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The pathogenesis of myelofibrosis, a bone marrow
(BM) disorder characterized by megakaryocytic
hyperplasia and the deposition of extracellular

matrix components such as reticulin, remains incompletely
understood. 
Using a mouse model of myelofibrosis (i.e. Gata-1low

mice), Kramer et al.1 sought to identify key signaling mole-
cules that play a role in early myelofibrosis development.
GATA-1 is a transcription factor that is key to megakary-
ocyte development, and its downregulation results in
expansion and abnormal maturation of megakaryocytes.2

Importantly, low GATA-1 expression has been demonstrat-
ed in patients with myelofibrosis,3 and GATA-1 mutations
are found in megakaryocytic leukemias.2

New key findings
Unlike several widely used myelofibrosis mouse mod-

els that rely on BM transplantation to engender fibrosis,
primary Gata-1low mice gradually develop myelofibrosis
spontaneously.4 Due to its slow progression, this model
allows for analysis at prefibrotic (5 months), early fibrotic
(10 months), and overtly fibrotic (15 months) stages. A
strength of the study by Kramer et al. is the application of
an unbiased approach (i.e. RNA sequencing) to interro-
gate the changes that occur in receptor tyrosine kinase
pathways during the development of myelofibrosis.
Using bulk RNA sequencing on unfractionated BM
(including stromal cells), the authors identified the
platelet-derived growth factor (PDGF) pathway as signif-
icantly up-regulated in early fibrotic Gata-1low mice com-
pared to wild-type mice. Additionally, the authors ana-
lyzed protein expression of PDGF receptors and ligands

on BM sections at the three aforementioned time points;
this allowed them to study the PDGF pathway in a spa-
tio-temporal manner. 
In addition to demonstrating increased transcript expres-

sion of PDGF receptor a (Pdgfra) and Pdgfrb, as well as the
ligand Pdgfb, in fibrotic Gata-1low mice, the authors
employed a novel technique called in situ proximity liga-
tion assay to determine protein localization. They found
that the receptor PDGFRb and ligand PDGF-B are in close
proximity in the setting of overtly fibrotic BM, suggesting
binding of the ligand to the receptor and increased PDGF-
B signaling. Furthermore, their data suggest that the most
important cell types involved in PDGF signaling are
megakaryocytes, which express PDGFRa and secrete the
ligand PDGF-B, and spindle-shaped stromal cells which
express PDGFRb (Figure 1). 
Despite these findings, Kramer et al. did not detect

increased PDGFRb tyrosine phosphorylation, a marker of
receptor activation. They suggest that the phosphatase
TC-PTP (PTPN2) may play a role in dephosphorylation of
PDGFRb and show that TC-PTP is in close proximity to
PDGFRb in fibrotic Gata-1low mice. There are two main
potential explanations for these findings. Either: (i) PDGF
receptor activation is transient and rapidly down-regulat-
ed; or (ii) PDGF receptor activation is rapidly reset by phos-
phatases such as TC-PTP after ligand binding. Rapid
downregulation would call into question the importance
of the PDGF pathway in myelofibrosis, while a rapid reset
may increase signaling in the presence of ligand and poten-
tially contribute to the development of myelofibrosis.
Further investigation of PDGF signaling in human myelofi-
brosis will be required to fully resolve this question. 
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Platelet-derived growth factor pathway as a potential 
biomarker for myelofibrosis development  
Platelet-derived growth factors are growth factors for

fibroblasts and stromal cells. Importantly, upregulation of
the receptors PDGFRa in megakaryocytes and PDGFRb in
stromal cells, as well as upregulation of their ligands
PDGF-A and PDGF-B, has been shown in established
human myelofibrosis.5-7 Moreover, the grade of myelofi-
brosis in myeloid malignancies correlates with the level of
PDGFRb expression in activated fibroblasts.6 These data
suggest that PDGF signaling contributes to myelofibrosis
development.
Myelofibrosis occurs in the context of megakaryocyte

disorders, encompassing both inherited bleeding and
platelet disorders8,9 and myeloid malignancies, most com-
monly, myeloproliferative neoplasms (MPN). Although
patients with MPN can present with de novo myelofibrosis
(i.e. primary myelofibrosis, PMF), it can also occur as a
complication of antecedent MPN (i.e. post-polycythemia
myelofibrosis, PPV-MF or post-essential thrombo-
cythemia myelofibrosis, PET-MF). In patients with PV and
ET, it is currently difficult to predict who will progress to
myelofibrosis. The study by Kramer et al. raises the ques-

tion of whether increased PDGF signaling could serve as
an early biomarker for myelofibrosis development.
Bedekocivs et al.6 previously assessed PDGFRb expression

in fibrotic and non-fibrotic BM from several myeloid malig-
nancies and proposed that elevated PDGFRb expression
could indicate a prefibrotic state. Kramer et al. found
increased PDGFRa expression in the prefibrotic stage, but
no increase in PDGFRb or the ligands PDGF-A and -B. In
future studies, it would be informative to measure the
dynamics of PDGF components in human myelofibrosis
development, using a longitudinal study to determine their
predictive and prognostic value. 

Targeting the platelet-derived growth factor pathway 
In conjunction with prior (human) studies, this study by

Kramer et al. suggests that the PDGF pathway is a potential
therapeutic target in myelofibrosis. PDGFR are one of the
main targets of the tyrosine kinase inhibitor, imatinib.10

Treatment with imatinib has demonstrated clinical benefit
in patients with hypereosinophilic syndromes and chronic
myeloproliferative disorders who have chromosomal
translocations involving PDGFRa and PDGFRb, respective-
ly.11,12 Thrombopoietin (Thpo) is the major stimulant for

Figure 1. Platelet-derived growth factor (PDGF) signaling in myelofibrosis. Previous (human) data and the study by Kramer et al.1 indicate that the ligands PDGF-A
and PDGF-B and their receptors PDGFRa and PDGFRb play important roles in myelofibrosis development. PDGFRa is mainly expressed on megakaryocytes and can
be activated by the dimeric ligands PDGF-AA, PDGF-AB, and PDGF-BB. PDGFRb is expressed on stromal cells and can be activated through the ligand PDGF-BB. PDGF-
BB stimulates stromal cell proliferation, migration and differentiation, which in turn causes extracellular matrix deposition and myelofibrosis development.



megakaryopoiesis and its overexpression engenders
myelofibrosis in mouse models.13 Using a Thpo overexpres-
sion model, Decker et al.14 showed that stromal deletion of
PDGFRa or treatment with imatinib suppressed stromal
cell expansion and ameliorated myelofibrosis. In addition to
imatinib, other methods of targeting the PDGF pathway are
currently under investigation in different fibrosis models,
such as PDGF/PDGFR-blocking antibodies and aptamers.15

Dual targeting of JAK and JAK/platelet-derived growth
factor downstream pathways
Primary myelofibrosis is caused by MPN phenotypic

driver mutations (i.e. in JAK2, CALR or MPL) that result in
constitutive activation of JAK-STAT signaling.16 Although
JAK2 inhibitors such as ruxolitinib reduce constitutional
symptoms and splenomegaly, and may stabilize myelofi-
brosis, they do not have substantial disease-modifying
activity in MPN. Inhibiting other tyrosine kinases including
PDGF receptors is not sufficient either, since imatinib treat-
ment in PMF was disappointing.17 A combinatorial
approach involving JAK2 and PDGF inhibition in MPN
could be considered, although hematologic toxicity is a real
concern.18

An alternative treatment strategy involves simultaneous-
ly inhibiting JAK-STAT and MEK-ERK signaling. A recent
MPN preclinical study showed that JAK2 inhibitors induce
a strong reduction in STAT signaling but only marginally
reduce MEK/ERK signaling.19 Multiplexed analyses of 34
secreted factors in Jak2 V617F-mutant mice showed that
transcript levels of the receptor Pdgfra, as well as the ligands
Pdgfa and Pdgfb, were maintained in BM and spleen during
ruxolitinib treatment.19 Additional experiments showed
that PDGF signaling through MEK/ERK was not reduced
upon ruxolitinib treatment. Combined treatment with
JAK2 and MEK inhibitors was superior over inhibition with
either compound alone in mouse models of Jak2 V617F and
MPLW515-induced myelofibrosis, and reduced Pdgfra,
Pdgfa, and Pdgfb transcript expression. These data suggest
that combined MEK/JAK2 inhibition may be efficacious in
treating MPN.

Conclusions and future directions 
In conclusion, Kramer et al. have methodically and ele-

gantly analyzed the sequential changes that occur in the
BM during the initiation and progression of myelofibrosis
in Gata1low mice and identified upregulation of the PDGF
pathway as a hallmark of myelofibrosis. Their work sug-
gests that increased PDGFR expression could be used as an
early biomarker for myelofibrosis development. Given the
paucity of reliable myelofibrosis biomarkers, this finding
warrants further study in MPN patients. Additionally, now
that next generation sequencing platforms are increasingly
used to identify genetic predictors of progression to
myelofibrosis in MPN, it would be interesting to study
whether increased PDGF expression correlates with certain
genetic subsets of MPN. Finally, given recent advancements
enabling combined single-cell mutational and transcriptom-
ic analyses,20 it will be possible to determine precisely
which cellular sub-populations in the BM (both hematopoi-
etic and stromal) are involved in PDGF signaling early in the
course of myelofibrosis. Since a multitude of profibrotic
factors are up-regulated in myelofibrosis, the therapeutic

efficacy of inhibiting a single pathway, especially in
advanced disease, may be limited. However, the identifica-
tion and early targeting of pathways that are activated dur-
ing the initial stages of myelofibrosis may prove more fruit-
ful. 
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