
Abstract. Background/Aim: Constitutional chromosomal
aberrations are rare in hematologic malignancies and their
pathogenetic role is mostly poorly understood. We present a
comprehensive molecular characterization of a novel
constitutional chromosomal translocation found in two siblings
– sisters – diagnosed with myelodysplastic syndrome (MDS).
Materials and Methods: Bone marrow and blood cells from the
two patients were examined using G-banding, RNA sequencing,
PCR, and Sanger sequencing. Results: We identified a
balanced t(17;19)(q21;p13) translocation in both siblings’
bone marrow, blood cells, and phytohemagglutinin-stimulated
lymphocytes. The translocation generated a MYO1F::WNK4
chimera on the der(19)t(17;19), encoding a chimeric
serine/threonine kinase, and a VPS25::MYO1F on the der(17),
potentially resulting in an aberrant VPS25 protein. Conclusion:
The t(17;19)(q21;p13) translocation found in the two sisters
probably predisposed them to myelodysplasia. How the
MYO1F::WNK4 and/or VPS25::MYO1F chimeras, perhaps
especially MYO1F::WNK4 that encodes a chimeric

serine/threonine kinase, played a role in MDS pathogenesis,
remains incompletely understood.

Acquired chromosome abnormalities, not least balanced
translocations, are key pathogenetic elements in
leukemogenesis as extensively reviewed over the last few
decades (1-3). These aberrations often give rise to fusion genes
that play a pivotal role in the pathogenesis of these neoplasms.
A fusion gene, defined as the physical juxtaposition of distinct
gene loci, results in a chimeric structure combining one gene’s
head with the other one’s tail (4, 5). Fusion genes are often
primary neoplasia-inducing events whose detection is
important for the diagnosis, prognosis assessment, and
treatment of cancer patients (3, 6, 7). 

Constitutional chromosomal aberrations are present in all
cells. They occur de novo in the gametes or are inherited
from a carrier parent. Occasionally, constitutional aberrations
are found also in solid cancer families and molecular
investigations of such family members have led to the
identification of several tumor suppressor genes (8, 9). Much
less frequently, constitutional chromosomal rearrangements
have also been reported in patients suffering from
hematologic malignancies, although their leukemogenic role
is mostly unclear (8-20). In this study, we present a detailed
molecular characterization of a novel constitutional
chromosomal translocation identified in two siblings
diagnosed with myelodysplastic syndrome (MDS).

Materials and Methods
Ethics statement. The study was approved by the regional ethics
committee (Regional komité for medisinsk forskningsetikk Sør-Øst,
Norge, http://helseforskning.etikkom.no). The administrator of the
approval application is the leader of the Section for Cancer
Cytogenetics Francesca Micci (Regional komité for medisinsk
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forskningsetikk Sør-Øst, Norge, http://helseforskning.etikkom.no;
2010/1389/REK sør-øst A). Written informed consent was obtained
from the patients. The ethics committee’s approval included a
review of the consent procedure. All patient information has been
de-identified.

Patients.
Patient 1. A 63-year-old woman was initially referred to a
hematologist in 2013 for mild thrombocytopenia. Due to a previous
transient ischemic attack (TIA), she was undergoing aspirin (ASA)
treatment. Her hemoglobin (Hgb) was within the normal range, but
the mean corpuscular volume (MCV) was slightly elevated at 103 fl.
The neutrophil count was also normal at 2.2×109/l. In light of this,
no further investigations were pursued at that time. In 2015, she was
re-referred due to pancytopenia with an Hgb of 11.5 g/dl and an MCV
of 109. Neutrophils had decreased to 0.9×109/l and platelet count was
at 54×109/l. A bone marrow smear indicated low cellularity with a
normal blast count of 1%. No ringed sideroblasts were observed. A
subsequent bone marrow biopsy revealed hypoplastic and dysplastic
changes. G-banding identified a t(17;19)(q21;p13) translocation in all
3 metaphases analyzed (see cytogenetic examination below). Flow
cytometry detected an increase in CD34-positive cells, suggestive of
a blast population, but no blasts were observed in the peripheral
blood. Clinically, there were no symptoms and blood values remained
slightly low but stable. 

In March 2017, the patient developed worsening pancytopenia with
an Hgb of 8.8 g/dl, neutrophils at 0.5×109/l, and platelets 29×109/l.
Peripheral blood analysis showed 1% blasts. A subsequent bone
marrow biopsy revealed increasingly dysplastic megakaryocytes. G-
banding again showed the t(17;19)(q21;p13) translocation in all
examined metaphases. Molecular analysis at another laboratory found
no pathogenic variants of tumor protein p53 (TP53). However, variants
of the genes ASXL transcriptional regulator 1 (ASXL1, located on
20q11.21), tet methylcytosine dioxygenase 2 (TET2, 4q24), and
DEAD-box helicase 41 (DDX41, 5q35.3), all of which are known to
be involved in MDS pathogenesis (21), were found. The variants were:
NM_ 015338.5(ASXL1):c.3977C>T (p.Pro1326Leu) with variant allele
frequency (VAF) of 48.6%, NM_001127208.3(TET2):c.323A>T
(p.Gln108>Leu) with VAF of 48.3%, and NM_016222.4
(DDX41):c.992_994del; (p.Lys331del) with VAF of 45%. 

A bone marrow transplant was recommended as the next line of
treatment, but the patient opted against the procedure. Instead,
Azacitidine was initiated for a duration of 5 days. Despite no
complications, there was no improvement in hematologic values.
Subsequent biopsy and cytogenetic evaluations in December 2017
showed no significant changes. In January 2018, an 8-week
Melphalan treatment course, administered as a study drug,
demonstrated a positive effect on all cell lines both in terms of
measurements and morphology. The drug failed however to have
any effect during a second course given in August 2018.
Consequently, the patient was transferred to a palliative regimen
involving blood transfusions and antibiotics when needed. She
succumbed to a fungal infection in January 2019.

Patient 2. A 69-year-old woman, the younger sister of patient
number 1, presented with a medical history of hypertension, type 2
diabetes mellitus, B12 deficiency, and an elevated BMI when
referred in July 2019 for pancytopenia. Her hematologic values were
Hgb 11.7 g/dl, MCV 111 fl, neutrophils 1.0×109/l, and platelets
75×109/l. A bone marrow biopsy showed features compatible with

MDS and 8% blasts. Hence, she was classified as having MDS-EB-
1, close to EB-2. G-banding revealed an identical t(17;19)(q21;p13)
as observed in Patient 1 in all 13 examined metaphases (see below
for cytogenetic examination). The translocation was interpreted as a
constitutional cytogenetic abnormality, later confirmed in a
phytohemagglutinin (PHA)-stimulated blood sample. The 
variants NM_ 015338.5(ASXL1):c.3977C>T (p.Pro1326Leu) and
NM_016222.4(DDX41):c.986AGA (p.Lys331del) were also
identified and confirmed to be germline by testing of the oral
mucosa. 

In October 2019, the patient commenced Azacitidine treatment,
resulting in a complete hematologic response. Hgb increased from
12.2 g/dl to 14.5 g/dl, neutrophils from 1.2×109/l to 2.5×109/l, and
thrombocytes from 69 to 255×109/l. However, over time the response
declined, leading to the cessation of Azacitidine treatment in June
2023. In September 2023, Melphalan treatment was initiated due to
severe pancytopenia (Hgb 6.6 g/dl, thrombocytes 6×109/l, neutrophils
0.38×109/l). A bone marrow biopsy in March 2023 showed 5% blasts
and a slight increase in CD34+ cells. By September of the same year,
the CD34-positive cell count had increased, suggesting a transition to
acute myeloid leukemia (AML). Molecular pathology and
cytogenetics were unchanged at this point. An 8-week course of
Melphalan resulted in near normalization of CD34-positive cell levels
and hematological values. Morphologically, the bone marrow showed
improvement, with only mild dysplasia in thrombopoiesis. The latest
hematologic values as of January 2024 showed a sustained positive
response to the drug with an Hgb of 11.1 g/dl, platelets 131×109/l,
and neutrophils 2.53×109/l.

G-banding analysis. Bone marrow and/or blood cells (Table I) were
cytogenetically investigated using standard methods (22, 23); the
cytogenetic examination of patient 2 also included analysis of a
short-term culture of peripheral blood lymphocytes stimulated with
phytohemagglutinin (PHA) for 72 h. Chromosome preparations
were made from metaphase cells and G-banded using Leishmanʼs
stain (Sigma-Aldrich, St. Louis, Missouri, USA). Metaphases were
analyzed and karyograms prepared using the CytoVision computer-
assisted karyotyping system (Leica Biosystems, Newcastle upon
Tyne, UK). The karyotype was written according to the International
System for Human Cytogenomic Nomenclature (2020) (24). 

Genomic DNA and total RNA isolation and synthesis of
complementary DNA (cDNA). Genomic DNA was extracted from
sample 2B (blood from patient 1) and sample 4 (bone marrow from
patient 2; Table I) using a Maxwell RSC Instrument and the
Maxwell RSC Tissue DNA Kit (Promega, Madison, WI, USA). The
concentration was measured using Quantus Fluorometer and the
QuantiFluor ONE dsDNA System (Promega).

Total RNA was extracted from sample 2B (blood from patient 1)
and sample 3 (peripheral blood lymphocytes from patient 2
stimulated by PHA for 72 h) using the miRNeasy Mini Kit and
QiaCube automated purification system according to the
manufacturer’s instructions (Qiagen, Hilden, Germany). The
concentration was measured with the QIAxpert microfluidic
UV/VIS spectrophotometer (Qiagen). RNA integrity was assessed
with the Agilent 2100 bioanalyzer and DV200 index and found to
be 76% (25). Complementary DNA (cDNA) was synthesized from
35 ng of total RNA in a 20 μl reaction volume using iScript
Advanced cDNA Synthesis Kit for RT-qPCR according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA, USA).
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RNA sequencing. Two hundred nanograms of total RNA extracted from
peripheral blood lymphocytes from patient 2 (sample 3, Table I) were
sent to the Genomics Core Facility at the Norwegian Radium Hospital,
Oslo University Hospital for high-throughput paired-end RNA
sequencing. A total of 50 million reads of 151-bp length were obtained.
For quality control of the raw sequence data, the FASTQC software
(available at http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/)
was used. Fusion transcripts were found using the FusionCatcher
software (26, 27).

Polymerase chain reaction (PCR) and Sanger sequencing analyses.
The primers for the genes myosin IF (MYO1F), WNK lysine deficient
protein kinase 4 (WNK4), and vacuolar protein sorting 25 homolog
(VPS25) are described in Table II. For reverse transcription-
polymerase chain reaction (RT-PCR) and cycle Sanger sequencing, the
BigDye Direct Cycle Sequencing Kit was used (ThermoFisher
Scientific, Waltham, MA, USA) according to the company’s
recommendations. The forward primers (F1) had the M13 forward
primer sequence TGTAAAACGACGGCCAGT at their 5´-end
whereas the reverse primers (R1) had the M13 reverse primer
sequence CAGGAAACAGCTATGACC at their 5´-end. As template,
cDNA corresponding to 2 ng total RNA was used. The primer
combinations were M13For-MYO1F-1560F1/M13Rev-WNK4-800R1
and M13For-VPS25-371F1/M13Rev-MYO1F-1874R1 (Table II). 

Nested PCR was used for amplification of the genomic
MYO1F::WNK4 and VPS25::MYO1F chimeric fragments. PCRs were
performed in 25 μl reaction volume containing 12.5 μl Premix Ex
Taq™ DNA Polymerase Hot Start Version (Takara Bio Europe/SAS,

Saint-Germain-en-Laye, France), template DNA, and 0.4 μM of each
of the forward and reverse primers. For the outer PCR, the template
was 60 ng of genomic DNA whereas for the nested PCR, the template
was one microliter of the outer PCR products. For amplification of the
genomic MYO1F::WNK4 fragment, primer combinations MYO1F-
intr14F1/WNK4-intr1R1 and MYO1F-intr14F2/WNK4intr1-R2 were
used for the outer and nested PCR, respectively. The PCR cycling
conditions included an initial denaturation step at 94˚C for 30 sec
followed by 35 cycles of 7 sec at 98˚C (denaturation step) and 3 min
at 68˚C (combined annealing and extension step), and a final extension
for 5 min at 68˚C. For amplification of the genomic VPS25::MYO1F
fragment, primer combinations VPS25-Intr5F1/MYO1F-1881R1 and
VPS25-Intr5F2/MYO1F-1856R1 were used for the outer and nested
PCR, respectively. The PCR cycling conditions were as described
above except that 2 min at 68˚C was used.

Three microliters (3 μl) of the PCR products were stained with
GelRed (Biotium, Fremont, CA, USA), analyzed by electrophoresis
through 1.5% agarose gel, and photographed. DNA gel
electrophoresis was performed using lithium borate buffer (28). The
remaining PCR products were purified using the MinElute PCR
Purification Kit (Qiagen) and direct sequenced using the dideoxy
procedure with the BigDye Terminator v1.1 Cycle Sequencing Kit
following the company’s recommendations (ThermoFisher
Scientific). Sequencing was run on the Applied Biosystems
SeqStudio Genetic Analyzer system (ThermoFisher Scientific). 

Bioinformatic analyses. The basic local alignment search tool (BLAST)
was used to compare the sequences obtained by Sanger sequencing
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Table I. Samples from patients 1 and 2 analyzed using G-banding karyotyping and molecular techniques. 

Patient                        Samples/                          Day                                    Analysisb                                                             Results
                              Type of cellsa               (from sample 1)

Patient 1                Sample 1/BM                        0                                      G-banding                                           46,XX,t(17;19)(q21;p13)[3]
                              Sample 2/BM                      906                                    G-banding                                          46,XX,t(17;19)(q21;p13)[25]
                              Sample 2B/BL                      906                      RT-PCR, gPCR, Sanger seq                    MYO1F::WNK4 and VPS25::MYO1F: 
                                                                                                                                                                    Chimeric transcripts and genomic fragments.
                                                                                                                                                                        Deletions: chr17:40,928,500-40,934,435 
                                                                                                                                                                               and chr19:8,602,056-8,607,755
                                                                                                                                                                                         MYO1F variants: 6
                              Sample 3/BM                     1206                                   G-banding                                         46,XX,t(17;19)(q21;p13)[cp2]

Patient 2                Sample 1/BM                        0                                      G-banding                                       46,XX,t(17;19)(q21-22;p13)[13]
                              Sample 2/BM                      867                                    G-banding                                       46,XX,t(17;19)(q21~22;p13)[11]
                          Sample 3/PHA-BL                  901                           G-banding, RNA-seq,                                   46,XX,t(17;19)(q21;p13)c
                                                                                                             RT-PCR, Sanger seq                                         MYO1F::WNK4 and 
                                                                                                                                                                         VPS25::MYO1F chimeric transcripts
                              Sample 4/BM                     1314                                  G-banding,                                        46,XX,t(17;19)(q21;p13)c[20]
                                                                                                                         gPCR,                                        MYO1F::WNK4 and VPS::MYO1F: 
                                                                                                                     Sanger seq                                          Chimeric genomic fragments
                                                                                                                                                                        Deletions: chr17:40,928,500-40,934,435 
                                                                                                                                                                               and chr19:8,602,056-8,607,755
                                                                                                                                                                                         MYO1F variants: 6
                              Sample 5/BM                     1483                                   G-banding                                          46,XX,t(17;19)(q21;p13)c[6]
                              Sample 6/BM                     1553                                   G-banding                                         46,XX,t(17;19)(q21;p13)c[25]
                              Sample 7/BM                     1616                                   G-banding                                         46,XX,t(17;19)(q21;p13)[cp5]

aBM: Bone marrow; BL: blood; PHA-BL: peripheral blood lymphocytes stimulated by phytohemagglutinin (PHA) for 72 h. bRT-PCR: Reverse
transcription-polymerase chain reaction; gPCR: genomic PCR; seq: sequencing.

http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/


with the NCBI reference sequences NM_012335.4, NG_052844.1
(MYO1F), NM_032387.5, NG_016227.1 (WNK4), NM_032353.4, and
AC100793.8 (VPS25) (29). The BLAT alignment tool and the human
genome browser at University of California, Santa Cruz (UCSC) were
also used to map the sequences on the Human GRCh37/hg19 assembly
(30, 31). The single nucleotide polymorphism database (dbSNP, at
https://www. ncbi.nlm.nih.gov/snp/) and genome aggregation database
(gnomAD v2.1.1 at https://gnomad.broadinstitute.org/) were used for
nucleotide sequence variation. A search for conserved domains (CD)
within amino acids sequences (32-34) was performed using the CD-
search on line program (https://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi) and ScanProsite tool (https://prosite.expasy.
org/scanprosite/). 

Results
G-banding analyses. Cytogenetic examination of short-term
cultured cells revealed a balanced t(17;19)(q21;p13) in all
metaphase cells studied. The translocation was thus present
in all three samples from patient 1 and all seven samples
from patient 2, including the sample containing PHA-
stimulated lymphocytes (Table I, Figure 1).

RNA-sequencing and molecular genetic confirmation of
fusion transcripts. Analysis of the RNA sequencing data
using the FusionCatcher software detected two
MYO1F::WNK4 chimeric transcripts (types 1 and 2) and a
single VPS25::MYO1F transcript attributable to the
reciprocal t(17;19)(q21;p13) translocation (Table III). In the
MYO1F::WNK4 type 1 transcript, exon 14 of MYO1F
(reference sequence NM_012335.4) was fused in-frame to
exon 2 of WNK4 (reference sequence NM_032387.5). In the

type 2 transcript, exon 12 MYO1F was fused in-frame to
exon 2 of WNK4. In the VPS25::MYO1F transcript, finally,
exon 5 of VPS25 (NM_032353.4) was fused out-of-frame to
exon 17 of MYO1F (NM_012335.4). 

The presence of the MYO1F::WNK4 type 1 and
VPS25::MYO1F chimeric transcripts was verified in peripheral
blood lymphocytes from both patients using RT-PCR and cycle
Sanger sequencing (Table I, Figure 2 and Figure 3). No
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Table II. Designation, sequence (5´->3´), and position in reference sequences of the forward (F1) and reverse (R1) primers used for polymerase
chain reaction (PCR) amplification and Sanger sequencing analyses. M13 forward primer (TGTAAAACGACGGCCAGT) and M13 reverse primer
(CAGGAAACAGCTATGACC) sequences are in bold and italics.

Designation                                  Sequence (5´->3´)                                                                                                           Position on assembly GRCH37/
                                                                                                                                                                                                      hg19 (February 2009)

M13For-MYO1F-1560F1           TGTAAAACGACGGCCAGT ACC AGA CAC TGC TGC AGA AGC TGC                 chr19:8,609,255-8,609,278
M13Rev-WNK4-800R1              CAGGAAACAGCTATGACC CTC AGC ACC GAC TTC CAC GAA TCA               chr17:40,934,868-40,934,891
M13For-VPS25-371F1                TGTAAAACGACGGCCAGT TTT CCA GGA GTG GCC AGA ACA ACT C            chr17:40,928,264-40,928,288
M13Rev-MYO1F-1874R1          CAGGAAACAGCTATGACC GTT GGG TTT GAT GCA GCG GAT GTA                  chr19:8,601,868-8,601,891
MYO1F-intr14F1                        ACT GTC CCC CGC CTC AAT CCA CC                                                                       chr19:8,609,027-8,609,049
WNK4-intr1R1                            ACG GGT GTC ATG TCA GGC CCA GG                                                                    chr17:40,934,739-40,934,761
MYO1F-intr14F2                        CCC TGA CCT CTG ATC CAG GCC ACA G                                                                chr19:8,608,470-8,608,494
WNK4-intr1R2                            CTT TAT GCA GCC CGG TCC CAG AGC                                                                  chr17:40,934,505-40,934,528
VPS25-Int4F1                              TGG ATC AGA GGG GTG GAG CTG ATG AA                                                          chr17:40,928,178-40,928,203
MYO1F-1881R1                         CTT GGT CTC GTT GGG TTT GAT GCA GC                                                              chr19:8,601,859-8,601,884
VPS25-Int4F2                              TTC ACA GGT TTC CAG GAG TGG CCA GA                                                          chr17:40,928,256-40,928,281
MYO1F-1856R1                         CGG ATG TAG TGG GGT GTG CAC CTC AT                                                              chr19:8,601,884-8,601,909
WNK-intr1R6                              TCC CAG AGC CCT GAG CTC AAT AG                                                                    chr17:40,934,491-40,934,513
MYO1F-intr14F7*                      GGC ACC TGT AAT CCC AGC TAC TCA                                                                     chr19:8,607,912-8,607,935
MYO1F-intr14F8*                      GCT GAG GCA GGA GAA TCA CTT GAA                                                                  chr19:8,607,884-8,607,907

*Used only for the Sanger sequencing of the genomic MYO1F::WNK4 amplified fragments

Figure 1. G-banding analysis of short-term cultured cells from sample
2/bone marrow of patient 1 and sample 3/peripheral blood lymphocytes
stimulated by phytohemagglutinin (PHA) for 72 h of patient 2. Partial
karyograms showing the der(17)t(17;19)(q21;p13) and der(19)t(17;19)
(q21;p13) together with the corresponding normal chromosome
homologs; breakpoint positions are indicated by arrows.

https://www. ncbi.nlm.nih.gov/snp/


attempts were made to amplify the MYO1F::WNK4 type 2
chimeric transcript. Analysis using the BigDye Direct Cycle
Sequencing Kit with the primer combination M13For-MYO1F-
1560F1/M13Rev-WNK4-800R1 confirmed the in-frame fusion
of exon 14 of MYO1F with exon 2 of WNK4 (MYO1F::WNK4
type 1, Figure 2A). Based on the reference sequences
NM_012335.4/NP_036467.2 (MYO1F) and NM_032387.5/
NP_115763.2 (WNK4), the MYO1F::WNK4 chimeric transcript
1 codes for a 1545 amino acid long putative protein consisting
of the first 508 amino acids of MYOF1 and amino acids 207-
1243 from WNK4 (Figure 2B).

Analyses using the BigDye Direct Cycle Sequencing Kit
with the primer combination M13For-VPS25-371F1/M13Rev-
MYO1F-1874R1 confirmed the out-of-frame fusion of exon 5
of VPS25 with exon 17 of MYO1F (VPS25::MYO1F transcript,
Figure 3A). Based on the reference sequences NM_032353.4/
NP_115729.1 (VPS25) and the above-mentioned reference
sequences for MYO1F, the VPS25::MYO1F chimeric transcript
is predicted to encode a 376 amino acid peptide consisting of
the first 140 amino acids of VPS25 and 236 amino acids from
the out-of-frame MYO1F exons (Figure 3B). Our analysis using
the NCBI Conserved Domain Search and ScanProsite tool
showed that the 236 amino acids do not contain any known
conserved domain. 

Identification of the MYO1F::WNK4 and VPS25::MYO1F
genomic breakpoints. Nested PCR using MYO1F-forward and
WNK4-reverse primers, conducted on extracted DNA from the
blood of patient 1 (sample 2B) and bone marrow of patient 2
(sample 4), amplified genomic fragments in both cases (Figure
4A). Sequencing of the PCR fragments showed that they had
identical genomic fusion points occurring in intron 14 of
MYO1F and intron 2 of WNK4 (Figure 4B). Nested PCR with
VPS25-forward and MYO1F-reverse primers using the above-
mentioned template DNAs also amplified genomic fragments
(Figure 4A). Sequencing of these PCR fragments showed that
they were genomic chimeric fragments with identical fusion
points in introns 5 of VPS25 and 16 of MYO1F (Figure 4C).
A four-nucleotide CAGC overlap was found in the junction
between the two genes (Figure 4C). 

The identification of MYO1F::WNK4 and VPS25::MYO1F
genomic breakpoints also showed that the apparently balanced
t(17;19)(q21;p13) chromosomal translocation was
accompanied by sub-microscopic deletions on both
chromosomes (Figure 4B-D). On chromosome 17, a 6 Kbp
deletion was found, starting in intron 5 of VPS25 and ending
in intron 1 of WNK4 (chr17:40,928,500-40,934,435) (Figure
4D). On chromosome 19, a 5.7 Kbp deletion was detected,
starting in intron 16 of MYO1F and ending in intron 14 of that
gene (chr19:8,602,056-8,607,755) (Figure 4D). 

In addition, the sequence alignment of the genomic PCR
fragments with the reference sequence NG_052844.1
(MYO1F) revealed the presence of identical intronic variants
in the MYO1F locus in both patients, indicating that the same
MYO1F allele was involved in the translocation (Table IV).
We did not search for variants (single nucleotide variants,
SNP) in the VPS25 and WNK4 loci.

Discussion

We report the finding of a novel constitutional chromosomal
translocation, t(17;19)(q21;p13), in bone marrow cells as
well as PHA-stimulated peripheral blood lymphocytes from
two siblings with MDS. The siblings were not twins - they
had an age difference of 45 months - so it is highly likely
that they inherited the translocation from a carrier parent.
The parents are dead, and it has not been possible to conduct
relevant genetic investigations on any other family members.
Hence, we do not know whether other carriers exist that do
not suffer from any bone marrow disease.

In our view, the found translocation probably predisposed
the two individuals to MDS development; indeed, it may
represent an initial step in leukemogenesis, more or less in
accordance with Knudson’s hypothesis (35). What we do
know is that the t(17;19)(q21;p13) rearranged three genes -
MYO1F (on 19p13), WNK4, and VPS25 (both latter loci are
on 17q21) - resulting in the creation of two novel chimeras,
MYO1F::WNK4 and VPS25::MYO1F. This, in turn, in all
likelihood led to abnormal function of the said genes.
Because the same intronic variants in MYO1F were present
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Table III. The MYO1F::WNK4 and VPS25::MYO1F chimeric transcripts detected in blood cells from patient 2 after analysis of RNA sequencing
data with FusionCatcher. Exons are based on the reference sequences NM_012335.4 for MYO1F, NM_032387.5 for WNK4, and NM_032353.4 for
VPS25.

Fusion transcript                          Fusion sequence

MYO1F::WNK4                           CAGCTGGAGCGCCGGCTTCGTCATCCACCACTACGCTGGCAAG::
(exon 14-exon 2)                          ACTCGGAAACTGTCTAGAGCTGAGCGGCAGCGCTTCTCAGAGG
MYO1F::WNK4                           GCTGCAGCAAATCTTTATCGAACTTACCCTGAAGGCCGAGCAG::
(exon 12-exon 2)                          ACTCGGAAACTGTCTAGAGCTGAGCGGCAGCGCTTCTCAGAGG
VPS25::MYO1F                          ACCCTGTATGAACTGACTAATGGGGAAGACACAGAGGATGAGG::
(exon 5-exon 17)                         AAACAAGCCAACGACCTGGTGGCCACACTGATGAGGTGCACAC



near the genetic breakpoints in both patients, we believe that
the same inherited MYO1F allele was involved in the
translocation in both. Furthermore, it turned out that the
t(17;19)(q21;p13) was not truly balanced but instead was
accompanied by submicroscopic deletions on chromosomes
17 and 19, identical in both siblings. Thus, the analysis of
the genomic breakpoint (at the level of DNA) unequivocally
indicates a common ancestry for the translocation. Since the
three genes MYO1F, WNK4, and VPS25 are transcribed from

centromere to telomere, we predict that the translocation led
to formation of a MYO1F::WNK4 on the der(19)t(17;19)
(q21;p13), whereas a VPS25::MYO1F was formed on the
der(17)t(17;19)(q21;p13).

MYO1F codes for the myosin IF (MYO1F) protein which is
a long-tailed unconventional class I myosin (Figure 5) (36-38).
The MYO1F gene is expressed in blood and immune cells with
high levels of expression in NK-cells, Kupffer cells,
monocytes, macrophages, Hofbauer cells, and T-cells (39-41).
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Figure 2. Confirmation of the MYO1F::WNK4 type 1 chimeric transcript with reverse transcription-polymerase chain reaction (RT-PCR) and cycle
Sanger sequencing. (A) Partial sequence chromatogram of the cDNA amplified fragment showing the fusion of exon 14 of MYO1F (reference
sequence NM_012335.4) to exon 2 of WNK4 (reference sequence NM_032387.5). The MYO1F::WNK4 type 1 chimeric transcript was found in RNA
extracted from sample 2/blood of patient 1 and sample 3/peripheral blood lymphocytes stimulated by phytohemagglutinin (PHA) for 72 h of patient
2. (B) The 1545 amino acid residues of the MYO1F:WNK4 protein consist of the first 508 amino acids (in yellow) of MYOF1 (1-508 from
NP_036467.2) and the last 1,037 amino acids (in green) from WNK4 (207-1243 from NP_115763.2). 



MYO1F is a motor protein that utilizes the energy
generated by hydrolysis of adenosine triphosphate (ATP) to
move along actin filaments. At its N-terminal part lies a motor
domain (region 11-677 in reference sequence NP_036467.2)
containing the binding site for ATP and hydrolysis, as well as
the binding site for actin. This is followed by an IQ motif, a
binding site for different proteins containing EF-hand calcium-
binding motifs (region 697-722 in NP_036467.2), a pleckstrin
homology (PH)/basic tail homology 1 (TH1) domain capable
of binding to lipid membranes (region 717-917 in
NP_036467.2), and a Src homology 3 (SH3) domain at the C-
terminus which binds to proline rich regions and is involved
in protein–protein interactions (region 1041-1098 in
NP_036467.2) (Figure 5). 

MYO1F has been reported to be a 3´-end partner gene in two
recurrent in-frame chimeras found in neoplastic disorders. In
infant acute myeloid leukemias, exon 9 of the lysine
methyltransferase 2A gene (KMT2A, also known as MLL,
reference sequence NM_005933.4) fuses in-frame to exon 2 of
MYO1F (KMT2A::MYO1F) (42, 43). In peripheral T-cell
lymphomas not otherwise specified (PTCL-NOS), exon 25 of
the vav guanine nucleotide exchange factor 1 gene (VAV1,
reference sequence NM_005428.4) fuses to exon 25 of MYO1F
(44). The oncogenicity of the VAV1::MYO1F chimera has been
demonstrated in murine models (45, 46).

WNK4 codes for a serine-threonine protein kinase (Figure
5), one of four members of the lysine deficient (WNK) serine-
threonine protein kinases [WNK is an initialism for With No
lysine (K)] (47-49). WNK4 is mainly expressed in the distal
convoluted tubule (DCT) and cortical collecting duct (CCD)
of the kidney (40, 41, 50). Pathogenic sequence variants of
WNK4 have been reported to cause type IIB
pseudohypoaldosteronism (PHA2B), an autosomal dominant
condition characterized by hypertension, hyperkalemia, and
hyperchloremic metabolic acidosis (49-53). The WNK4
protein accumulates exclusively in intercellular junctions in
DCT, but also in the cytoplasm in CCD. The protein is
considered to be a master kinase regulating thiazide-sensitive
Na+-Cl– cotransporter (NCC) (49, 50, 53-56). WNK4 activates
the oxidative stress responsive kinase 1 (OXSR1) and
serine/threonine kinase 39 (STK39, also known as
STE20/SPS1-related proline/alanine-rich kinase, SPAK, and
PASK) to modulate cotransporter activity (49, 53-57).
According to the database of protein disorders and mobility
annotations (MobiDB), only 37% of the protein has a
secondary structure, whereas 63% of the primary amino acid
sequence of WNK4 is intrinsically disordered (https://
mobidb.org/Q96J92) (58). Intrinsically disordered regions play
important roles in a plethora of cellular functions (59-62).
In protein kinases, intrinsically disordered regions may interact
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Figure 3. Confirmation of the VPS25::MYO1F chimeric transcript with reverse transcription-polymerase chain reaction (RT-PCR) and cycle Sanger
sequencing. (A) Partial sequence chromatogram of the cDNA amplified fragment showing the fusion of exon 5 of VPS25 (reference sequence
NM_032353.4) to exon 17 of MYO1F (reference sequence NM_012335.4). The VPS25::MYO1F chimeric transcript was found in RNA extracted
from sample 2/blood of patient 1 and sample 3/peripheral blood lymphocytes stimulated by phytohemagglutinin (PHA) for 72 h of patient 2. (B)
The putative 376 amino acid peptide coding product of the VPS25::MYO1F chimeric transcript. The peptide is composed of the first 140 amino
acids (in yellow) from VPS25 (NP_115729.1) and 236 amino acids (green) from the out-of-frame fused MYO1F (exons 17 to 28) (NM_012335.4). 
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Figure 4. Identification of the MYO1F::WNK4 and VPS25::MYO1F genomic breakpoints. (A) Gel electrophoresis showing the genomic PCR
amplified fragments found in extracted DNA from sample 2/blood of patient 1 and sample 4/bone marrow of patient 2. (B) Partial sequence
chromatogram showing the fusion of a sequence from intron 14 of MYO1F with a sequence from intron 1 of WNK4. (C) Partial sequence
chromatogram showing the fusion of a sequence from intron 5 of VPS25 with a sequence from intron 16 of MYO1F. (D) Ideograms of chromosomes
17 and 19 (not in scale) showing the positions and orientations of the transcription of the VPS25, WNK4, and MYO1F genes. The submicroscopically
deleted regions accompanying the t(17;19)(q21;p13) are in grey.  



Panagopoulos et al: Germline MYOF1::WNK4 and VPS25::MYOF1 and Constitutional t(17;19)(q21;p13) in MDS

280

Figure 5. Illustration showing mRNA and coding proteins of the genes myosin IF (MYO1F), WNK lysine deficient protein kinase 4 (WNK4), and vacuolar
protein sorting 25 homolog (VPS25). They are rearranged by the t(17;19)(q21;p13) chromosomal translocation and forming MYO1F::WNK4 (yellow) and
VPS25::MYO1F (cyan) chimeras. E: Exon; IQ: IQ motif; TH1 domain: pleckstrin homology (PH)/basic tail homology 1 (TH1) domain; SH3 domain: Src
homology 3 domain; IDR: intrinsically disordered region; STK-CD: serine/threonine protein kinase catalytic domain; 120-aa: region of 120 amino acids
which includes an oxidative-stress-responsive kinase 1 C-terminal domain, autoinhibitory domain, a coiled-coil domain (CCD) and an acidic motif; RFQV:
serine/threonine kinase 39 (STK39) binding site; C-terminus: carboxyl-terminal region containing several functional domains, including binding sites for
calmodulin and protein phosphatase1; ESCRT-II: endosomal sorting complex required for transport -II (ESCRT-II complex) subunit.



with and regulate the kinase domain (63-65). The catalytic
domain of the serine/threonine protein kinase spans from
amino acids 172 to 432 in the reference sequence
NP_115763.2. This domain is followed by a region of
approximately 120 amino acids (between amino acids 450-570
in NP_115763.2) that includes an autoinhibitory domain, a
coiled-coil domain and an acidic motif, as well as a conserved
RFQV motif (aa 1016-1019) which serves as an STK39
binding site (49, 57). Additionally, there is a carboxyl-terminal
region (amino acids 1140-1243) containing several functional
domains, including binding sites for calmodulin and protein
phosphatase1 (49, 66) (Figure 5).

VPS25 encodes a protein that is part of the endosomal
sorting complex required for transport (ESCRT) (Figure 5).
Two molecules of VPS25 (also known as EAP20) together
with one molecule of SNF8 (also known as EAP30) and one
molecule of VPS36 (also known as EAP45) form the
ESCRT-II complex that is involved in endocytosis of
ubiquitinated membrane proteins (67, 68). Additionally,
VPS25, VPS36, and SNF8 may form a multiprotein complex
with the RNA polymerase II elongation factor proteins of
ELL (69-72).

The chimeric MYO1F::WNK4 gene generated by the 17;19-
translocation is predicted to code for a chimeric
serine/threonine kinase (Figure 5). This comprises the N-
terminal part the MYO1F protein, which contains the binding
site for ATP and hydrolysis, and part of the WNK4 protein that
includes the catalytic domain of the serine/threonine protein
kinase and all subsequent functional regions of WNK4
(autoinhibitory and coiled-coil domains, acidic and RFQV
motifs, the binding sites for calmodulin and protein
phosphatase 1, and other functional domains at the carboxyl-
terminus). Deregulation of kinases, including serine/threonine
kinases, is a well-known oncogenetic mechanism and
inhibitors of deregulated kinases are a major modality in anti-
cancer pharmacology (73-79). 

The chimeric VPS25::MYO1F transcript would code for an
abnormal VPS25 protein (Figure 5) containing the part of the
wild-type or normal VPS25 protein that codes for the ESCRT-

II complex subunit, along with an additional 236 amino acids
derived from the out-of-frame fused MYO1F exons. Detailed
studies are required to understand the cellular role of this
abnormal protein and how these 236 amino acids affect the
function of the ESCRT-II complex subunit.

In conclusion, we describe a novel constitutional
chromosomal translocation, t(17;19)(q21;p13), in two sisters
with MDS, suggesting a genetic predisposition for this bone
marrow neoplasia. The translocation involved three genes -
MYO1F, WNK4, and VPS25 - and created two chimeras. The
abnormal fusion genes, MYO1F::WNK4 and VPS25::MYO1F,
probably played a crucial role in MDS pathogenesis. This is
particularly likely for MYO1F::WNK4 since the protein
product of this chimera was an abnormal serine/threonine
kinase. Further studies are needed to understand the cellular
implications of these chimeric genes, whether they are
involved also in sporadic MDS cases, and whether the finding
of such fusions could be used therapeutically.
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