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Growth Factors, Cytokines, Cell Cycle Molecules

Bone Morphogenetic Proteins Are Overexpressed in

the Bone Marrow of Primary Myelofibrosis and Are
Apparently Induced by Fibrogenic Cytokines
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Birgitt Wiese,! Jerome Schlué,* and Hans Kreipe*

From the Institute of Pathology,* and the Institute of Biometrics,
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Primary myelofibrosis (PMF) is a myeloproliferative
neoplasia characterized by progressive deposition of
extracellular matrix components in the bone mar-
row. The involvement of members of the bone mor-
phogenetic protein (BMP) family in aberrant bone
marrow matrix homeostasis in PMF has not yet been
investigated. Therefore, we analyzed expression of
BMP1, an activator of latent transforming growth fac-
tor -1 (TGFB-1) and processor of collagen precur-
sors, and other BMPs in bone marrow from PMF
patients and controls (n = 95). Expression of BMP1,
BMPG6, BMP7, and BMP-receptor 2 was significantly
increased in advanced stages of myelofibrosis com-
pared with controls (P = 0.01), and enhanced levels
of BMP6 expression were already evident in prefi-
brotic stages of PMF. Immunohistochemistry showed
that bone marrow stromal cells and megakaryocytes
were the major cellular sources of BMP1 protein. Be-
cause TGFf-1 and basic fibroblast growth factor have
been shown to be important in the development of
myelofibrosis, we studied the induction of BMPs by
these cytokines in cultured fibroblasts. Fibroblasts
treated with TGF@-1 showed a pronounced up-regula-
tion of BMP6, suggesting that stromal cells may be sus-
ceptible to BMP activation by cytokines with a proven
role in the pathogenesis of PMF. We conclude that BMP
family members may play an important role in the
pathogenesis of myelofibrosis in PMF and are appar-
ently induced by cytokines such as TGFB-1. (Am J
Patbol 2008, 172:951-960; DOI: 10.2353/ajpath.2008.071030)

Primary myelofibrosis (PMF according to the latest propos-
als for a revised World Health Organization classification of
the myeloproliferative disorders') belongs to the group of

Philadelphia chromosome-negative chronic myeloprolifera-
tive diseases. PMF may present in a prefibrotic, hypercel-
lular phase? that progresses to bone marrow fibrosis during
the course of the disease. Other prominent features com-
prise increased bone marrow angiogenesis, enhanced cel-
lular trafficking of CD34™ progenitors, extramedullary he-
matopoiesis, and a variable risk for transformation into
acute leukemia.®* In up to 60% of patients, constitutively
activated Janus kinase (JAK2V6'"F) has been demon-
strated to be an underlying molecular defect probably
responsible for autonomous proliferation.® A minor
fraction (~5%) of PMF may show a gain-of-function
mutation in the thrombopoietin receptor myeloprolifer-
ative leukemia virus oncogene (MPLW815L/K) 6

The definite mechanisms leading to myelofibrosis in PMF
remain unclear, but it is well accepted that proliferation of
fibroblasts represents a reactive and therefore nonclonal
process.® Induction and sustainment of bone marrow fibro-
sis are mediated by a complex network of cytokines with
platelet-derived growth factor, basic fibroblast growth factor
(bFGF), and transforming growth factor g-1 (TGFB-1) being
the major effector molecules in this process.” Besides the
action of pro-fibrogenic factors with subsequent overpro-
duction of extracellular matrix (ECM) components, the
counteracting proteolytic environment, including collag-
enases/matrix metalloproteinases and their inhibitors,
substantially contribute to the development of PMF.*8

The family of bone morphogenetic proteins (BMP) cur-
rently comprises 20 members®. BMP1 to BMP7 are the
most frequently investigated subtypes. The factor discov-
ered first, BMP1, was initially extracted from bone lysates
and was found to be capable of inducing ectopic bone
formation.'® ' BMP1, unlike BMPs 2 to 7, is not a TGFB-
like protein but acts like a metalloproteinase. Hence,
BMP1 is known to process a large set of ECM precursor
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molecules such as pro-collagen types | to Il to mature
fibrils. Furthermore, BMP1 cleaves the latent binding com-
plex containing inactive TGFB-1 in the ECM, thereby allow-
ing matrix metalloproteinases such as matrix metallopro-
teinase-13 to fully activate TGFB-1.">'2 Interestingly, BMP1
also seems to mediate resistance of fibroblasts to apoptosis
in vitro via processing of the proteoglycan Perlecan.’® In
endothelial cells, BMP-1 overexpression was shown to be
restricted to areas of tumor angiogenesis in vivo.'®

BMP family members other than BMP1 were shown to
exert different effects on the development of fibrosis in
solid organs and also tumorigenesis. For instance, BMP6
was a predominant mediator of fibrosis in experimental
skin tumors,'® whereas BMP7 was shown to protect
against glomerular fibrosis and collagen accumulation in
an animal model of diabetic nephropathy and in experi-
mental cardiac fibrosis.'”'® Interestingly, in a recent
mouse model showing deficiency in GATA-1 expression
(GATA-1"""), members of the BMP family were shown to
be essentially involved in early osteosclerosis.'®

Site-directed mutagenesis in vitro provided evidence
that a point mutation in human BMP1 (E483K) abolished
the ability of BMP1 to cleave pro-collagen type 1.2° The
entire CUB Il domain was lastly identified to be essential
for proteinase activity of BMP1.

In summary, members of the BMP family seem to be
involved in ECM synthesis and formation, homeostasis of
fibroblasts, and angiogenesis rendering them attractive
target molecules that contribute to myelofibrosis and an-
giogenesis, in PMF. To test the hypothesis of a relevant
role of BMPs in PMF pathogenesis, we 1) analyzed BMP
expression in fibroblasts treated with TGFB-1 and bFGF
in vitro, and 2) consecutively investigated PMF bone mar-
row samples for BMP expression in correlation with the
stage of disease, ie, grade of myelofibrosis. An explor-
ative mutation screening was performed to uncover a
potential mutation in the CUB Il domain of BMP1. To
obtain a much closer insight into dynamics, we monitored
BMP1 and BMP6 expression in PMF during the course of
disease.

Materials and Methods
Bone Marrow Study Group

Formalin-fixed and paraffin-embedded bone marrow tre-
phines with PMF diagnosed according to the World

Table 1.

Clinical Parameters, Including Frequency and Mutant T Allele Burden of JAK

Health Organization criteria were retrieved from the bone
marrow registry of the Institute of Pathology, Hannover
Medical School. Bone marrow trephines were routinely
fixed in phosphate-buffered formalin (pH 7.4) for 24
hours. The decalcification step was performed in an
EDTA-based solution (pH 7.5) for up to 48 hours or by
application of an ultrasound bath allowing a shortened
processing period of less than 24 hours. The study group
(n = 95) comprised hypercellular, prefibrotic PMF (n =
27), advanced PMF with manifest myelofibrosis (n = 43),
and 25 control cases showing normal hematopoiesis or a
mild reactive hyperplasia of the megakaryocytic lineage.
According to the World Health Organization classification
in close agreement with clinical data, patients’ bone mar-
row trephines were diagnosed as PMF in the years 2000
to 2005. No prior history of PMF or a related chronic
myeloproliferative disease was recorded in the study
group. PMF cases were re-evaluated and subdivided into
two groups depending on the degree of myelofibrosis
(mf) after silver impregnation (Gomori) as described pre-
viously.?"22 In brief, hypercellular PMF cases showing no
deposition of fibers were graded as mf 0, and a mild
increase of reticulin fibers (collagen type Ill) led to grade
mf 1. Advanced PMF showing a manifest myelofibrosis
with extended collagen deposits (type | + IllI) and intra-
sinusoidal hematopoiesis were graded as mf 2. In addi-
tion, demonstrable osteosclerosis and bone apposition
were classified as grade mf 3. For a summary of patients’
clinical data, see Table 1.

Sequential bone marrow trephines in another nine pa-
tients with PMF were investigated for individual dynamics
of BMP1 and BMP6 mRNA expression during the course
of the disease. Note that these nine individual patients
are not part of the PMF group summarized in Table 1.

Quantitative Genotyping for a Potential
Underlying JAK2Y6"7F and MPL"°"°- Mutation
by Pyrosequencing

We applied pyrosequencing assays that allow the quan-
tification of mutant JAK2V617F or MPLY5 5" alleles in bone
marrow cells.® Amplicons covering the hotspot point mu-
tations (JAK2G1849T and \yp| G1844T - ragpectively) were
amplified by PCR from 25 ng of genomic DNA extracted
by means of the Qiagen DNeasy kit (Qiagen, Hilden,
Germany) using primers JAK2 forward, 5'-TATGATGAG-

2V017" Mutations

PMF mf 0/1 (n = 27)

PMF mf 2/3 (n = 43) Control (n = 25)

JAK2™ (n = 12)

JAK2YETTF (0 = 15)  JAK2" (n = 21) JAK2YS'TF (n = 22) JAK2™ (n = 25)

Mutant T allele burden (%)

34.0 (14.0 to 86.0)

50.0 (6.0 to 94.0)

Erythrocytes (10%/ul) 6(2.2t05.3) 45(4.2106.6) 4(2.7t04.0) 4.0(2.7t08.1) 9 (3. 7 t0 5.7)
Hemoglobin (g/dl) 11 3 (9.6t0 14.2) 14 1 (10.3to 16.6) 8.6 (6.3t0 10.8) 10 8(3.0to0 16.8) 14 8(9.4t0 16.6)
Hematocrit (%) 34 (30 to 49) 41 (32 to 52) 0 (26 to 40) 33 (26 to 56) 45 (31 to 50)
Leukocytes (10%/ul) 2(5.0t031.8) 11.0 (2.9t0 22.9) 95(8.1t087.5) 10.8(3.8t048.1) 2 (2.810 15.5)
Thrombocytes (10%/ul) 696 (530to 1919) 711 (430to 1340) 343 (16to 1081) 257 (84 to 1415) 212 (2210 639)
Age (years) 67 (37 t0 79) 64 (34 to 81) 62 (49 to 83) 70 (50 to 83) 59 (11 to 82)
Sex (m/f) 8/4 4/11 15/6 12/10 16/9

No MPLW®'8L mutation was detected in the PMF group. The median values are displayed (range). wt, wild type.



CAAGCTTTCTCACAAG-3'; JAK2 reverse, 5'-AGAAAG-
GCATTAGAAAGCCTGTAGTT-3" (GenBank accession
no. AL161450) generating a 102-bp product; MPL for-
ward, 5'-ATCTCCTTGGTGACCGCTCTG-3'; and MPL re-
verse, 5’-TGGTCCACCGCCAGTCTG-3" (GenBank ac-
cession no. U68161) generating a 130-bp product with
an additional 5’-biotin tag on respective reverse primers
in a final volume of 50 ul. Pyrosequencing was performed
as previously described.?® In brief, single-stranded PCR
products were prepared by streptavidin Sepharose beat
sorting and JAK2 and MPL specific sequencing (S) prim-
ers (JAK2-S 5'-GGTTTTAAATTATGGAGTATGT-3', nu-
cleotides 55039 to 55060 in GenBank accession no.
AL161450, MPL-S 5'-GCCTGCTGCTGCTGAGGT-3', nu-
cleotides 1085 to 1102 in GenBank accession no.
U68161) were applied to perform sequencing analysis
and subsequent allele quantification in a PSQ 96MA in-
strument by using the SNP software (Biotage, Uppsala,
Sweden). As described previously,® samples were scored
as heterozygous for JAK2V8'7F if the percentage of mutant
T alleles exceeded 5%. Homozygosity for JAK2V6'"F was
considered when allele burden exceeded 50.0%.

Samples under investigation were accompanied by positive
controls (JAK2Y6'"F cell lines HEL and SET-2; PMF patient with
MPLW815E a5 evidenced by direct sequencing) and a negative
control (JAK2VId-yPe\MPLWiIdPe gell fing HL-60).

Frequencies of potential JAK2V81"F and MPLW5'- mu-
tations are summarized in Table 1.

In Vitro Expression of BMPs by Human
Fibroblasts

Primary human fibroblasts (cell line F-18, kindly provided by
Dr. Miriam Wittmann, Department of Dermatology and Al-
lergology, Hannover Medical School, and cell line M15D%%)
were grown as monolayer cultures in RPMI containing
10% fetal calf serum and antibiotics until subconfluence
was reached. Cells were then cultured for 24 hours in
RPMI 1640 containing 0.5% fetal calf serum and antibi-
otics in the presence of recombinant bFGF (2 ng/ml, 2
pg/ml stock prepared in 4 mmol/L HCI; 234-FSE; R&D
Systems, Minneapolis, MN) and recombinant TGFB-1 (2
ng/ml, 2 ug/ml stock prepared in 4 mmol/L HCI; 240-B;
R&D Systems). Controls were cultured in parallel by us-
ing solely the vehicle HCI in RPMI 1640 containing 0.5%
fetal calf serum and antibiotics. In vitro experiments were
performed in duplicate.

Quantitative Real-Time PCR

Total RNA was extracted from cell cultures by using the
TRIzol reagent (Invitrogen, Karlsruhe, Germany). As we
previously described,® total RNA was extracted from
total formalin-fixed and paraffin-embedded bone marrow
cells after guanidinium isothiocyanate/Proteinase K-based
digestion and conventional organic extraction using phe-
nol/chloroform. Total RNA (1 ng), pretreated with RNase
free (Rnase-) DNase (1 U/ng RNA; RQ1; Promega, Mad-
ison, WI), was transcribed into the complementary DNA
using 500 ng of random hexamers (Amersham Pharma-
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cia, Piscataway, NJ) and 200 U of SuperScript Il Rnase-
Reverse Transcriptase (Invitrogen) in a volume of 20 ul
following the manufacturer’s protocol. Negative controls
were performed by pipetting water instead of reverse
transcriptase. Real-time RT-PCR was performed on an
ABI PRISM 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA).

After determination of PCR efficiency and demonstra-
tion of linearity of PCR amplification for target and house-
keeping genes, a relative quantification approach was
performed using the AACT— method as described pre-
viously.®2¢ All samples were measured in duplicate. Se-
quences of PCR primers and TagMan probes used in this
study are listed in Table 2.

Explorative Screening for a Potential Point
Mutation (E483K) in the CUB Il Domain of
BMP1 in PMF

A 237-bp DNA fragment was amplified covering the po-
tential hotspot mutation G1476A (GenBank accession no.
NM001199) in the CUB Il domain of BMP1. Amplification
of 25 ng DNA derived from total bone marrow cells of
advanced PMF (n = 22) and controls (n = 3) was per-
formed in a GeneAmp PCR System 2700 (Applied Bio-
systems) followed by direct sequencing in an ABI 310
Genetic Analyzer (Applied Biosystems). Primer se-
quences are listed in Table 2.

Immunohistochemistry

Immunohistochemistry for BMP1 in PMF (mf 0/1, n = 10;
mf 2/3, n = 15) and control bone marrows (n = 10) was
performed on bone marrow slides with a goat anti-human
BMP1/PCP antibody (AF1927; R&D Systems). This anti-
body recognizes the amino acid sequence 121 to 730 of
the mature BMP1 protein. After pretreatment in a pres-
sure cooker at 125°C in citrate buffer (10 mmol/L, pH 6.0)
for 3 minutes, the primary antibody was applied in a
dilution of 1:50 before incubation for 1 hour at room
temperature. Visualization was performed with the DAB
Zytomed kit (DAB057; Zytomed Systems, Berlin, Ger-
many) according to the manufacturer’s instructions and
by counterstaining with hematoxylin. The protocol was
strictly accompanied by a positive control (kidney tissue)
and negative controls (samples were processed by omis-
sion of primary antibodies).

Statistics and Graphics

To analyze differences of mRNA expression in prefibrotic
PMF, advanced PMF, and non-neoplastic hematopoiesis,
nonparametric Kruskal-Wallis tests were performed fol-
lowed by Dunns post test for pairwise group differences.
For potential correlation of JAK2 status (allele burden)
and BMP expression, unpaired t-tests and one-way anal-
ysis of variance tests were performed. P values =0.05
were considered as statistically significant. Graphics were
designed using GraphPadPrism, Version 5.0 (GraphPad
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Table 2.

Primer and Probe Sequences Used throughout This Study

Primer and probes

Sequence or published reference

GenBank accession number,
amplicon size (bp)

BMP1 forward
BMP1 reverse
BMP1 probe
BMP2 forward
BMP2 reverse
BMP2 probe
BMP4 forward
BMP4 reverse
BMP4 probe
BMP6 forward
BMP6 reverse
BMP6 probe
BMP7 forward
BMP7 reverse
BMP7 probe
BMP-R2 forward
BMP-R2 reverse
BMP-R2 probe
PLOD2 forward
PLOD?2 reverse
PLOD2 probe
BMP1-CUBII forward
BMP1-CUBII reverse

COL1 Ref 8
B-GUS Ref.?
HSP-70.1 Ref.?

5'-CAGTCCTTTGAGATTGAGCGC-3’
5'-TGCTGCTCTCACTGTGCCC-3'
5'-ACGACAGCTGTGCCTACGACTATCTGGAGGT-3'
5'-CAACACTGTCGCAGCTTC-3'
5'-GAAGAATCTCCGGGTTGTTTTC-3'
5'-CCATGAAGAATCTTTGGAAGAACTACCAGAAACGAGT-3'
5'-ACTGGTCTTGAGTATCCTGAGCGC-3'
5'-AAGCAGAGTTTTCACTGGTCCCT-3’
5'-TTCCACCACGAAGAACATCTGGAGAACATCC-3'
5'-GGAAGCATGAGCTGTATGTGAGTTT-3'
5'-AGTAATTGGCAGCATAGCATAGCCCTTG-3'
5'-AAGACCTGGGATGGCAGGACTGGATCA-3'
5'-CAAGAACCAGGAAGCCCTGC-3'
5'-TTCTTACAGGCCTGCCTCTGG-3'
5'-ATGGCCAACGTGGCAGAGAACAGCA-3’
5'-CTTTACTGAGAATTTTCCACCTCCTG-3'
5'-GCCAAAGCAATGATTATTGTCTCATC-3'
5'-CACAACACCACTCAGTCCACCTCATTCATTTAAC-3'
5'-ATGGACACAGGATAATGGCTGC-3’
5'-CACCTATTGATACGTTTGGATGGAC-3’
5'-CTCTTTGTGAATTCGATACAGTCGACTTGTCTGC-3'
5'-ACTGATGAAGCCTCGACCCC-3’
5'-AGAGTAACAGAGGAGGCACCTTTG-3’

NM 001199, 79

NMO001200.2, 82

NM001202.1, 109

NM001218.2, 84

NMO001719, 75

NM001204.5, 90

NM 182943, 89

NT023666, 237

NM 000088, 90

NM 000181, 81
NM 005345, 62

Probes were labeled with 5’-FAM and 3’-TAMRA.

Software, San Diego, CA) and SigmaPlot, Version 8.0
(SPSS, Inc., Chicago, IL).

Results

TGFB-1 and bFGF Induce Overexpression of
BMPs in Cultured Fibroblasts

The in vitro treatment of fibroblasts (cell lines M15D and
F-18) with TGFB-1 showed a prominent induction of tar-
get gene expression for all BMPs, including BMP-R2,
except for BMP7. In contrast to untreated fibroblasts,
BMP7 was undetectable by qualitative and quantitative
PCR approaches. Fibroblasts cultured in the presence of
bFGF showed a different response with restricted induc-
tion of BMP6 in M15D and F-18 but not other BMPs.
Increased expression of collagen-type 1 (COL1) and pro-
collagen-lysine 2-oxoglutarate 5-dioxygenase 2 (PLOD2)
served as markers for sufficient induction of collagen syn-
thesis by TGFB-1. No induction of COL1 and PLOD2 was
observed after stimulation by bFGF (Figure 1; Table 3).

PLODZ2 Is Overexpressed in the Advanced
Stages of PMF (mf 2/3)

We investigated a series of PMF (mf 0/1,n = 10; mf 2/3,n =
11) and control cases (n = 10) for PLOD2 mRNA expres-
sion to reproduce the data of PLOD2 mRNA induction by
TGFB-1 during in vitro culture of fibroblasts. We found a
significantly higher PLOD2 mRNA expression level in PMF
mf 2/3 (median, 3.0; range, 0.3 to 6.9) compared with con-

trols (median, 1.0; range, 0.5t0 2.6, P = 0.01), and a trend
toward a significant difference when compared with PMF mf
0/1 (median, 1.1; range, 0.4 to 5.0; P = 0.05). PMF mf 0/1
did not significantly differ from controls (P = 0.44).
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Figure 1. Bar chart plot of BMP expression in human fibroblasts cultured in
the presence of TGFB-1 and bFGF. Exaggerated expression of BMP6 by up
to 14-fold and induction of BMP1 and BMP-R2 could be demonstrated.
PLOD2 and COL1 induction was illustrated as a marker for TGFB-1-induced
collagen synthesis. BMP7 was not expressed in the presence of TGFB-1 and
bFGF but in controls. Note that induction was calculated relative to the
control cell culture (M15D and F-18; respectively) whose target-gene specific
expression was set to 1 (see also Table 3).
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Relative Levels of BMP Expression in Fibroblasts (M15D, F-18) Cultured in the Presence of TGFB-1 and bFGF

M15D  TGF-B1 [median (range)] bFGF [median (range)]

F-18 TGF-B1 [median (range)] bFGF [median (range)]

BMP1 1.8(1.61t01.9) 0.7 (0.6 10 0.8)
BMP6 14.4 (13.9 to 14.9) 48(1.9107.7)
BMP-R2 2.5 (2.4 10 2.6) 1.2(1.0t0 1.4)
PLOD2 6.2 (2.5 10 9.9) 0.5 (0.1 10 1.0)
COL1 2.0 (2.0t02.1) 0.3(0.2100.3)

BMP 1 2.3(1.9102.7) 0.6 (0.5 10 0.6)
BMP 6 12,5 (5.3 10 19.7) 1.8 (0.2 10 3.5)
BMP to R2 3.0(2.9103.1) 0.3(0.2100.5)
PLOD 2 6.7 (4.4 10 8.9) 1.0 (0.9 to 1.0)
COL 1 2.3(1.9102.6) 0.2(0.2100.3)

BMP1, -6, -7, and BMP-R2 mRNA Expression
in Different Stages of PMF

Advanced PMF stages showed a significantly increased
BMP1 mRNA expression of up to fivefold compared with the
hypercellular, prefibrotic stages (P < 0.01) and non-neo-
plastic hematopoiesis (P < 0.001). The prefibrotic stage
and advanced stages of PMF significantly overexpressed
BMP6 compared with control bone marrows (P < 0.01 and
0.001, respectively). BMP7 was increased in advanced
stages compared with the prefibrotic stage and controls
(P < 0.05). BMP-R2 was overexpressed in advanced PMF
compared with controls (P < 0.05). BMP2 expression
showed no difference between the groups under investiga-
tion (Figure 2).

Of note, only 20% of the cases showed an amplifiable
BMP4 mRNA in the qualitative RT-PCR approach. There-
fore, no further analysis of BMP4 by quantitative ap-
proaches was undertaken. A comprehensive compilation
of BMP expression levels is shown in Table 4.
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Figure 2. Point plot illustration of BMP mRNA expression in bone marrow
cells of hypercellular, prefibrotic PMF (PMF mf 0/1), advanced PMF (PMF mf
2/3), and controls. Horizontal bars represent median values of expression. P
values denote statistical relevance. Note that BMP mRNA expression in
control hematopoiesis was arbitrarily set to 1. A comprehensive illustration of
expression levels and potential correlation to grade of myelofibrosis and
underlying molecular defects is displayed in Tables 4 and 5.

Overexpression of BMPs in PMF Bone Marrow
Cells Is Not Correlated to the JAK2Y®17F Status
or Mutant Allele Burden

To test a potential relationship between BMP expression
and the JAK2 status, we analyzed PMF subgroups ac-
cording to the grade of myelofibrosis (mf 0/1 and mf 2/3)
and the JAK2 status. The allele burden of JAK2Ve'"F
cases (percentage of mutant T alleles) was further corre-
lated to mf grade in PMF and BMP expression level, but
no correlation was demonstrable. Table 5 exemplarily
shows the analysis for BMP1 in PMF.

Increased mRNA Levels of BMP1 and BMP6
Are Detectable During Progressive Myelofibrosis
in Individual Courses of PMF

We investigated nine individual courses of PMF with fol-
low-ups ranging from 12 to 48 months (median, 24 months)
and two to five sequential trephine biopsies (median, three
biopsies) for BMP1 and BMP6 mRNA expression. Three
patients showed a full-blown myelofibrosis (mf 2/3) at diag-
nosis and remained stable, and three cases started with a
mild reticulin fiber deposition (mf 0/1) and developed a
more severe myelofibrosis (mf 2). Two patients showed
progressive myelofibrosis (mf 2/3) after initial diagnosis of
hypercellular, prefibrotic PMF (mf 0), and another case re-
vealed persistence of the hypercellular phase during the
follow-up (mf 0). Six of nine individual courses of PMF re-
vealed a modest to strong increase of BMP1 mRNA expres-
sion by bone marrow cells (median, 4.4; range, 2.5 to 8.3).
In most cases, increasing BMP1 levels paralleled increas-
ing grades of myelofibrosis. In only one of nine cases was a
mild decrease of BMP1 expression during mf 1 to mf 2

Table 4. Relative Levels of BMP Expression by Bone

Marrow Cells in PMF and Control Hematopoiesis

PMF mf 0/1 PMF mf 2/3 Control
BMP1 1.0(0.4t03.4) 18(0.7t05.3) 0.7 (0.3t03.2)
n 27 43 25
BMP2 1.0(0.2t08.0) 1.4(0.6t08.3) 0.9(0.41t03.7)
n 19 20 20
BMP6 1.9(0.61022.0) 3.2(0.6t07.3) 1.2(0.3t02.4)
n 22 20 20
BMP7 0.8(0.1t07.5) 2.4(0.7t018.5) 1.0(0.3t05.3)
n 16 19 17
BMP-R2 1.1(0.3t04.4) 1.7 (0.6t07.4) 1.0(0.4103.8)

n 17 18 21

Median values (range) and number of cases (n) under investigation
are displayed.
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Table 5. BMP1 mRNA Expression and Correlation with JAK2Y®'"" Status and Allele Burden
PMF mf 0/1 (n = 27) PMF mf 2/3 (n = 43)
JAKQWt JAK2V617F JAK2V617F JAszt JAK2V617F JAK2V617F
+/- +/+ +/- +/+
30.2% (13.7t049.2) | 68.1% (56.3 to 86.2) 30.0% (6.11t047.9) | 78.3% (50.4 to 93.9)
n=12 n=11 n=4 n =21 n=10 n=12
0.8 (0.5t025) 1.0 (0.4t02.8) 1.8 (0.5t03.4) 1.9(0.71t05.3) 1.9(1.0t05.3) 1.6 (0.9t0 4.1)
P = 0.44 P =0.88
| P =034 | P =023
P =024 P =046

As exemplified for BMP1, no correlation of allele burden and BMP expression was demonstrable in PMF cases showing the wild type (wt) of JAK2,
heterozygous (+/—) or homozygous (+/+) JAK2V8'"F mutations. Mutant T allele burden is displayed as the median percentage (range). n, case

numbers. X-fold expression of BMP1 is shown as the median value (range).

transition (no. 7) noticed. The patient (no. 8) with a persist-
ing hypercellular stage (mf 0) showed a slight decrease of
BMP1 mRNA level (Figure 3A; Table 6).
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Figure 3. Line and scatter plot of BMP1 (A) and BMP6 (B) mRNA expression
in individual courses of PMF. T1 to T5 represent the time points where
sequential biopsies were taken. Expression level for each biopsy was ex-
pressed as the mean of two independent measurements. Increased levels are
displayed as long dashed lines, and decreased levels are displayed as solid
lines. Figure should be interpreted by concomitant review of Table 6, which
shows relevant histological parameters such as the grade of fibrosis. Starting
level of BMP1 and BMP6 in individual courses was set to 1.

The entirety of courses under investigation showed an
up-regulation of BMP6 mRNA expression (nos. 3 to 8) or
the persistence of a steady state after an initial increase
(nos. 1, 2, and 9). Interestingly, also in course no. 8
showing the prefibrotic stage of PMF in three biopsies
taken between 2001 and 2002, a considerable increase
of BMP6 mRNA was demonstrable (Figure 3B; Table 6).

Bone Marrow Stromal Cells in Advanced Stages
of PMF and Megakaryocytes Provide the
Cellular Source of BMP1 in Advanced Stages

In advanced stages of PMF, bone marrow stromal cells,
ie, fibroblasts, showed a strong positivity for BMP1 in their
cytoplasm and represented the predominant cellular
source. Besides fibroblasts, megakaryocytes were la-
beled in advanced stages (Figure 4, A and B).

In bone marrow samples of PMF and control hemato-
poiesis, megakaryocytes were also labeled for BMP1
protein in a similar cytoplasmic manner but with different
staining intensity, ie, because of their large numbers in
PMF bone marrow samples, BMP1-positive megakaryo-
cytes dominated over megakaryocytes in normal hema-
topoiesis. In control bone marrows, interstitial cells were
infrequently stained for BMP1.

No Evidence for a BMP15483% Mutation or
Other Mutation Sites in the CUBII Domain of
BMP1 in Bone Marrow Cells of PMF

We sequenced a region of the CUBII domain of BMP1
that is known to be important for full proteinase activity
and cleavage of collagen precursor molecules. In a se-
ries of advanced PMF (n = 22), we could not detect any
mutation site, neither the G1476A (GenBank accession
no. NM 001199) leading to E483K nor other mutations.

Discussion

PMF bone marrows are enriched by fibrogenic cytokines
such as TGFB-1, bFGF, platelet-derived growth factor,
and other growth factors.>”?” We and others showed
that exaggerated expression of these cytokines contrib-
ute not only to the process of fibrogenesis but also to
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Table 6. Time Points of Sequential Biopsies as Displayed in Figure 2
Month/year of BMP1 mRNA BMP6 mRNA Allele burden (%)
Case biopsy level level Grade of fibrosis JAK2VET7F/\pLWSTSL
1 05/2002 1.0 mf 2/3 75 JAK2Ve1TF
08/2002 1.1 2.8 mf 2/3 56 JAK2Ve17F
11/2002 3.0 2.2 mf 2/3 56 JAK2Ve1TF
05/2003 1.7 2.8 mf 2/3 66 JAK2VETTF
07/2003 3.8 2.5 mf 3 61 JAK2VETTF
2 06/2002 1.0 mf 3 77 JAK2VETTR
11/2002 1.0 5.3 mf 3 35 JAK2Ve1TF
05/2003 1.7 3.2 mf 3 65 JAK2Ve17F
12/2003 2.5 3.4 mf 3 76 JAK2VETTF
06/2004 2.5 2.5 mf 3 69 JAK2VETTF
3 12/2002 1.0 mf 0/1 40 JAK2VeTTF
12/2003 5.0 3.8 mf 2/3 38 JAK2Ve17TF
4 02/2001 1.0 mf O 24 JAK2Ve17F
07/2004 3.8 4.7 mf 2/3 7 JAK2VE17F+
5 11/2000 1.0 mf 1 37 JAK2Ve17F
01/2002 8.3 1.8 mf 2 7 JAK2VETTF
6 11/2000 1.0 mf 1 85 MPLWs15L
08/2002 1.4 2.5 mf 1 87 MPLWsTSL
07/2004 5.3 4.7 mf 2 100 MPLWs1st
7 05/2000 1.0 mf 1 59 MpLWsTsL
12/2003 0.3 3.6 mf 2 95 MPLWsTsL
8 05/2001 1.0 mf 0 JAK2M MPL™
06/2002 0.4 2.6 mf 0 JAK2M MPL*™
08/2002 0.8 3.8 mf 0 JAK2M MPL™
9 09/2002 1.0 mf 2 JAK2M MPL"™
01/2003 1.2 13.0 mf 2 JAK2M MPL™
06/2003 0.2 3.6 mf 2 JAK2M MPL*™
10/2003 0.9 3.6 mf 2 JAK2M, MPL™

If present, allele frequencies for JAK2V817F and MPLW™5" are illustrated. wt, wild type.

*A decline of JAK2V17F before rapid transformation into acute leukemia.

autocrine stimulation of cellular lineages.”?®2° In fact,
megakaryocytes contain large amounts of nuclear bFGF,
suggesting an autocrine mechanism.®® Megakaryocytes
in PMF per se were shown to be involved in fibrogenesis
because of either active secretion or decay-associated
passive efflux of cellular cytokines into the bone marrow
stroma.3"32

We first aimed to simulate the bone marrow environ-
ment in PMF by treating primary fibroblasts with TGFp-1
and bFGF to determine a potential induction of those
BMP members for which a role in fibrogenesis has been
suggested.®'®

Fibroblasts treated with TGFB-1 showed an exagger-
ated induction of BMP6 but also of BMP1 and BMP-R2
(Figure 1, A and C). This induction was also notable in
fibroblasts cultured in the presence of bFGF but was
restricted to BMP6 (Figure 1, B and D). As shown previ-
ously, TGFB-1 is potent in inducing collagen genes and
synthesis.®® Therefore, we also analyzed the induction of
PLOD2 and COL1 expression by TGFB-1 that was not
demonstrable in bFGF-treated cultures. Interestingly,
BMP7 was no longer detectable on the RT-PCR level
under both TGFB-1 and bFGF culture conditions. BMPs
are thought to be differentially involved in the process of
fibrogenesis. In contrast to BMP1, -2, and -6, BMP7 was
shown to act in the prevention of fibrosis in kidneys and
models of cardiac fibrosis."”'® In our study, BMP7 was
increased in advanced PMF (Figure 2D). If this increase
reflects a counteracting mechanism against fibrogenesis
also in the bone marrow, this needs to be clarified.

In our study, BMP1 was rather moderate but signifi-
cantly increased in vitro and in vivo. We decided to further
investigate this particular subtype because of its exclu-
sive role in collagen processing. BMP1 cleaves precur-
sor forms of type | and Il collagens to produce mature
fibrils. BMP1 also enables the activation of latent forms
of TGFB-1 that then in turn induce expression of colla-
gens and other ECM molecules by fibroblasts.®? At
best, our in vitro data suggest that BMP1 itself is induc-
ible by TGFB-1. Therefore, a positive feedback be-
tween these two factors seems to be likely in the pro-
cess of myelofibrosis.

At the protein level, fibroblasts in advanced stages
were uncovered as a major cellular source for BMP1.
Megakaryocytes were also strongly positive for BMP1,
but this was not restricted to advanced PMF and was also
demonstrable in hypercellular PMF and even in normal
bone marrows (Figure 4C). BMP1 expression is therefore
not fibroblast-specific, and the role of megakaryocyte-
derived BMP1 needs to be further clarified. It is likely that
megakaryocytes actively secrete BMP1 and, because of
their high number in PMF bone marrows, essentially con-
tribute to the development of myelofibrosis, including
osteosclerosis. BMP1 is also possibly involved in the
accumulation of PMF megakaryocytes through anti-ap-
optotic mechanisms, as shown for BMP1-associated pro-
cessing of Perlecan in fibroblasts in vitro.’ Of note, in
normal bone marrows of our control group, some inter-
stitial cells, including fibroblasts, expressed BMP1, un-
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Figure 4. Immunohistochemical localization of BMP1 protein expression by
bone marrow cells in PMF. BMP1 was visualized by DAB brown staining and
showed strong labeling of bone marrow fibroblasts in advanced PMF (A) and
megakaryocytes (B). Bone marrows showing normal hematopoiesis or a mild
reactive hyperplasia of the megakaryocytic lineage showed BMP1 labeling of
megakaryocytes and occasionally stroma cells stained for BMP1 (C).

derlining the physiological impact of BMP1 in matrix
homeostasis.

An explorative screening for a potential mutation in the
CUBII domain of BMP1 as an underlying molecular de-

fect could be excluded by direct sequencing in a series
of PMF bone marrows.

Taking into account the role of BMP1 expression in the
development of myelofibrosis, BMP1 expression level
might serve as a potentially useful diagnostic adjunct
allowing a better discrimination between prefibrotic PMF
and essential thrombocythemia (ET). As described pre-
viously,"? prefibrotic PMF and ET are distinctive entities
that may show some overlaps in clinical and histopatho-
logical presentation. Even more so, the discovery of dis-
ease-specific markers even in early stages of PMF and
ET would be of particular importance. In an exploratory
analysis, we found significantly lower BMP1 expression
levels in ET cases (n = 20) compared to prefibrotic PMF
(P = 0.02). However, demonstration of a clear-cut range
of BMP1 expression allowing a definite diagnostic sup-
port was hampered because of outliers and resulting
overlaps in both groups. However, these hitherto prelim-
inary data on BMP1 in ET will be further investigated in a
larger series.

In mice deficient for the megakaryocytic transcription
factor GATA-1 (GATA-1'°%), a severe osteosclerosis
could be demonstrated after 3 to 5 months of age.®* A
recent study showed that osteosclerosis in this animal
model is obviously triggered by aberrant expression of
BMP members by megakaryocytes, eg, BMP6 showed a
considerable overexpression.'® Our data show the sig-
nificant increase of BMP6 in human PMF bone marrows,
thereby supporting the thesis that this BMP family mem-
ber is also involved in advanced ECM formation. Of note,
some of the prefibrotic stages of PMF showed outliers
overexpressing BMP6, suggesting that BMP6 might
serve as a marker for a more progressive development of
fibrosis and osteosclerosis.

Interestingly, another study using the similar GATA-
1'°" mouse model showed development of myelofibrosis
later than demonstrable osteosclerosis, ie, at 1 year of
age.®* This observation may indicate some artificial char-
acteristics of this particular model because in humans
osteosclerosis rarely, if ever, precedes the stage of my-
elofibrosis. However, some patients rapidly develop a
full-blown PMF where some overlaps between the differ-
ent stages of myelofibrosis might be demonstrable.

Recently, an interesting study revealed that CD34*
progenitor cells from peripheral blood of patients with
PMF showed an aberrant expression of BMPs and the
BMP inhibitor Noggin.®® This study revealed an aberrant
BMP expression profile different from our investigation,
ie, a down-regulation of BMP-R2. We showed a moderate
but significant increase of BMP-R2 in advanced PMF
(Figure 2E), which fits in the model of activated BMP
signaling in this disease. These discrepancies might be
due to the origin and type of cells analyzed (CD34 ™ cells
isolated from peripheral blood).

In individual courses of PMF, the majority of biopsies
revealed an increasing level of BMP1 accompanying the
process of ongoing aberrant matrix deposition but obvi-
ously without indicating the definite switch from the hyper-
cellular phase (mf 0) to manifest myelofibrosis (mf 2/3).
Therefore, BMP1 does not represent a clear-cut progress
marker in this particular setting. BMP6 also showed an



up-regulation in prefibrotic stages of course no. 8, which fits
to increased expression level revealed in some other PMF
cases with mf 0/1 (Figure 2C). But also BMP6 appears not
to be the one and only indicator useful for estimation of the
“fibrotic switch.” Nevertheless, its involvement in the pro-
cess of myelofibrosis is beyond doubt.

Because BMP1 is highly expressed in areas of tumor
angiogenesis'® we were highly interested in proving
BMP1 expression by endothelial cells in exaggerated
angiogenesis of PMF. We thoroughly reviewed the slides
for BMP1 labeling of endothelial cells but could not detect
any considerable staining. BMP1 is therefore less likely to
be involved in endothelial cell proliferation in PMF.

Another histological hallmark of advanced stages of
PMF is aberrant apposition of bone matrix and osteoscle-
rosis. BMP1 was initially demonstrated to be capable of
inducing bone formation,'® and the early steps of osteo-
genesis include the processing of collagen molecules (in
particular type I). Therefore, it appears that overex-
pressed BMP1 in PMF in the network with other BMPs
such as BMP6 not only contributes to exaggerated ECM
deposition but also to aberrant bone matrix formation.

In conclusion, BMPs are likely to be involved in patho-
genesis of PMF through direct activation of latent TGFg-1
thereby indirectly inducing their own expression followed
by exaggerated processing of precursor collagens and
contribution to ECM formation.
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