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ABSTRACT

ere is prevailing evidence to suggest a decisive role for platelet-
derived growth factors (PDGF) and their receptors in primary
myelofibrosis. While PDGF receptor f (PDGFRp) expression is
increased in bone marrow stromal cells of patients correlating with the
grade of myelofibrosis, knowledge on the precise role of PDGFRp signaling
in myelofibrosis is sparse. Using the Gata-1°* mouse model for myelofibro-
sis, we applied RNA sequencing, protein expression analyses, multispectral
imaging and, as a novel approach in bone marrow tissue, an i situ proxim-
ity ligation assay to provide a detailed characterization of PDGFRp signal-
ing and regulation during development of myelofibrosis. We observed an
increase in PDGFRP and PDGEF-B protein expression in overt fibrotic bone
marrow, along with an increase in PDGFRB-PDGE-B interaction, analyzed
by proximity ligation assay. However, PDGFRp tyrosine phosphorylation
levels were not increased. We therefore focused on regulation of PDGFRp
by protein tyrosine phosphatases as endogenous PDGFRp antagonists.
Gene expression analyses showed distinct expression dynamics among
PDGEFRp-targeting phosphatases. In particular, we observed enhanced T-
cell protein tyrosine phosphatase protein expression and PDGFRB-T-cell
protein tyrosine phosphatase interaction in early and overt fibrotic bone
marrow of Gata-1"" mice. In vitro, T-cell protein tyrosine phosphatase
(Ptpn2) knockdown increased PDGFRP phosphorylation at Y and Y,
leading to enhanced downstream signaling in fibroblasts. Furthermore,
Pipn2 knockdown cells showed increased growth rates when exposed to
low-serum growth medium. Taken together, PDGF signaling is differential-
ly regulated during myelofibrosis. Protein tyrosine phosphatases, which
have so far not been examined during disease progression, are novel and
hitherto unrecognized components in myelofibrosis.

Introduction

Primary myelofibrosis (PMF) is a malignant hematologic disorder characterized
by the clonal proliferation of hematopoietic stem cells (HSC) in the bone marrow.
Patients display symptoms of ineffective hematopoiesis such as anemia, thrombo-
cytopenia and related extramedullary hematopoiesis resulting in splenomegaly.
The bone marrow of PMF patients shows dysplastic megakaryocytes, neoangio-
genesis and, as a central pathological feature, progressive fibrosis.' The develop-
ment of myelofibrosis is mainly ascribed to the overproduction of pro-fibrotic
cytokines and growth factors by malignant immature cells of the megakaryocytic
lineage. As a consequence, fibroblasts proliferate and produce extensive amounts
of extracellular matrix (ECM) components, leading to impaired hematopoietic
function of the bone marrow.’
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Abberantly activated janus kinase-signal transducer and
activator of transcription (JAK-STAT) signaling has been
identified as a driver of clonal cells in PMF patients.’
Somatic mutations in JAK2,* the thrombopoietin receptor
MPL® and CALR®are the most prevalent genetic aberra-
tions. These, however, are also frequently found in other
myeloproliferative neoplasms (MPN), making a definite
diagnosis of early PMF problematic. Thus, efforts are
directed towards novel and valid diagnostic markers.

Platelet-derived growth factors (PDGF) have been
implicated in the progression of bone marrow fibrosis.”*
PDGF-A and -B, as well as PDGF receptor o (PDGFRa)
and PDGF receptor § (PDGFRp) expression is increased in
the bone marrow of PMF patients, regardless of driver
mutations.”® The PDGF system comprises five dimeric
ligands: PDGF-AA, -AB, -BB, -CC and -DD." The two
cognate transmembrane receptors, PDGFRa and
PDGFRB, dimerize upon ligand binding and cross-phos-
phorylate intracellular tyrosine residues. These phospho-
rylated residues serve as binding sites for downstream
signaling components and activate, among others, phos-
pholipase C y (PLCy), phosphatidyl inositol 3-kinase
(PI3K), and JAK-STAT signaling.”” A large proportion of
PDGF derive from megakaryocytes, from where the lig-
ands act on their receptors in a paracrine and autocrine
manner.”” Whereas PDGFRa. binds PDGF-A, -B and -C,
PDGFRB can only be activated by PDGE-B and -D.
Therefore, depending on the ligand dimers, PDGFRa and
PDGFRB can form homo- and, if co-expressed, het-
erodimers." Distinct functions of PDGFRa and PDGERp
have been ascribed to the discrete, cell-type specific
expression of the receptors. The receptors are predomi-
nantly expressed by cells of mesenchymal origin; within
the bone marrow, PDGFRa expression is highest in
megakaryocytes, whereas PDGFRp is almost exclusively
expressed in fibroblasts.””® Therefore, PDGFRp has been
attributed a major role in the proliferation of bone mar-
row stromal cells in myelofibrosis. Different mechanisms
are involved in the regulation of PDGF signaling, e.g.
injury and pro-inflammatory cytokines affect expression
of the ligands and receptors."” Furthermore, protein tyro-
sine phosphatases (PTP) dephosphorylate intracellular
tyrosine residues of PDGF receptors and negatively regu-
late PDGF signaling.

PDGEFRp expression in activated fibroblasts correlates
with the grade of myelofibrosis in the bone marrow of
PMEF patients.'” However, the mechanisms of transforma-
tion from malign clonal proliferation of HSC to myelofi-
brosis and the involvement of the PDGF system are not
fully understood. In particular, the expression dynamics
of PDGFRB, the interaction with the ligand PDGE-B, and
a possible regulation by PTP during the development of
bone marrow fibrosis have not been thoroughly
addressed. Using the Gata-1°* mouse model for PMF, this
study concentrates on PDGFRf and its relevance in stro-
mal cell proliferation. These mice show reduced Gata-1
expression in megakaryocytes, which have a high prolif-
eration rate while remaining immature and releasing
reduced platelet numbers. Therefore, Gata-1°" mice
develop fibrosis in the bone marrow that resembles the
development of myelofibrosis in PMF patients.'® For a
detailed characterization, we performed whole transcrip-
tome analyses, protein expression and localization analy-
ses in pre-fibrotic, early fibrotic and overt fibrotic bone
marrow. Furthermore, we applied a proximity ligation

assay (PLA) as a novel, sensitive technique for the quan-
tification of protein expression, interaction of PDGFRpB
with its ligand PDGF-B, as well as PDGERp tyrosine
phosphorylation and the interaction of PDGFRp with T-
cell protein tyrosine phosphatase (TC-PTP) for a detailed
evaluation of PDGFRp activation status in bone marrow
fibrosis i situ. Finally, we provide evidence for the regu-
lation of PDGFRp by TC-PTP in fibroblasts in vitro.

Methods

Mouse model

Gata-1°" mice were purchased from Jackson Laboratory (Bar
Harbour, ME, USA) and bred according to standards of the animal
facility at the Center for Cardiovascular Research of Charité —
Universitatsmedizin Berlin (Berlin, Germany). All littermates were
genotyped using polymerase chain reaction (PCR) according to the
standard protocol provided by Jackson. Hemizygous males and
age-matched wild-type (WT) littermates were euthanized at 5, 10
and 15 months of age.

Further material and methods used in this study are described in
the Online Supplementary Appendix.

Statistical analysis

Results presented as boxplots show the median, with whiskers
representing minima and maxima; bar graphs show mean and
standard deviation. Statistical differences between a Gata-1"* and
the age-matched WT control group were determined using
unpaired Student #-test. For comparison of multiple groups, analy-
sis of variance with post hoc Tukey correction was used. Statistical
analyses were performed using GraphPad Prism 6.01 (GraphPad
Software Inc., San Diego, CA, USA). P<0.05 was considered sta-
tistically significant.

Results

Development of myelofibrosis in the bone marrow of
Gata-1°" mice

We determined different stages of bone marrow fibrosis
in a cohort of Gata-1°" mice, which served as time points
for all subsequent analyses: 5 months, 10 months and 15
months of age. Mice of all ages were normal in body
weight (Figure 1A). As early as 5 months of age, Gata-1""
mice showed a pronounced splenomegaly (Figure 1B),
whereas liver weight remained normal at all ages (Figure
1C). Mice displayed time-dependent, progressive anemia
(Figure 1D) and a slight increase in leukocytes starting at
month 10 (Figure 1E). Platelets were markedly reduced at
all ages (Figure 1F). To determine fibrotic stages in Gata-
1" mice, we stained murine femoral bone marrow for
reticulum fibers (Figure 1I). We did not observe an appar-
ent accumulation of reticulum fibers in the bone marrow
of Gata-1°" mice at month 5, whereas there was a time-
dependent increased deposition of fibers at month 10 and
15. Hence, month 5 was defined as a pre-fibrotic, month
10 as an early fibrotic, and month 15 as an overt fibrotic
stage in Gata-1"°" mice. To monitor the induction of colla-
gen production in the bone marrow of Gata-1"" mice, we
analyzed type I collagen Col1a1 and type III collagen
Col3a1 gene expression by qPCR (Figure 1G and H). We
observed a significant decrease in Col/1a1 gene expression
in the pre-fibrotic stage. However, a marked increase in
gene expression of the two collagens was detected in early
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fibrotic bone marrow and remained increased in overt (Figure 2A) and their cognate ligands (Figure 2B). ¢

fibrotic bone marrow of 15-month-old Gata-1°" mice. Interestingly, a high number of RTK showed a significant
increase in gene expression; among which Prk7, Tiet, Fit,

Differential expression of receptor tyrosine kinases Fgfr1 and the PDGF receptors Pdgfra and Pdgfrb. Although

and their ligands in myelofibrosis many ligands were not significantly regulated in early

Since receptor tyrosine kinases (RTK) and RTK-activat-  fibrotic bone marrow of Gata-1"" mice, we observed an
ing ligands have been attributed an important role in induction of Pin, Efub1, Pgf, Angp12, Angpts, Igf2 and Efna2.
myelofibrosis, we investigated transcriptomic changes by  To classify transcriptionally up-regulated genes to their
RNA sequencing (RNAseq) analyses with a focus on RTK  biological function, we further performed gene ontology
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Figure 1. Characteristics of the Gata-1"* mouse model for primary myelofibrosis at 5 months (5 M), 10 months (10 M), and 15 months (15 M) of age. (A) Body
weight of Gata-1"*mice and age-matched wild-type (WT) controls. (B) Spleen weight per g body weight. (C) Liver weight per g body weight. (D) Red blood cell (RBC)
counts. (E) White blood cell (WBC) counts. (F) Platelet (PLT) counts. (G) Quantitative polymerase chain reaction analyses of type | collagen Col1al and (H) type lll col-
lagen Col3al. (I) Representative images of reticulum-stained femoral bone marrow showing increasing amount of reticulum fibers in the bone marrow of Gata-1°*
mice, indicated by red arrowheads. Scale bar=50 um. n=7-11 mice per group. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus the control group by Student
t-test.
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enrichment analyses (Figure 2C). Interestingly, genes
implicated in PDGF binding (Pdgfa, Pdgfb, Pdap1, Pdgfra,
Pdgfrb, Col1a1, Col1a2, Col2a1, Col3a1, Col4at, Col5a1 and
Colbat) were most over-represented within the up-regu-
lated genes, followed by ECM structural constituents and
genes referring to collagen binding.

Expression dynamics of platelet-derived growth factor
signaling components during the development of
myelofibrosis

Platelet-derived growth factors and their receptors are
linked to bone marrow fibrosis, as was inferred from their
increased expression in PMF patients.””* However, data
addressing the expression dynamics during the develop-
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ment of myelofibrosis are sparse. In order to characterize
the expression pattern of PDGF signaling components at
different stages of bone marrow fibrosis, we analyzed
gene expression of the ligand and receptor genes in the
bone marrow of Gata-1°* mice by quantitative PCR
(qPCR). Here, we observed that gene expression of both
receptor genes Pdgfra and Pdgfrb was highly induced in
early fibrotic bone marrow from 10-month-old Gata-1"*
mice and remained increased in overt fibrotic bone mar-
row of 15-month-old Gata-1"" mice (Figure 3A and B).
Interestingly, Pdgfrb gene expression was significantly
decreased in pre-fibrotic bone marrow of 5-month-old
Gata-1"" mice, as also detected for Col1a1 gene expres-
sion. qPCR analyses of the ligand genes Pdgfa and Pdgfb
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Figure 2. RNA sequencing analyses
showing gene expression of receptor
tyrosine kinases (RTK), their ligands
and gene ontology enrichment analy-
sis. Total RNA from femoral bone mar-
row of 10-month-old mice (n=3 Gata-1""
vs. n=3 wild-type mice) was analyzed.
v " (A) Gene expression of RTK. (B) Gene
\Q y\<0 expression of their cognate ligands. (C)

Gene ontology enrichment analysis of
over-expressed genes.




revealed a major increase in ligand gene expression at the
early fibrotic stage (Figure 3C and D). We again observed
a decrease in Pdgfa gene expression in pre-fibrotic bone
marrow, whereas Pdgfa gene expression was increased in
early and overt fibrotic bone marrow. Pdgfb expression
was significantly up-regulated only in early fibrotic bone
marrow and remained at nearly baseline level in pre-
fibrotic and overt fibrotic bone marrow of Gata-1"°" mice.

To validate the gene expression data, we further ana-
lyzed protein expression using an i situ proximity liga-
tion assay (PLA) in a single recognition approach (Figure
3E). By this method, two oligonucleotide-coupled sec-
ondary antibodies (PLA probes) detect a single primary
antibody. Through ligation, oligonucleotides are joined to
a circle when in close proximity and serve as template for
polymerization. A polymerase replicates the DNA circles
and a concatemeric product is generated. Fluorescently-
labeled nucleotides enable the detection of a rolling circle
product (RCP), which can be visualized and quantified as
a distinct fluorescent dot.”** Corresponding negative con-
trols, positive controls, and results from the quantitative

analyses by proximity ligation assay (PLA) in comparison
to quantified protein expression data acquired from mul-
tiplex staining are shown in Online Supplementary Figures
51-S3. Although we observed a heterogenic protein
expression in Gata-1""mice, there was a steady increase
in PDGF receptor protein expression during the develop-
ment of myelofibrosis (Figure 3F and G; original PLA
images are shown in Omnline Supplementary Figures S4).
When analyzing PDGF-A and PDGE-B protein expression
by single recognition PLA, we again observed high het-
erogeneity among age-matched Gata-1°" mice. We did
not detect a significant increase in PDGF-A expression,
while PDGF-B protein expression was significantly
increased in overt fibrotic bone marrow of 15-month-old
Gata-1"" mice (Figure 3H and I, original PLA images are
shown in Online Supplementary Figures S4).

To visualize the cell type-specific expression of the
PDGF signaling components, we performed multiplexed
staining of PDGF signaling components in the bone mar-
row (Figure 4). We observed PDGFRa expression pre-
dominantly in megakaryocytes, whereas PDGERp

A Pdgfra B Pdgfrb c Pdgfa D Pdgfb
15 e e 25 * w* ek 5 e e ok 15 *
s g ¥ g’ s
E 10 E . E % E 10
2 & g : 2
5 1=
oo e e T e ] o 2 1= B R T
O O I R T G S R S S R I S
L ep\? ] L 06" 1L c’@\? 1 L Qy 1 L @‘? 1L Q#P 1 L @5‘? 1L Qq;? 1L e’? 3 L C’W@ 1L QP& 1L c”b@ I}
5mM 10M 15M 5M mom 15 M 5M 10M 15 M 5M 10M 15M
E F o PDGFRu G 250 PDGFRp N
rolling circle - gl o 20
product 3 $
- 2 S 150
b g 4 e
g @@@@@ i
€ 20 L
R R
L o 1L © 1L o I} L c’é 1 L © 1 L 0@ '}
5M 10M 15M 5M 10M 15M
" probe
plus
2000: PDGF-A 100 PDGF-B .
anti-PDGFR % 2 ® -
1 [
antibody : :w
. S 1000 2
£ s - % @
PDGFR &f&:‘&gf I G
L c.,&o 1L 6y 11 © 1 L <°$ J L © 1L @é? 1
5M 10M 15M 5M 10Mm 15M

Figure 3. Expression of platelet-derived growth factors (PDGF) and their receptors in the bone marrow of Gata-1* mice at 5 months (5 M), 10 months (10 M) and
15 months (15 M) of age. (A) Quantitative polymerase chain reaction (qPCR) analyses of Pdgfra, (B) Pdgfrb, (C) Pdgfa, and (D) Pdgfb in the bone marrow of
Gata-1"mice and age-matched wild-type (WT) controls. n=7 mice per group. (E) lllustration of a single recognition proximity ligation assay (PLA) as a sensitive means
to quantify protein expression in situ. (F) Quantitative analyses of PDGFRa, (G) PDGFRf, (H) PDGF-A, and (I) PDGF-B protein expression by single recognition PLA in
the bone marrow of Gata-1°* mice and age-matched WT controls. n=6 mice per group. 3170-7935 nucleated cells per mouse were analyzed for the presence of
rolling circle products (RCP). *P<0.05, **P<0.01, ***P<0.001 versus the control group by Student t-test.
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Figure 4. Multiplex staining of
platelet-derived growth factors
(PDGF) and their receptors in the
bone marrow of Gata-1°* mice at 5
months (5 M), 10 months (10 M) and
15 months (15 M) of age.
Representative images showing
femoral bone marrow of Gata-1*
mice and wild-type (WT) control mice
stained for PDGF receptor o
(PDGFRa, yellow), PDGF receptor f
(PDGFR{, green), PDGF-A (cyan) and
PDGF-B (magenta). 10 images at 40x
magnification were acquired within
the femoral bone marrow for each
group. Nuclei were counterstained
with DAPI (blue), scale bars in lower
panels=20 um.

PDGF-B
Gata-1low

WT
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marked spindle-shaped stromal cells in early and overt
fibrotic bone marrow of Gata-1"" mice. Staining of the
ligand PDGF-A showed expression in a wide variety of
different hematopoietic cells, whereas PDGE-B mainly
derived from megakaryocytes, suggesting a paracrine
effect of PDGE-B on PDGFRf in bone marrow fibrosis.

Whereas megakaryocyte dysplasia and proliferation is
a defining feature of PMF, fibroblast proliferation leading
to a progressive fibrosis is the key pathological aspect of
PME Given the distinct expression of PDGFRp in stromal
cells of early fibrotic and fibrotic bone marrow, we fur-
ther concentrated on the dynamics of PDGFRf and its lig-
and PDGF-B.
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Ligand-activation and regulation of PDGFRP during the
development of myelofibrosis

The increased protein expression of PDGFRp and its lig-
and PDGE-B in overt myelofibrosis prompted us to inves-
tigate the interaction of both signaling components i situ.
To analyze PDGFRB-PDGF-B binding, we performed a
PLA using combined primary antibodies detecting
PDGEFRp and PDGEF-B (Figure 5A). The assay allows for
the detection and quantification of signals and showed an
increased interaction of receptor and ligand in overt fibrot-
ic bone marrow of 15-month-old Gata-1°* mice (Figure
5B, original PLA images are shown in Online Supplementary
Figures S5). This is in accordance with enhanced protein
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Figure 5. Interaction analysis of platelet-derived growth factor receptor § (PDGFRB) with PDGF-B and PDGFRp tyrosine phosphorylation in the bone marrow of
Gata-1"" mice at 5 months (5 M), 10 months (10 M) and 15 months (15 M) of age. (A) lllustration of a proximity ligation assay (PLA) for the analysis of PDGFRf-
PDGF-B interaction. (B) Quantitative analysis of PDGFRB-PDGF-B interaction by PLA in the bone marrow of Gata-1"" mice and age-matched wild-type (WT) controls.
(C) lllustration of a PLA for the analysis of PDGFR tyrosine phosphorylation. (D) Quantitative analysis of PDGFRf tyrosine phosphorylation by PLA in the bone marrow
of Gata-1"* mice and age-matched WT controls, n=6 mice per group, 2670-9001 nucleated cells per mouse were analyzed for the presence of rolling circle products
(RCP). (E) gPCR analyses of Ptpn1, (F) Ptpn2, (G) Ptpn6, (H) Ptpn11, (1) Ptpn12 and (J) Ptprj, n=7 mice per group, *P<0.05, **P<0.01, ***P<0.001 versus the con-

trol group by Student t-test.
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expression of both PDGFRB and PDGE-B in the bone mar-
row of 15-month-old Gata-1"" mice and suggests an
increased activation of intracellular signaling in the overt
fibrotic stage. To further analyze the activation status of
the receptor, we applied a PLA combining PDGFRpB and
phosphotyrosine-targeting primary antibodies to analyze
PDGEFRP phosphorylation in situ (Figure 5C). Surprisingly,
we did not observe increased PDGFRf tyrosine phospho-
rylation at any stage of myelofibrosis in Gata-1"" mice
(Figure 5D, original PLA images are shown in Online
Supplementary Figure 5). To verify these results, we per-
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formed both an enzyme-linked immunosorbent assay
(ELISA) with isolated protein from fresh frozen material
and in situ staining for PDGFRpB phosphorylation at Y. In
line with the PLA data, no differences in tyrosine phos-
phorylation were detectable between the WT animals and
Gata-1"" mice at all ages (data not shown). These results
suggest the presence of further counter-regulatory mecha-
nisms, such as PTP. Therefore, to investigate the contribu-
tion of the different PTP regarding the PDGFRp phospho-
rylation status, we screened RNAseq data from
10-month-old Gata-1°" mice and WT controls for differ-

Figure 6. Expression and interaction dynamics of the phosphatase T-cell protein tyrosine phosphatase (TC-PTP) and platelet-derived growth factor receptor f
(PDGFR) in the bone marrow of Gata-1°* mice at 5 months (5 M), 10 months (10 M) and 15 months (15 M) of age. (A) Quantitative analyses of TC-PTP protein
expression by single recognition proximity ligation assay (PLA) in the bone marrow of Gata-1"* mice and age-matched wild-type (WT) controls. (B) Representative
images showing femoral bone marrow of Gata-1"*mice stained for PDGF receptor § (PDGFRf, green) and TC-PTP (red). Nuclei were counterstained with DAPI (blue),
scale bars=20 mm. (C) lllustration of a PLA for the analysis of PDGFRB-TC-PTP interaction. (D) Quantitative analysis of PDGFRB-TC-PTP interaction by PLA in the
bone marrow of Gata-1"*mice and age-matched WT controls, n=6 mice per group. 4051-9101 nucleated cells per mouse were analyzed for the presence of rolling
circle products (RCP). *P<0.05 versus the control group by Student t-test.

haematologica | 2020; 105(8)




ential expression of all classical PTP and the dual-specific
phosphatase Pren. These analyses included the six PTP
which are known to target PDGFRB.”* However, Pipn1
(encoding PTP1B), Pipn2 (encoding TC-PTP), Pipné
(encoding SHP-1), Pipn11 (encoding SHP-2), Ptpni12
(encoding PTP-PEST), and Piprj (encoding DEP-1) were not
differentially expressed in the bone marrow of early
fibrotic, 10-month-old mice (data not shown). To comple-
ment these data with gene expression analyses for
Gata-1"" mice of all ages, and to overcome the small sam-
ple size (n=3 mice per group) in the RNAseq analyses, we

PDGFRp regulation in murine myelofibrosis -

performed qPCR analyses for Piyni, Piyn2, Piyné, Piyni,
Pipn12, and Ptprj. Indeed, in the gene expression analyses
we observed distinct expression dynamics among gene
expression of these PTP (Figure SE-J). Overall, the data
generated by qPCR from early fibrotic bone marrow of
10-month-old Gata-1"" mice displayed pronounced bio-
logical variances, possibly contributing to the lack of sig-
nificance within the RNAseq data. Interestingly, Prpn1 and
Piprj gene expression, analyzed by qPCR, showed
decreased expression in pre-fibrotic bone marrow. There
was an increased expression of Piyn11 and Ptyn12 in early
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Figure 7. Regulation of platelet-derived growth factor receptor B (PDGFRp) signaling and proliferation of NIH-3T3 fibroblasts by T-cell protein tyrosine phosphatase
(TC-PTP). (A) Immunoblot of Ptpn2 knock down (KD) and non-targeting (NT) control cells, untreated (-) and stimulated with 50 ng/mL PDGF-BB (+) for 5 minutes.

(B) Densitometric analyses of TC-PTP, (C) pPDGFRf Y™, (D) pPDGFRp Y***, (E)

pPLCY1 Y™, (F) pAKT S*%, (G) pERK1/2 T*°?/Y***. (H) Proliferation curves of Ptpn2

KD and NT control cells cultured in 1% and 10% fetal bovine serum (FBS). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by analysis of variance with post hoc

Tukey correction.
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fibrotic bone marrow. In overt fibrotic bone marrow,
Pipn2 and Ptpni11 gene expression was enhanced. Since
TC-PTP (Pipn2) has previously been ascribed an essential
role in normal hematopoietic function,®”* we further
focused on PDGER@ regulation by TC-PTP. Given the con-
clusive increase in Ptyn2 gene expression in overt fibrotic
bone marrow, we next analyzed TC-PTP protein expres-
sion in the different fibrotic stages in Gata-1"" mice.
Quantitative analysis of TC-PTP protein expression by
PLA confirmed an increased expression in early and overt
myelofibrosis (Figure 6A, original PLA images are shown
in Online Supplementary Figure S5). In addition, i situ imag-
ing showed ubiquitous expression of TC-PTP in the bone
marrow of Gata-1°" mice (Figure 6B). TC-PTP staining
was positive in a wide variety of hematopoietic cells,
megakaryocytes and in spindle-shaped cell structures,
raising the question if TC-PTP directly regulates PDGFRpB
in bone marrow stromal cells. To determine the interac-
tion of PDGFRP and TC-PTP, we again applied the sensi-
tive proximity ligation technique (Figure 6C) and detected
increased interaction of PDGFRp and TC-PTP in early and
overt fibrotic bone marrow of Gata-1°" mice (Figure 6D,
original PLA images are shown in Ounline Supplementary
Figure S5).

TC-PTP in PDGFRP signaling and proliferation
in fibroblasts in vitro

Our findings of increased PDGFRf and TC-PTP expres-
sion and interaction led us to further analyze the regula-
tion of PDGFRB by TC-PTP in fibroblasts in vitro. We
knocked down Ptpn2 in NIH-3T83 fibroblasts and stimulat-
ed cells with PDGE-BB (Figure 7A). Transfection with
Pipn2-targeting siRNA resulted in a moderate but signifi-
cant knockdown (KD) compared to cells transfected with
non-targeting (NT) siRNA (Figure 7B). We observed a con-
secutive increase in PDGFRp phosphorylation at Y and
downstream AKT signaling in Piyn2 KD cells (Figure 7C
and F). However, there was no substantial effect on down-
stream ERK signaling (Figure 7G). PDGFRB phosphoryla-
tion at Y'™, as well as downstream PLCy activation, was
increased in Pipn2 KD cells (Figure 7D and E). We further
monitored proliferation of Pipn2 KD cells (Figure 7H) and
did not find any evident differences in proliferation in cells
cultured in complete growth medium containing 10%
fetal bovine serum (FBS). However, when cells were
exposed to serum-reduced medium (1% FBS), Pipn2 KD
cells showed increased growth rates compared to NT con-
trol cells.

Discussion

In this study, we provide detailed analyses of the
expression patterns of PDGFRP signaling in the bone mar-
row of Gata-1"" mice at different fibrotic disease stages
using RNAseq, qPCR, in situ protein expression analyses,
multiplex staining and PLA. Early and overt fibrotic bone
marrow was characterized by increased expression of
PDGF signaling components and overt fibrosis by an
increase in PDGFRB-PDGE-B interaction. Since PDGFRp
tyrosine phosphorylation levels were not increased, the
regulation of PDGFRf by PTP was investigated. Ptpn2
gene as well as TC-PTP protein expression was increased
in fibrotic bone marrow of Gata-1°* mice. Furthermore,
enhanced PDGFRB-TC-PTP interaction was observed in

early and overt myelofibrosis, potentially counteracting
PDGEFRp phosphorylation. Likewise, Pipn2 KD increased
PDGEFRp tyrosine phosphorylation at Y and Y'”' and
resulted in enhanced downstream AKT and PLCy1 signal-
ing in fibroblasts. Furthermore, Pryn2 KD cells showed a
growth condition-dependent increase in expansion rate.
Thus, while PDGF signaling is differentially regulated dur-
ing PMEF, PTP seem novel and so far unrecognized compo-
nents in disease development. Previously not applied in
bone marrow, PLA might add to diagnostics as a novel
technique.

Intense efforts have been made to understand the mech-
anisms leading to PME focusing on genetic analysis.
However, the PMF-associated driver mutations leading to
aberrant activation of JAK-STAT signaling are not unique
to PMF but also occur in other MPN, namely essential
thrombocythemia and polycythemia vera. Although one
of the driver mutations is sufficient to induce PMF in
patients, they are often accompanied by other mutations
and epigenetic changes.”® However, there is still no dis-
tinct molecular marker available for the respective MPN,
emphasizing that the underlying mechanisms directing
the different MPN are not yet understood. The discovery
of JAK-STAT-associated mutations led to the development
of JAK inhibitors and since its US Food and Drug
Administration approval in 2011, the JAK1/2 inhibitor
ruxolitinib has become part of combined standard therapy
for PMF patients. Long-term treatment with ruxolitinib
reduces spleen size and prolongs the overall survival of
PMEF patients.” However, there is no improvement or
reversal of bone marrow fibrosis. Furthermore, efficacy of
ruxolitinib is limited by drug resistance,” and JAK inhibi-
tion does not abrogate clonal proliferation.” Recently,
PDGFRa signaling was shown to remain active despite
JAK?2 inhibition in vivo and is a cell-intrinsic bypass for
maintaining downstream ERK signaling upon ruxolitinib
treatment.” To date, allogeneic stem cell transplantation is
the only curative treatment for PMF; however, transplan-
tation is only suitable for a subset of high-risk patients and
limited by comorbidities and donor availability.*"*

Gata-1°" mice were characterized by a marked throm-
bocytopenia, splenomegaly and progressive anemia start-
ing before 5 months of age. Enrichment analyses of
RNAseq data from early fibrotic bone marrow of Gata-1""
mice revealed that genes implicated in PDGF binding are
most over-represented within the up-regulated genes. We
further observed enhanced PDGFRpB and PDGE-B protein
expression at 15 months of age, along with an increase in
PDGFRB-PDGEF-B interaction, analyzed by PLA.

However, we did not detect an increase in PDGFRpB
tyrosine phosphorylation in the bone marrow of Gata-1°*
mice. This observation raised the question as to whether
other mechanisms are involved in the regulation of the
receptor in fibrotic bone marrow. Since a number of PTP
have been identified, which site-selectively dephosphory-
late PDGFRB, namely PTP1B, TC-PTP, SHP-1, SHP-2, PTP-
PEST and DEP-1,% an increased expression of these PTP
might be responsible for the absence of an increased
PDGEFRP phosphorylation. Indeed, our data showed dis-
tinct dynamics in gene expression of these PTP.

We observed decreased Pipn1 and Piprj gene expression
in pre-fibrotic bone marrow in Gata-1" mice. The rele-
vance of these PTP as potential diagnostic markers could
be validated in a translational clinical approach. In con-
trast, Pipn2, Pipn141 and Pipn12 showed an increased gene



expression during the development of myelofibrosis in
Gata-1"" mice. Pipn11, encoding the phosphatase SHP-2,
has been described as positive regulator by mediating
binding of Grb2 and thus promotes ERK signaling.**
Therefore, interpretation of enhanced Ptpn11 expression is
complex and context dependent. Pipn12, coding for PTP-
PEST, has previously been implicated in dendritic cell
migration and macrophage fusion.** However, data on
Pipn12 involvement in bone marrow malignancies are
scarce. Ptpn2 and its gene product TC-PTP, however, play
a pivotal role in normal hematopoietic and stromal cell
function, as emphasized by studies using TC-PTP defi-
cient mice. Homozygous mice die 3-5 weeks after birth
with severe defects in hematopoiesis.”* Transplantation
experiments further suggest that TC-PTP knockout leads
to changes in the bone marrow microenvironment, which
impede normal HSC function.* This supports the findings
in our study, which indicate that TC-PTP expression in
bone marrow stromal cells and the interaction with
PDGEFRp might be important mediators of changes in the
bone marrow microenvironment during the development
of myelofibrosis. Ptyn2 gene expression was increased in
overt fibrotic bone marrow of Gata-1°"mice, implicating
the importance of TC-PTP also with regard to PDGFRpB
regulation. TC-PTP is ubiquitously expressed but shows
strong expression in cells of the different hematopoietic
lineages. We observed TC-PTP expression in hematopoi-
etic cells, megakaryocytes as well as in stromal cells with-
in the bone marrow. In addition to PDGFRpB, TC-PTP
dephosphorylates EGFR and JAK-STAT signaling compo-
nents.”* Importantly, there are several lines of evidence
showing TC-PTP is involved in a number of bone marrow
alterations.®**¥ Ultimately, a pharmacological approach
with a highly efficient modulator of TC-PTP activity in
vivo will be needed to provide evidence for TC-PTP contri-
bution to the pathogenesis of myelofibrosis, which is a
limitation of our study. A direct pharmacological interven-
tion of TC-PTP in vivo, however, is not currently available.
Consistent with other studies,” we were able to show a
counter-regulation of PDGFRp by TC-PTP in fibroblasts in
vitro. Pipn2 KD resulted in enhanced PDGFRp tyrosine
phosphorylation at Y, which serves as a binding site for
PI3K.* Conclusively, we detected an increase in down-
stream AKT activation as a central mediator of cell prolif-
eration. PDGFRP phosphorylation also activates Ras and
downstream ERK signaling;* however, we did not
observe increased ERK signaling in Pipn2 KD cells. Ptpn2
KD further led to increased PDGERf tyrosine phosphory-
lation at Y', resulting in enhanced downstream PLCyl
activation, suggesting a possible role of downstream pro-
tein kinase C and Ca’ signaling.

We observed that Piyn2 KD fibroblasts cultured in com-

plete growth medium containing 10% FBS did not have an
apparent superiority in proliferation. However, we detect-
ed increased growth rates in Prpn2 KD cells exposed to
reduced-serum media containing 1% FBS. This suggests
that under conditions of high abundance of growth factor
differences in proliferation in Pipn2 KD cells are abolished,
while these are apparent during serum-deprivation. Other
studies using murine skin cancer models showed that TC-
PTP controls proliferation and survival via AKT and
STATS activation.”* Furthermore, emphasizing the role
of TC-PTP in hematopoietic cells, TC-PTP controls T-cell
proliferation.* Our data, based on a moderate KD, indi-
cate that more discrete changes in TC-PTP expression
controls cell growth mainly when the availability of
growth components is limited.

In this study, we applied a PLA as a novel technique to
analyze in situ alterations in bone marrow disease progres-
sion. The data acquired by PLA are generally in good
agreement with our data acquired by multiplex staining,
as another antibody-based method. While some discrep-
ancies remained, further optimization regarding this tis-
sue-specific approach are desired. This refers in particular
to fluorescent signals, which are distinct from the clearly
recognizable RCP. Those are most likely not ascribed to
primary antibody binding but are caused by binding of
oligonucleotides conjugated to secondary antibodies (PLA
probes). Indeed, such signals have also been observed
using DNA probes in in siu hybridization (FISH)
approaches on bone marrow tissue and are associated
with eosinophils.® Future studies in patient material are
warranted to evaluate the applicability of the PLA as a
diagnostic tool in early disease stages, to monitor disease
progression and response to JAK inhibition. These analyt-
ical methods should carefully consider pre-analytic pro-
cessing such as specific decalcification protocols and
archiving conditions for long-term storage of specimens.

In summary, PDGF signaling components display major
alterations in bone marrow fibrosis. While PDGF and their
cognate receptors are dynamically regulated, PTP repre-
sent previously unrecognized contributors that control
PDGEF signaling in myelofibrosis. As this study focused on
PDGFRB-TC-PTP interaction within the bone marrow
in situ microenvironment, future examination of PDGFRpB
regulation by TC-PTP in primary stromal cells from
mouse models and from PMF patients will help to eluci-
date the precise role of TC-PTP in the development of
bone marrow disease.
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