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ABSTRACT

We previously reported the Marimo cell line, which was established from the bone marrow cells of 
a patient with essential thrombocythemia (ET) at the last stage after transformation to acute myeloid 
leukemia (AML). This cell line is widely used for the biological analysis of ET because it harbors CALR 
mutation. However, genetic processes during disease progression in the original patient were not analyzed. 
We sequentially analyzed the genetic status in the original patient samples during disease progression. 
The ET clone had already acquired CALR and MPL mutations, and TP53 and NRAS mutations affected 
the disease progression from ET to AML in this patient. Particularly, the variant allele frequency of the 
NRAS mutation increased along with the disease progression after transformation, and the NRAS-mutated 
clone selectively proliferated in vitro, resulting in the establishment of the Marimo cell line. Although 
CALR and MPL mutations co-existed, MPL was not expressed in Marimo cells or any clinical samples. 
Furthermore, mitogen-activated protein kinase (MAPK) but not the JAK2-STAT pathway was activated. 
These results collectively indicate that MAPK activation is mainly associated with the proliferation ability 
of Marimo cells.
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INTRODUCTION

Essential thrombocythemia (ET) is a chronic myeloproliferative neoplasm (MPN) character-
ized by megakaryocyte hyperplasia, thrombocytosis, thrombotic and hemorrhagic complications, 
and potential transformation into myelofibrosis and acute myeloid leukemia (AML). Most ET 
patients have a mutation in one of the JAK2, CALR, or MPL gene, but these mutations do not 
reportedly affect survival of patients with ET.1 It has been demonstrated that several additional 
genetic alterations, which are involved in epigenetic regulation, cell-growth signaling, and RNA 
splicing machinery, cooperate with JAK2, CALR, or MPL mutation in the development of second-
ary AML from ET.2,3 The order of mutation acquisition also influences the clonal evolution of 
MPNs4; however, the genetic process of leukemic transformation from MPNs varies, and is not 
fully understood.5

The Marimo cell line was established from bone marrow (BM) cells of a female patient 
with ET at the last stage after transformation to AML in our laboratory,6 and CALR mutation 
in Marimo was subsequently demonstrated by another group.7 Fortunately, serial clinical samples 
of the patient from whom Marimo was established were preserved with informed consent in our 
laboratory. In this study, we analyzed genetic alterations in the original patient samples at the 
stages of ET, transformation to AML, and disease progression after intensive chemotherapy for 
AML, and demonstrated the clonal evolution process from the ET state to establishment of the 
Marimo cell line.

CASE PRESENTATION

The clinical history of the patient was reported previously6 and is briefly shown in Fig. 
1A. The patient was 58 years old at diagnosis and intermittently treated with ranimustine and 
busulfan to control the platelet count. BM aspiration analysis in the late stage of the ET phase 
showed an abnormal karyotype, 46,XX,der(15)t(1;15)(q23;p12~13), with few blasts (0.5%, Point 
1). Ten years after diagnosis, she developed AML (Point 2) and was treated with daunorubicin 
and cytarabine. On day 15 after chemotherapy, she received further chemotherapy because of an 
increase in the peripheral blast count. Although peripheral blasts disappeared after two courses 
of chemotherapy, severe pancytopenia and BM hypoplasia were prolonged. After three months, 
the peripheral and BM blast counts increased again (Point 3), and Marimo was established by 
in vitro culture using BM cells at this point. She received carboplatin, cytarabine, vindesine and 
cyclophosphamide as a third-line of regimen, and died of renal and respiratory failure on the 
ninth day of the chemotherapy.

BM mononuclear cells were obtained at Points 2 and 3 and cryopreserved until use. At Point 
1, only high-molecular-weight DNA was preserved. We obtained informed consent from the 
patient to use sequential samples for banking and molecular analysis, and approval was obtained 
from the ethics committee of Nagoya University School of Medicine.

Target sequencing of 54 genes, which are frequently identified in the presence of myeloid 
malignancies, was performed using the TruSight Myeloid Sequencing Panel according to the 
manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequence variation annotation 
was performed using known polymorphism databases, followed by mutation characterization, 
as previously reported.8,9 Each predicted variant sequence was confirmed by Sanger sequencing. 
In Marimo cells, CALR (c.1099_1159del; p.L367Tfs*43), MPL (c.1514G>A; p.S505N), TP53 
(c.404G>A; p.C135Y), and NRAS (c.181C>A; p.Q61K) mutations were identified, and the variant 
allele frequency (VAF) was 56.0%, 47.7%, 99.7%, and 54.3%, respectively. CALR and MPL 
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mutations were observed throughout the ET (Point 1) and AML (Points 2 and 3) phases with 
almost the same allele frequencies as Marimo (Fig. 1B, C). TP53 mutation was also identifi ed 
at a low VAF in the ET phase (Point 1, VAF: 3.0%), and the VAF increased to 92.8% after 
leukemic transformation (Point 2). Furthermore, NRAS mutation emerged at a low VAF (3.2%) 
at leukemic transformation (Point 2), and the VAF increased to 25.4% after progression of AML 
(Point 3) (Fig. 1B, C).

Since MPL (p.S505N) mutation was identifi ed at almost the same VAF as that of CALR
(p.L367Tfs*43) mutation throughout the course of the disease, we examined the expression of 
MPL in clinical samples and Marimo cells. Western blotting was performed for analysis of the 

Fig. 1 Mutated genes and MPL expression in clinical samples and Marimo cells
Fig. 1A:   Clinical course of the patient from whom the Marimo cell line was established. Ind#1, daunorubicin, 

N4-behenoyl-1-beta-D-arabinofuranosylcytosine, mercaptopurine, and prednisolone; Ind#2, mitoxantrone, 
etoposide, N4-behenoyl-1-beta-Darabinofuranosylcytosine, and prednisolone; Ind#3, carboplatin, cytara-
bine, vindesine, cyclophosphamide, and prednisolone.

Fig. 1B:  Mutations in clinical samples (Point 1 [ET] and Points 2–3 [AML]) and Marimo cells.
Fig. 1C:  A model for the development of Marimo cells from ET and AML clones.
Fig. 1D:   Western blot analysis of MPL and CALR in AML cells (Point 3), Marimo and the erythroblastic 

leukemia cell line HEL.
Fig. 1E:   RT-PCR analysis of MPL mRNA levels in Marimo, the megakaryoblastic leukemia cell line CMK86, 

HEL, and acute myeloid leukemia cell line HL60.
AML: acute myeloid leukemia
BM: bone marrow
ET: essential thrombocythemia
Ind: induction therapy
IFN-α: interferon alpha
Plt: platelet
WBC: white blood cell
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protein expression with anti-MPL, anti-JAK2, anti-phospho-STAT5 (Tyr694), anti-phospho-AKT 
(Ser473), anti-AKT, anti-phospho-p44/42 mitogen-activated protein kinase (MAPK) (Thr202/
Tyr204), anti-MAPK, anti-b-actin (Cell Signaling Technology, Beverly, MA, USA), anti-STAT5 
(BD Transduction Laboratories, San Jose, CA, USA) and anti-CALR (Merck Millipore Corpora-
tion, Billerica, MA, USA) antibodies. The expression level of MPL transcripts was examined 
by RT-PCR using the following primers: forward primer, 5´-TTCTGGATCCACCAGGCTGT-3´ 
and reverse primer, 5´-CACAGGGCATGCCTCAGTCT-3´. RNA-seq was also performed on the 
AML sample (Point 3) and Marimo with a HiSeq2500 sequencing system (Illumina). Sequencing 
reads were aligned and counted for each gene with GenomonExpression (https://github.com/
Genomon-Project/GenomonExpression) for expression analysis. Fusion genes were analyzed with 
Genomon-fusion. Western blot analysis did not detect MPL protein in any clinical samples or 
Marimo cells (Fig. 1D). In addition, mRNA of MPL was not detected in clinical samples or 
Marimo cells by either RT-PCR (Fig. 1E) or RNA-seq. RNA-seq analysis did not identify a 
chimeric transcript in the clinical sample at Point 3 or Marimo cells.

It has been reported that Marimo is highly dependent on the MAPK signaling pathway, but 
not JAK/STAT caused by markedly reduced expression levels of JAK2 and STAT1/3/5 proteins.7 
Therefore, we examined the expression and activation status of these molecules in clinical 
samples with or without the inhibitor of these signaling pathways: MEK inhibitor U0126 (Merck 
Millipore Corporation) or JAK inhibitor ruxolitinib (Selleck Chemicals, Houston, TX, USA). 
In this experiment, HEL, an erythroblastic leukemia cell line harboring JAK2-V617F mutation 
which causes constitutive activation of JAK-STAT pathway, and HL60, another AML cell line 
without JAK2-V617F mutation were used as controls.10,11 The phosphorylation of STAT5 has 
been reported to be inhibited by a pan JAK inhibitor in HEL.11 Expressions of JAK2 and STAT5 
were not detected in clinical AML samples as Marimo cells. AKT was expressed in Marimo 
cells, but it was not phosphorylated. However, AKT was not expressed in clinical AML samples. 
MAPK was expressed in clinical samples as well as Marimo cells. Although MAPK was not 
activated in AML cells at AML transformation (Point 2), it was phosphorylated in AML cells 
in the chemo-resistant state (Point 3) as Marimo cells. Phosphorylation of MAPK in AML 
samples was reduced by MEK inhibitor U0126 treatment as Marimo cells (Fig. 2A). Consistent 
with these results, the MEK inhibitor U0126 inhibited the proliferation of Marimo cells, but the 
JAK inhibitor ruxolitinib did not (Fig. 2B). Gene set enrichment analysis with Hallmark gene 
sets revealed that Myc-target genes were significantly enriched in Marimo cells compared with 
clinical AML cells (Point 3) (Fig. 3A). Individual analysis also showed a significant enrichment 
in Myc-target genes sets in Marimo cells (Fig. 3B). Myc activation could be involved in the 
establishment of Marimo cells, which harbors the amplification of the c-Myc gene.6

DISCUSSION

Sequential analysis of clinical samples revealed that the ET clone had already acquired CALR 
and MPL mutations, and TP53 and NRAS mutations were involved during the disease progression 
from ET to AML in this patient. Particularly, NRAS mutation provided the strong proliferation 
ability for the transformed AML cells. Therefore, NRAS-mutated clone selectively proliferated in 
vitro resulting in the establishment of the Marimo cell line. Notably, CALR and MPL mutations 
co-existed at the same VAFs from the chronic phase of ET in this patient. Although co-existence 
of these mutations was rarely reported in MPNs, the VAF of the MPL mutation was low in those 
patients.12-14 It has been reported that mutant CALR constitutively activates MPL, resulting in the 
activation of JAK2 and its downstream signal-transduction molecules such as STATs, MAPK, 
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Fig. 2 Effect of MEK inhibition on AML and Marimo cells
Fig. 2A:  Western blot analysis of MPL, CALR, JAK2, and signaling pathway proteins in AML cells, Marimo, 

and HEL treated with the MEK inhibitor U0126 (50 μM), JAK inhibitor ruxolitinib (1 μM), or DMSO 
for four hours.

Fig. 2B:  The inhibitory effect of the MEK inhibitor on Marimo cell viability. Cell viability was measured using 
the MTT assay following the treatment with ruxolitinib (0.2–51.2 μM) or U0126 (0.1–400 μM) for 72 
hours.

AML: acute myeloid leukemia
DMSO: dimethyl sulfoxide
MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
Ruxo: ruxolitinib
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Fig. 3 Gene set enrichment analysis in Marimo cells
Fig. 3A:  Top-10 gene sets positively enriched in Marimo versus AML cells (Point 3), identifi ed by Gene set 

enrichment analysis with Hallmark gene sets.
Fig. 3B:  Enrichment plots of the indicated signatures.
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and AKT.15,16 However, the JAK2-STAT pathway was not activated in clinical samples or Marimo 
cells. Therefore, it was an interesting issue how mutant CALR and mutant MPL interacted and 
were involved in the pathophysiology of Marimo cells. MPL is expressed at various levels in 
AML cells and cell lines,17,18 whereas we did not detect the expression of MPL and mRNA of 
MPL in Marimo cells or any of the clinical samples. These results, therefore, suggest that the 
activation of MPL by mutant CALR could not occur, and the CALR mutation, but not MPL 
mutation, was the initiating event for ET development in this patient. Furthermore, it has been 
reported that CALR mutation activates MAPK signaling and is essential for Marimo cells using 
a novel method (Kinase Inhibitor Screen for Mapping Essential Targets).19 We also confirmed 
that the MAPK pathway was activated, but not the JAK2-STAT pathway in Marimo cells and the 
patient’s primary cells at AML transformation. Importantly, the NRAS mutation was not detected 
in the ET phase, and the VAF increased during disease progression, indicating that the NRAS 
mutation occurred somatically. These results indicate that MAPK activation was indeed involved 
in the proliferation ability of Marimo cells, but the activation was not solely dependent on the 
mutant CALR-mediating signals.
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