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MPN patients with low mutant JAK2 allele burden show
late expansion restricted to erythroid and
megakaryocytic lineages
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Myeloproliferative neoplasms (MPNs) are clonal hematopoietic
stem cell (HSC) diseases characterized by increased proliferation
of erythroid, megakaryocytic, and/or myeloid lineages.1 The
JAK2-V617F mutation can be found in .95% of polycythemia
vera (PV) patients, and also in approximately one-half of patients
with essential thrombocythemia (ET) or primary myelofibrosis
(PMF).2-5 Somatic mutations in exon 12 of JAK2 are found in 3%
to 5% of PV patients.6 Quantification of the JAK2-mutant allele
burden, also called variant allele frequency (VAF), in DNA from

peripheral blood granulocytes is used to monitor the size of the
mutant clone. ET patients have lower JAK2 VAF than PMF or PV
patients.7 Interestingly, some MPN patients display very low
VAF, which calls into question why they develop MPNs if the
clone is apparently unable to expand. We therefore studied
MPN patients with JAK2 VAF #20%.

In our cohort of 205 patients with JAK2-V617F1 MPNs, we
identified 56 patients with a VAF #20% in purified granulocyte
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DNA (supplemental Figure 1A, available on the BloodWeb site).
Survival of MPN patients with low JAK2-V617F VAF was not
significantly altered compared with other MPN patients (sup-
plemental Figure 1B-D). The contribution of the JAK2-mutant
clone to peripheral blood lineages was previously shown to be
highly variable between individual MPN patients,8,9 and low
VAF correlated with lineage-restricted clonal distribution.9 We
therefore determined the JAK2 VAF in platelets and reticulo-
cytes, representing the lineages most relevant to ET and PV,
respectively. The purification procedures are described in
supplemental Figures 2 and 3. Because platelets and reticulo-
cytes do not contain DNA, we established a quantitative poly-
merase chain reaction assay to measure JAK2-V617F in RNA
(supplemental Figure 2C).

RNA from purified platelets was available from 44 of 56 patients
(79%) with low JAK2-V617F VAF (supplemental Figure 4). One
patient (P021) simultaneously also carried a JAK2 exon 12
mutation and we included 2 additional patients with a JAK2
exon 12 mutation in our study. Most patients with ET and PMF,
as well as 15 of 17 patients with PV (88%), had higher JAK2 VAF
in platelets compared with granulocytes (Figure 1A). We were able
to obtain fresh blood and to purify reticulocytes by fluorescence-
activated cell sorting (FACS) from 22 of 46 patients (48%) with
available platelet RNA. All patients with PV and PMF and, sur-
prisingly, 8 of 11 patients with ET (72%) had higher JAK2 VAF in
reticulocytes comparedwith granulocytes (Figure 1B). This increase
in allele burden compared with granulocytes was restricted to
platelets and reticulocytes (Figure 1C). We can distinguish 4
patterns of lineage contribution of the JAK2-mutant clone
(Figure 1D): a “platelet-biased” pattern, with increased mutant
allele burden solely in platelets; a “red cell–biased” pattern,
with a selective increase in reticulocytes; a “platelet and red
cell–biased” pattern, with increase in both platelets and reticulo-
cytes; and a “persistently low” pattern, with very low allele burden
in granulocytes, platelets, and reticulocytes.

To define at which stages of the hematopoietic development
the expansion of the JAK2-mutant clone occurs, we determined
the JAK2 VAF by genotyping single myeloid and erythroid pro-
genitors (Figure 2A; supplemental Figure 5). As expected, the
derived VAF in granulocyte and granulocyte/monocyte colonies
(colony-forming unit granulocyte/granulocyte-macrophage
[CFU-G/GM]) was low and comparable with VAF in peripheral
blood granulocytes. Burst-forming unit–erythroid (BFU-E) colo-
nies also showed very low VAF, but, in most patients, VAF
substantially increased in peripheral blood reticulocytes, sug-
gesting that the expansion of the mutant clone occurs at late
stages of erythroid development. The late erythroid expansion
of the JAK2-mutant clone in PV patients could be favored by
low serum erythropoietin levels and hypersensitivity of JAK2-
V617F–expressing progenitors to erythropoietin.10

To complement the data from single colonies, we isolated
megakaryocyte progenitors (MkPs) and other progenitor cell
populations from peripheral blood by FACS (supplemental
Figure 6). Consistent with the data obtained in the analysis of
single colonies, in the vast majority of patients, the JAK2-mutant
VAF was low in MkPs and other sorted progenitor subsets
(Figure 2B; supplemental Figure 7). In contrast, a large per-
centage of erythroid progenitors was positive for the JAK2
mutation in previous reports, when patients with higher JAK2

allele burden were analyzed.9,11,12 Thus, the expansion of the
JAK2-mutant clone at terminal stages of erythroid and/or
megakaryocytic development appears to be typical for the low
allele burden subset of MPN patients (Figure 2C).

Lineage-biased HSCs and long-term progenitors have been
described.13-16 We hypothesized that MPN patients with low VAF
might acquire the JAK2 mutation in such progenitors and we
expected that single platelet-biased or red cell–biased patterns
would be the most frequent. However, our data do not favor
such a model. The frequent occurrence of the platelet and red
cell–biased pattern in MPN patients with low VAF fits with the
proposed model of a “biological continuum” between the
phenotypes of JAK2-V617F1 ET and PV.17 However, none of
the PV or ET patients with low VAF displayed a dominant ho-
mozygous subclone (supplemental Figure 5), which is typically
found in the majority of PV patients.11,12,18

To examine the role of additional somatic mutations, we ana-
lyzed 104 cancer-related genes using targeted next-generation
sequencing.19 Additional somatic mutations were detected in
12 of the 46 patients with low VAF (26%) (supplemental Figure 8;
supplemental Table 1). The presence of additional somatic
mutations had no relevant impact on the mutant allele distri-
butions (supplemental Figure 8D). We determined the clonal
architecture in 11 of 12 patients with additional somatic gene
mutations by genotyping single hematopoietic colonies (sup-
plemental Figure 8E). A sequential pattern of acquisition of
mutations was observed in 4 of 11 patients (36%). In all of these
patients, the additional somatic mutation was acquired before
JAK2-V617F. In the remaining 7 patients (64%), a biclonal
pattern was observed, with the JAK2 mutation and the addi-
tional somatic gene mutation representing separate clones.
Thus, interestingly, none of the patients with low VAF displayed
JAK2 mutation as the first event, and the frequency of the
biclonal pattern appears to be higher than the reported fre-
quency of 30% in overall MPNs.19,20

To derive hypotheses that could explain the observed clonal
structures, we generated an online app based on a compart-
mental mathematical model of hematopoiesis (https://ibz-shiny.
ethz.ch/ashcroft/lowJAK2/app/; supplemental Methods). This
model approximates the continuous process of hematopoietic
development and assumes that the cells in each compartment
are homogeneous and indistinguishable. All analysis is based on
the steady state of the system.21-23 The dynamics of cells in each
compartment can be described by 4 parameters: self-renewal
probability (ai), division rate (bi), lineage bias (cij), and probability
of death (di) (Figure 2D). The influence of independently varying
the mutant’s parameters on the mutant allele burden is sum-
marized in supplemental Figure 9. By modifying the parameters
at different stages of hematopoietic development, we can
qualitatively reproduce all observed patterns of clonal expansion
in MPN patients with low VAF (Figure 2E; supplemental Fig-
ure 10). We therefore hypothesize that interindividual differ-
ences in these 4 parameters are sufficient to explain the different
patterns of mutant allele burden observed in MPN patients.
Indeed, differences in expression levels of JAK2 and MPL
protein have been shown to determine thrombopoietin-induced
megakaryocyte proliferation vs differentiation,24 and, on mouse
models, resulted in switching between ET and PV phenotypes.25

Additional factors contributing to interindividual differences in

2592 blood® 26 NOVEMBER 2020 | VOLUME 136, NUMBER 22 LETTERS TO BLOOD

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/22/2591/1790714/bloodbld2019002943.pdf by guest on 07 M

ay 2024

https://ibz-shiny.ethz.ch/ashcroft/lowJAK2/app/; supplemental Methods
https://ibz-shiny.ethz.ch/ashcroft/lowJAK2/app/; supplemental Methods


JAK2 VAF in granulocytes versus platelets

****
ns ****

ET
N=26

PMF
N=3

PV
N=17

GRA PLT GRA PLT GRA PLT

20

0

40

60
JA

K2
 V

AF
  (

%
)

A JAK2 VAF in granulocytes versus reticulocytes

**
ns

***

ET
N=11

PMF
N=2

PV
N=9

GRA RET GRA RET GRA RET
0

20

40

60

JA
K2

 V
AF

  (
%

)

B

Patterns of lineage contribution of the JAK2 mutant cells
"Red cell-biased“

PV, N=3

JAK2 exon 12 
mutation

GRA PLT RET
0

20

40

60

"Platelet and red cell-biased“
PV, N=5
ET, N=7

PMF, N=2

GRA PLT RET
0

20

40

60

"Persistently low“
PV, N=1
ET, N=2

GRA PLT RET
0

20

40

60

"Platelet-biased"
ET, N=2

GRA PLT RET
0

20

40

60

JA
K2

 V
AF

  (
%

)

D

C JAK2 VAF in purified cell populations from peripheral blood
PV patients

0

20

40

60

PLT RET

DNA RNA

MO NK B TGRAGRA

JA
K2

 V
AF

  (
%

)

ET and PMF patients

0

20

40

60

PLT RET

DNA RNA

MO NK B TGRAGRA
JA

K2
 V

AF
  (

%
)

0%

1-20%

21-40%

41-60%

JAK2 VAF

DNA
UPN Diagnosis Driver mutation GRA GRA PLT RET MO NK B T
P218 PV JAK2 exon 12 0 0 2 19 0 0 0 0
P021 PV JAK2 exon 12 5 8 41 28 4 3 0 0
P021 PV JAK2-V617F 2 0 34 35 7 1
P298 PV JAK2-V617F 2 3 4 5 0 0 0 0
P386 ET JAK2-V617F 3 0 12 9 9 0 6 0
P403 ET JAK2-V617F 4 5 10 13 0 7 34 0
P433 ET JAK2-V617F 2 5 30 3 2 0 0 0
P368 ET JAK2-V617F 3 4 20 40 0 0 0 0
P339 ET JAK2-V617F 3 6 36 25 0 0 0 0
P328 PV JAK2-V617F 4 3 7 25 2 0 0 0
P162 ET JAK2-V617F 4 7 25 7 5 2 4 0
P393 PV JAK2-V617F 7 10 27 17 7 0 0 0
P391 PMF JAK2-V617F 7 9 39 34 0 0 0 0
P361 PV JAK2-V617F 9 11 25 27 14 6 0 0
P357 PV JAK2-V617F 9 13 25 34 10 0 0 0
P442 ET JAK2-V617F 10 10 18 30 13 0 0 0
P207 ET JAK2-V617F 10 13 24 31 9 0 0 0
P369 ET JAK2-V617F 10 12 41 55 15 3 8 0
P425 PMF JAK2-V617F 10 9 18 20 27 0 0 0
P274 ET JAK2-V617F 12 16 27 18 19 0 0 0
P356 ET JAK2-V617F 14 20 33 27 15 0 10 0
P192 PV JAK2-V617F 15 11 9 34 11 4 0 0
P443 PV JAK2-V617F 20 20 45 31 20 0 0 0

RNA

Figure 1. Analysis of JAK2 VAFs in peripheral blood. (A) Comparison of JAK2 VAF measured in RNA from granulocytes (GRA) vs platelets (PLT). Dashed lines connect data
points from the same patient. (B) Comparison of JAK2 VAF measured in RNA from granulocytes vs reticulocytes (RET). (C) JAK2 VAF in purified cell populations from peripheral
blood. Boxes represent 50%of themeasured values; whiskers indicate the range; and horizontal lines indicate themedian. The JAK2 VAF of 22 patientsmeasured in DNAor RNA
fromdifferent peripheral blood lineages is shown below. Numbers in the cells of the table indicate the percentages of JAK2 VAF; the shading of boxes corresponds to the ranges
shown on the right. (D) Patterns of lineage contribution of the JAK2-mutant cells derived from the data presented in panels A and B. **P, .01; ***P, .001; ****P, .0001. B, B cell;
MO, monocyte; NK, natural killer cell; ns, not significant; T, T cell; UPN, unique patient number.
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Figure 2. Analysis of JAK2 VAFs in hematopoietic progenitors. (A) Analysis of single colonies grown in methylcellulose. Single erythroid colonies (burst-forming unit–
erythroid [BFU-E]) and granulocyte or granulocyte/monocyte colonies (colony-forming unit granulocyte/granulocyte-macrophage [CFU-G/GM]) were picked, and the per-
centage of JAK2-mutant colonies was converted into VAF by taking into account the heterozygous and homozygous state of each colony. (B) JAK2 VAF in FACS-sorted
progenitor cells and mature blood cells. Data from 17 MPN patients are shown. Data points connected by solid lines were obtained from FACS-sorted progenitor cells. Dashed
lines connect the progenitors with their corresponding mature cells isolated from peripheral blood. (C) Model depicting the stages of hematopoiesis in which the clonal
expansion occurred in MPN patients with low JAK2 VAF. (D) Schematic illustration of dynamics in a branched population structure. (E) Modeling of a common platelet and red
cell–biased pattern using the branched compartmental model of hematopoiesis. The distribution of JAK2-mutant cells observed in MPN patients with low VAF can be
reproduced by altering the division rate (b), self-renewal (a), and death (d) probabilities, and the differentiation bias (c) at specific stages of hematopoietic development. For the
clonal expansion during terminal stages of megakaryopoiesis, Da signifies the probability that megakaryocytes repeatedly undergo endomitosis resulting in higher ploidy,
and the division rate Db stands for the number of endomitoses per time unit, for example, per day. Hematopoietic cell compartments are indicated on the x-axis. **P , .01;
****P , .0001. CLP, common lymphoid progenitor; CMP, common myeloid progenitor; EP, erythroid progenitor; HSPC, hematopoietic stem and progenitor cell; Meg,
megakaryocyte; MEP, megakaryocyte-erythroid progenitor.
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humans could be the availability and activity of downstream
signaling components and differences in genetic background.
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10. Dupont S, Massé A, James C, et al. The JAK2 617V.F mutation triggers
erythropoietin hypersensitivity and terminal erythroid amplification in
primary cells from patients with polycythemia vera. Blood. 2007;110(3):
1013-1021.

11. Scott LM, Scott MA, Campbell PJ, Green AR. Progenitors homozygous for
the V617F mutation occur in most patients with polycythemia vera, but not
essential thrombocythemia. Blood. 2006;108(7):2435-2437.

12. Godfrey AL, Chen E, Pagano F, Silber Y, Campbell PJ, Green AR. Clonal
analyses reveal associations of JAK2V617F homozygosity with hemato-
logic features, age and gender in polycythemia vera and essential
thrombocythemia. Haematologica. 2013;98(5):718-721.

13. Yamamoto R, Morita Y, Ooehara J, et al. Clonal analysis unveils self-
renewing lineage-restricted progenitors generated directly from hema-
topoietic stem cells. Cell. 2013;154(5):1112-1126.

14. Sanjuan-Pla A, Macaulay IC, Jensen CT, et al. Platelet-biased stem cells
reside at the apex of the haematopoietic stem-cell hierarchy.Nature. 2013;
502(7470):232-236.

15. Haas S, Hansson J, Klimmeck D, et al. Inflammation-induced emergency
megakaryopoiesis driven by hematopoietic stem cell-like megakaryocyte
progenitors. Cell Stem Cell. 2015;17(4):422-434.

16. Nishikii H, Kanazawa Y, Umemoto T, et al. Unipotent megakaryopoietic
pathway bridging hematopoietic stem cells and mature megakaryocytes.
Stem Cells. 2015;33(7):2196-2207.

17. Campbell PJ, Scott LM, Buck G, et al; Australasian Leukaemia and Lym-
phoma Group. Definition of subtypes of essential thrombocythaemia and
relation to polycythaemia vera based on JAK2 V617F mutation status: a
prospective study. Lancet. 2005;366(9501):1945-1953.

18. Godfrey AL, Chen E, Pagano F, et al. JAK2V617F homozygosity arises
commonly and recurrently in PV and ET, but PV is characterized by ex-
pansion of a dominant homozygous subclone. Blood. 2012;120(13):
2704-2707.

19. Lundberg P, Karow A, Nienhold R, et al. Clonal evolution and clinical
correlates of somatic mutations in myeloproliferative neoplasms. Blood.
2014;123(14):2220-2228.

20. Kent DG, Ortmann CA, Green AR. Effect of mutation order on myelo-
proliferative neoplasms. N Engl J Med. 2015;372(19):1865-1866.

21. Marciniak-Czochra A, Stiehl T, Ho AD, Jäger W, Wagner W. Modeling of
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