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Kapitel 1:
Auslöser von MPNs und 

klinische Realität



Die Blutbildung
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Was sind Mutationen?



Welche MPNs gibt es?
Essentielle 
Thrombocythämie (ET)

Polycythaemia vera (PV) Primäre Myelofibrose (MF)

Typische Klinik Thrombose,
Konstitutionelle Symptome

Thrombose,
Konstitutionelle Symptome

Milz-/Lebervergrößerung,
Konstitutionelle Symptome

Blut Thrombozyten Hämoglobin, Hämatokrit Unterschiedlich,
Vorläuferzellen

Knochenmark Megakaryopoese Alle Zellreihen Faservermehrung (Fibrose)

Komplikationen Fortschreiten zur 
Myelofibrose

Fortschreiten zur 
Myelofibrose

Fortschreiten zur akuten 
Leukämie

Häufigkeit 30–60 / 100.000 10–50 / 100.000 1–9 / 100.000 



Nangalia J, Annu Rev Pathol 2016

PM11CH05-Green ARI 28 April 2016 14:26

JAK2V617F

JAK2 exon 12
MPL
CALR
JAK2/MPL/CALR
unmutated

PV ET MF

Figure 4
MPN subtypes and the frequency of JAK2, CALR, and MPL mutations. Abbreviations: ET, essential
thrombocythemia; JAK2, janus kinase 2; MF, myelofibrosis; MPN, myeloproliferative neoplasm;
PV, polycythemia vera.

not been demonstrated in lymphoid malignancies, solid tumors, or healthy controls (64, 101).
Very rare PV cases have CALR mutations; however, the possibility that these cases also have
other genetic aberrations that could lead to erythrocytosis has not been excluded (102). Overall,
CALR mutations demonstrate a striking specificity for JAK2-unmutated ET and MF that is highly
reminiscent of the disease spectrum associated with mutations in MPL.

CALR mutations in MPNs affect the most 3′ exon of the gene. All mutations are insertions or
deletions, and 85% of cases have one of two common mutations: a 52–base pair deletion known
as Type 1 (c.1092_1143del; L367fs∗46; 44–53% of cases) or a 5–base pair insertion known as
Type 2 (c.1154_1155insTTGTC; K385fs∗47; 32–42% of cases) (Figure 4). The remaining 15%
of patients harbor alternative insertions or deletions, or a combination of both (103). Intriguingly,
regardless of the exact mutation in CALR, the effect of the mutation is to shift the reading frame
by one base pair. As a result, the mutated CALR genes encode a CALR protein with a novel C
terminus. This is in contrast to other genes affected by insertion or deletion mutations, where
there is often premature truncation of the protein sequence, with resultant loss of function. The
fact that all CALR mutations lead to the generation of one particular mutant amino acid sequence
strongly suggests that these are gain-of-function mutations, much like mutations in JAK2 or MPL
(Figure 5).

Unlike JAK2 or MPL, proteins that are involved in cytokine receptor signaling in hematopoietic
cells, calreticulin is an endoplasmic reticulum (ER) chaperone protein. CALR ensures the proper
folding of newly synthesized glycoproteins within the ER and has a C-terminal KDEL amino acid
ER retention motif. However, CALR also has a number of other roles, both within and outside
of the ER, including roles in calcium homeostasis, immunogenic cell death, proliferation, and
apoptosis (104, 105). How these functions of CALR relate to the promegakaryocytic proliferation
seen in the context of the mutated protein is unknown. Mutant calreticulin no longer has a
KDEL motif, but studies that have looked at potential mislocalization of the mutant protein
have not yielded consistent results (64, 101). In addition, mutant calreticulin no longer possesses
the low-affinity, high-capacity calcium-binding potential of the wild-type protein (106), and it
is possible that this alteration disrupts ER function in a way that perturbs megakaryopoiesis
(Figure 6).

Preliminary evidence using gene expression arrays (107) and transfected cell lines (101) sug-
gested that mutant calreticulin also leads to overactivation of JAK2-STAT5; however, a study
of a CALR-mutated cell line found no activation of this pathway or sensitivity to JAK-inhibitor
treatment (108). The downstream consequences of mutant CALR remain under investigation.
Other possible mechanisms include the alteration of the structure, trafficking, or activation
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Somatische Mutationen bei MPNs



Wann wurde JAK2V617F entdeckt?

Baxter EJ et al., Lancet 2005
Kralovics R et al., NEJM 2005
James C et al., Nature 2005
Levine RL et al., Cancer Cell 2005 

Granulozyten

T Zellen



Was sind die Janus Kinasen (JAKs)?



Welche Symptome verursacht die Entzündung bei MPNs?

Fieber   Nachtschweiss         Gewichtsverlust

Müdigkeit              Konzentrationsstörungen             Inaktivität



Erhöhen MPNs das Risiko für Demenz?

Sun, European Journal of Haematology 2024



Kapitel 2:
Entwicklungsgeschichte 

des MPN Zellklons



Wie häufig treten Mutationen auf?

Williams, Nature 2022
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detected later in life in clonal haematopoiesis13–15, were also estimated 
to have occurred by the in utero period or childhood in several patients. 
DNMT3Aess.splice in PD5182 localized to the 20th or 21st point mutation 
of life in that lineage, corresponding to acquisition between 12 and  
14 weeks pc. In PD5847, DNMT3AY660F occurred by the 22nd mutation in 
the lineage, corresponding to acquisition between 2 and 9 weeks pc. 
The canonical mutation DNMT3AR882H was estimated to have occurred 
by 6.5 years (5.2–8.1 years) of age in PD6629, by 7.6 years (6.3–9.2 years) 
of age for DNMT3AT275fs*41 in PD5163, and mutated PPM1D was acquired 
by 5.8 years (4.6–7.2 years) of age in PD6634 (Extended Data Fig. 5c).

Branches harbouring more than one driver mutation were often 
observed, particularly in older patients (PD4781 and PD5147) and for 
JAK2V617F/chr9 aberrations (PD5847 and PD5179). Such branches could 
reflect the out-competition of the ancestral mutant clade(s) harbouring 
the initial driver mutation(s) by subsequent driver events, or that the 
ancestral clade was not sampled. We assessed the allele fractions in bulk 
blood for somatic mutations present on such branches for the presence 
of more than one clone but could not find evidence that ancestral clades 
were present at a substantial fraction in blood, suggesting extinction 
of earlier mutant clones.

Clonal expansion dynamics in patients
The pattern of branching in mutant clades reflect their historical rates 
of clonal expansion. A clonal burst comprising long emergent branches 
downstream of a branch harbouring a driver mutation implies slow 
expansion. Examples include DNMT3A- and PPM1D-mutated clades in 
PD6629 and PD6634, respectively (Figs. 3, 4), and the JAK2V617F clade in 
PD5117, a patient who presented with asymptomatic MPN more than 
50 years after JAK2V617F acquisition. By contrast, a clonal burst compris-
ing multiple short emergent branches suggests more rapid histori-
cal expansion—this is seen for PD7271, a young patient with MPN, in 
whom branching downstream of JAK2V617F occurs over approximately 
200 mutations, and is especially evident for clones harbouring mul-
tiple driver mutations (for example, the JAK2/9pUPD/TET2-mutated 
clade in PD5847) (Figs. 3, 4). Large and rapid clonal expansions are 

often observed to outcompete ancestral mutant clones (for example,  
multiply mutated clades in PD4781 and PD5147). Such inter-clonal 
dynamics are highlighted by phylogenetic trees comprising multiple 
colony time points. For example, in PD5182, colonies were grown at age 
32 (diagnosis), 46 and 53 years. By diagnosis (Fig. 3, PD5182 red dots), 
there is evidence of a clonal expansion harbouring both JAK2V617F and 
9pUPD that has outcompeted the ancestral heterozygous JAK2V617F 
clone acquired very early in life. By the next time point, the patient was 
receiving interferon therapy, and a smaller fraction of mutant colonies 
are captured, which now harbour additional Chr1q+ (blue dots). By age 
53, at which time the patient is refractory to interferon, the mutant 
clonal fraction is larger, and almost entirely comprised of the clonally 
evolved JAK2V617F homozygous/1q+ clade (green dots), demonstrating 
how sequential driver mutation acquisition decades apart can lead 
to successive clonal sweeps during MPN disease course. Similarly, in 
PD6646, sampling a few years later captures a larger fraction of the 
DNMT3A/JAK2-mutated clade, raising the possibility that it may be in 
the process of outgrowing other clades in this individual.

Modelling the fitness of mutant clones
We simulated a forward time continuous birth–death process, in which 
the introduction of a driver mutation increases the symmetrical HSC 
division rate by a selection coefficient (s) with corresponding growth 
rate per year (S) (Methods) and used approximate Bayesian compu-
tation (ABC) to estimate S for clades with five or more downstream 
lineages (Extended Data Fig. 6a). Our approach provided orthogonal 
estimates for absolute driver mutation timing, confirming estimates 
from branch length intervals (Extended Data Fig. 6b). Estimates of  
S correlated well with an alternative method that we developed (‘Phy-
lofit’ versus ABC correlation coefficient r = 0.96; Extended Data Fig. 6c). 
Our modelling provided an average historical growth rate for clades and 
showed that single-mutant JAK2V617F clades expanded at different rates in 
different patients (Fig. 5a)—73% yr−1 (confidence interval 43–108% yr−1) 
in PD7271, the youngest patient with MPN in our cohort, and 18% yr−1 in 
PD5117, who was diagnosed 54 years after JAK2V617F acquisition. Average 
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Fig. 4 | Phylogenetic trees, mutation burdens and telomere lengths.  
a, b, Phylogenetic trees for PD6634 (a) and PD5147 (b), patients with MPN 
lacking phenotypic driver mutations in JAK2, CALR or MPL. c, Total SNV and 
relationship with age. Dots represent single colonies analysed by WGS and 
coloured outlines represent individual patients. Total SNVs represent somatic 
SNV burden adjusted for depth of sequencing and clonality of the sample.  

Black filled dots represent mutant colonies and grey filled dots represent wild 
type. The black line shows the regression line and grey shading shows the 95% 
confidence interval. d, Relationship between mean telomere length and age for 
wild type (grey dots), JAK2-mutated colonies (red dots) and other mutant 
colonies (yellow dots).

Mutationsrate in Blutstammzellen



Wie früh tritt die JAK2V617F Mutation auf?

Williams, Nature 2022
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lengths, much more than mutation burden, reflect cell division dif-
ferences between wild-type and mutant clades in patients with MPN, 
and are in keeping with the notion that the number of mutations that 
accumulate during haematopoietic cell division is very low, with muta-
tion burden more determined by time20,22,31,32.

Timing of driver mutation acquisition
Given the linear accumulation of somatic mutations with age, we 
inferred the time point in life when driver mutations in phylogenetic 
trees had occurred. Branches at the top of a tree comprise mutations 
acquired at a young age, with branches lower down representing muta-
tions arising later in life. The traditional view of MPN might have pre-
dicted that JAK2V617F occurs within a wild-type cell a few years before 
disease presentation, resulting in rapid clonal expansion. On a phylo-
genetic tree, this would manifest as a long vertical branch harbouring 
a single driver mutation (for example, JAK2) followed by a clonal burst 
with short emergent branches appearing low down in the tree. We did 

not observe any such instances in any of the patients. Instead, key obser-
vations can be made from qualitative assessment of the trees. First, 
despite the different ages of the patients, the earliest driver mutations 
are acquired within 200 mutations of the start of life, corresponding to 
the first decade of childhood. There are many such examples involving 
JAK2 (patient IDs PD7271, PD5163, PD5117, PD5182 and PD9478), DNMT3A 
(PD5163, PD5182, PD5847 and PD6629) and PPM1D (PD6634) (Figs. 2–4). 
Driver mutations are observed on short branches near the very top of 
the trees, such as JAK2V617F in PD5182 and DNMT3A mutations in PD5182 
and PD5847 (Fig. 3). These earliest branches represent the first few 
dozen mutations of life, and correspond to the in utero period, given 
that blood cells consistently harbour around 50–55 somatic muta-
tions at birth21,23. Secondly, whereas some patients have not acquired 
additional driver mutations in expanded clades (for example, PD7271, 
PD5163 and PD6634), the majority of patients accrue further driver 
mutations, each emerging several hundred mutations after the pre-
vious event (Fig. 3), suggesting that clonal evolution and sequential 
driver mutation acquisition is separated across decades over a lifetime.
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Fig. 2 | Phylogenetic histories of three patients with MPN driven by JAK2V617F. 
The phylogenetic trees for three patients with stable JAK2V617F-mutated MPN. 
PD7271 (ET) presented at age 20 with asymptomatic isolated thrombocytosis 
and received aspirin. PD5163 (PV) presented at age 31 with splanchnic vein 
thrombosis, a raised red cell mass and received interferon-α. PD5117 (PV) 
presented at age 64 with elevated blood counts and red cell mass and received 
hydroxycarbamide. The tips of the branches represent individual colonies (red 

dots). Shared branches represent mutations present in all downstream 
descendant colonies, and end branches represent mutations unique to single 
colonies. Branch lengths are proportional to mutation counts shown on the 
vertical axes. Branches containing different driver mutations and 
chromosomal aberrations are highlighted by colour. The inferred patient ages 
(yr, years post birth; wk (pc), weeks post conception) at the start and end of the 
shared branches harbouring driver mutations are depicted.

Datierung der JAK2V617F Mutation in einem PV Patienten



Wie früh tritt die JAK2V617F Mutation auf?

Sousos, Nature Medicine 2022



Ca. 7% aller MPN sind familiär. 
Gibt es eine familiäre Veranlagung?

Meyer, Blood Cancer Journal 2026



Wie häufig ist die JAK2V617F Mutation?

Cordua, Blood 2019



Was verursacht das Auswachsen des JAK2V617F Klons?



Kapitel 3:
Relevanz der Mutations-

Last



Steigt bei PV das Risiko für eine sekundäre Myelofibrose 
bei einer JAK2V617F Mutations-Last ≥50%?

Chen CC, Annals of Hematology 2024



Kann man die JAK2V617F Mutations-Last bei der PV 
verringern?

Kiladjian JJ, Leukemia 2022

(Besremi) (Hydroxyurea)



Verbessert die Verringerung der JAK2V617F Mutations-Last 
durch Besremi das ereignisfreie Überleben bei PV?

Gisslinger H, Leukemia 2023

Ereignis = 
Thrombose/Embolie, 
Krankheitsprogress 
(MF, AML), Tod



Harrison CN, JCO 2023

Partial responder (PR): 
>50% JAK2V617F 
Reduktion

Non-responder (NR): 
<50% JAK2V617F 
Reduktion

Verbessert die Verringerung der JAK2V617F Mutationslast-
Last durch Jakavi/BAT das ereignisfreie Überleben bei PV?



Kann man die JAK2V617F Mutations-Last bei der ET 
verringern?

Mesa R, Lancet Haematology 2025



Zusammenfassung
• Treibermutationen von MPNs kommen häufig vor und können viele 

Jahre vor Krankheitsbeginn entstehen

• Bei familiären und früh auftretenden MPNs gibt es teilweise vererbte 
Veränderungen in Genen für die DNA Reparatur

• Entzündung fördert das Wachstum des kranken Zellklons und das 
Auftreten von MPN Symptomen

• Bei der PV verbessert eine Verringerung der JAK2V6171F Mutations-
Last das ereignisfreie Überleben



Vielen Dank für die 
Aufmerksamkeit!


