brewery Company). On day 2, cells were 
pelleted and resuspended in culture medium containing viruses encoding 
wild-type, Pro214Leu or Arg418Gly ETV6. Cell-virus mixtures were placed 
onto plates coated with Retronectin (Clontech) for transduction, a process that 
was repeated 12 h later. Cells were transferred to a new culture dish after 12 h. 
On day 8 of culture, cells were seeded onto coverslips coated with a 1:6 dilution 
of Matrigel (Corning) in DMEM (Winsent) as previously described36.

High-resolution laser immunofluorescence confocal microscopy. On day 12 
of culture, cells growing in Matrigel on coverslips were fixed with paraformal-
dehyde, permeabilized and immunostained with human-specific antibodies:  
megakaryocyte-specific proteins were detected with rabbit antibody to CD61 
(ab75872, Abcam) and sheep antibody to VWF (AHP062, AbD Serotec), 
Myc-tagged ETV6 was detected using mouse antibody to c-Myc (AHP062, 
Covance), and endogenous and tagged ETV6 was detected via rabbit antibody 
to ETV6 (Prestige Antibodies, HPA000264, Sigma-Aldrich). Antibodies were 
visualized using donkey secondary antibodies: anti-rabbit Alexa Fluor 647 or 
488, anti-sheep Alexa Fluor 555, and anti-mouse Alexa Fluor 488 or 546 (Life 
Technologies). DNA was stained with DAPI, and samples were prepared with 
fluorescent mounting medium (Dako).

Images were obtained with an oil immersion objective (60×, 1.35 N.A.) 
using a Quorum Olympus spinning-disc confocal inverted epifluorescence 
microscope equipped with four solid-state lasers (Spectral Applied Research)—
405 nm, 491 nm, 561 nm and 642 nm—an Improvision Piezo Focus Drive,  
a 1.5× magnification lens (Spectral Applied Research), a Hamamatsu C9100-13 

back-thinned EM-CCD camera and a Yokogawa CSU X1 spinning-disc confo-
cal scan head with the Spectral Aurora Borealis upgrade. Acquisition, image 
processing and cell counting were performed using PerkinElmer Volocity soft-
ware (versions 5.5–6.1). Confocal images were deconvolved and exported as 
z sections or extended-focus images to Adobe Photoshop and/or Illustrator 
for final presentation. Images were rendered as three-dimensional volumes 
(maximum intensity) and animated using Imaris 7.6 to create videos.

Transmission electron microscopy and immunoblots. Transmission electron 
microscopy of platelets and preparation of platelet lysates for immunoblot 
analysis were carried out as previously described37. The antibodies used for the 
immunoblots presented throughout were polyclonal rabbit antibody to ETV6 
(PA5-35371, Thermo Scientific), mouse monoclonal antibody to GAPDH 
(MAB374, Millipore), mouse monoclonal 4C5 antibody to DDK (Origene) 
and rabbit polyclonal antibody to His (Cell Signaling Technology).
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