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ABSTRACT

Background
The MPL**** mutation has been reported to be a cause of hereditary thrombocythemia.
Recently, we detected this mutation in a large proportion of children with familial throm-
bocythemia, suggesting that in Italy the incidence of /IPL****" mutation could be under-
estimated.

Design and Methods

We extended the search for this mutation to all patients with essential thrombocythemia
who had a positive family history for thrombocytosis or essential thrombocythemia. We
identified eight Italian families positive for the MPL***** mutation. Clinical and hemato-
logic data were available for members of seven families, including 21 patients with a
proven mutation and 20 relatives with thrombocytosis.

Results

Fifteen major thrombotic episodes, nine of which were fatal, were recorded among 41
patients. The thrombotic manifestation was stroke in four cases, myocardial infarction in
seven cases, fetal loss in two cases, deep vein thrombosis of the leg in one case and Budd
Chiari syndrome in one case. Almost all patients over 20 years old had splenomegaly and
bone marrow fibrosis, while these were rarely observed in patients under 20 years old,
suggesting that these manifestations are associated with aging. Finally, the life expectancy
of family members with thrombocytosis was significantly shorter than that of members
without thrombocytosis (P=0.003).

Conclusions

Patients with familial thrombocytosis caused by a MPL****" mutation have a high risk of
thrombosis and, with aging, develop splenomegaly and bone marrow fibrosis, significant-
ly affecting their life expectancy.
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Introduction

Hereditary thrombocytoses are caused by molecular
alterations in the thrombopoietin gene (THPO) or in the
gene for the thrombopoietin receptor (VPL)." Several point
mutations of THPO, involving the 5’-untranslated region of
the THPO mRNA, have been reported.”® This region con-
tains the upstream open reading frames that inhibit mRNA
translation. All the mutations remove the inhibitory
upstream open reading frame, leading to increased transla-
tion of the THPO mRNA. Patients carrying mutations of
the 5’-untranslated region have a high platelet count due to
the elevated serum levels of thrombopoietin®” but are not
usually considered at high thrombotic risk.” Nevertheless,
Liu et al. recently reported that patients with thrombocyto-
sis due to a G to C transversion in the splice donor of intron
3 of THPO have a risk of vascular complications similar to
that of patients with essential thrombocythemia.®

In 2004, Ding et al. described the pedigree of a Japanese
family with thrombocythemia caused by a G to A
nucleotide substitution at position 1073 in exon 10 of MPL,
leading to the exchange of serine for asparagine at position
505 (MPL*=%) 1 The authors clearly demonstrated that
cells expressing MPL****" showed autonomous phospho-
rylation of both Mek1/2 and STATS down signaling trans-
duction pathways, but the clinical course of the disease in
the affected individuals was not reported.” Recently, we
evaluated a large cohort of Italian children with familial
thrombocythemia and detected the germ line AIPL**"
mutation in many of them,"" suggesting that this molecu-
lar defect might be rather frequent in our country. For this
reason, we extended the search for the MPL**"*" mutation
also to adult patients with essential thrombocythemia who
had a positive family history of essential thrombocythemia
or thrombocytosis. Here we describe the results of this
extended search.

Desigh and Methods

Study population

All patients were observed at the Divisions of Hematology of La
Cattolica and La Sapienza Universities of Rome for suspected or
ascertained essential thrombocythemia. The only criterion for
inclusion in the study was a positive family history for essential
thrombocythemia or thrombocytosis. Splenomegaly was defined
as a palpable organ below the left costal margin and was con-
firmed by ultrasound scans. In all cases of venous thrombosis, the
diagnosis was ascertained by ultrasound Doppler or computed
tomography scanning, as appropriate. The presence of other
underlying causes of thrombophilia (antithrombin III, protein C or
protein S deficiency, factor V Leiden, prothrombin G20210A muta-
tion, autoimmune diseases, cancer) was ruled out. The hematolog-
ic and clinical findings of patients harboring the A/IPL***** muta-
tion were evaluated in comparison with those recorded in patients
with non-familial essential thrombocythemia. For this purpose,
we evaluated a control group of 72 patients with non-familial
essential thrombocythemia (52 adults and 20 children; median age
55 years, range 5-86) consecutively observed at the same institu-
tions. Among this control group, 43 patients harbored the JAK2""*
mutation, while the remaining 29 had wild-type JAKZ2; all the
patients in this group had the wild-type AVPL gene.
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A family history was collected from all patients and the survival
of family members with thrombocytosis was compared to that of
the members without thrombocytosis. All blood samples were
collected after informed consent and the study was approved by
the local institutional review boards.

Molecular analysis

Genomic DNA was isolated using standard procedures from
peripheral blood or buccal swab samples. Mutation analysis of the
MPL (exon 10) gene was carried out by sequencing, as described
elsewhere."" The presence of THPO 5’untranslated region muta-
tions and of JAK2"*"* mutations was excluded. Moreover, clonali-
ty of hematopoiesis was examined in all female patients by the
human androgen receptor assay (HUMARA) and by HUMARA
methylation-specific polymerase chain reaction analysis. The
methods used to analyze MPL, THPO 5’untranslated region and
JAK2Y" mutations and clonality have been described in detail
elsewhere."!

Flow cytometry analysis

In order to investigate the state of activation of leukocytes in
patients with the APL**™ mutation, we measured the expres-
sion of CD11b on the neutrophil membrane, by using mouse anti-
human CD11b/Mac.1 antibody (BD, Pharmingen), as described
previously.” The results are expressed as mean fluorescence inten-
sity (MFI) in arbitrary units and compared to those obtained in ten
normal controls and in five control patients with essential throm-

bocythemia.

Statistical analysis

Statistical analyses were performed with GraphPad software
using the Kruskal-Wallis and Mann-Whitney tests for continuous
variables, and Fisher’s exact test or the ’ test for categorical vari-
ables, as appropriate. p values less than 0.05 were considered sta-
tistically significant. The Kaplan-Meier method was used to esti-
mate univariate survival curves, and the log-rank test was adopt-
ed to compare the survival curves.

Results

Forty-four patients with ascertained or suspected throm-
bocythemia with a positive family history for essential
thrombocythemia or thrombocytosis were investigated for
the presence of the VPL***™* mutation. Among these 44
patients, 24 (11 males and 13 females) were found to carry
the mutation. These 24 patients belonged to eight families
and were all native to regions of central Italy. Twelve of
them are part of a previously reported series of children
with myeloproliferative diseases (Table 1 and Figure 1,
patients Cy, Cs, I, I, In, Is, Tu, Ts, Ts, S5, Mo, Mu)."*®
Furthermore, the same patients and patients Sz, Bis and B,
(Table 1 and Figure 1) were included in the study by Liu et
al., who showed a common founder effect in these fami-
lies.” In this study we included seven out of the eight iden-
tified families, whose pedigrees are shown in Figure 1. One
family was excluded because hematologic and clinical data
were not available.

Inheritance pattern of the MPL******" mutation
All patients with the MPL****" mutation were heterozy-
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Table 1. Hematologic and clinical findings at the time of the first observation or at the last follow-up* in patients carrying the MPL*"*5*" mutation.

Pt Sex WBC
N.V.4.1-9.8

x10°/L

Age  Follow-up Platelets Hb

(years)

x10°/1

N.V.140-450  N.V.12-16
g/dL

Bone marrow
fibrosis
(grade)

Thrombosis
(age)

Splenomegaly
(cm)

C M 18 24 4.7* T12* 14.4* Yes (NA)* No No ASA
Cs M 1 6 16.2° 1126 13.6 No No ND No
Cs M 1 1 12.1° 1726 12.1 No No ND No

I, M 18 32 9.7 1210 155 No No No ASAVHU
Is F 17 8 95 695 13.7 No No No No

li F 16 12 73 963 11.1 No No No No

Is M 11 9 8.1 783 14.3 No No No No
Tu M 1 3 10.9° 1553 13.9 No No ND No
Ts F 14 20 75 1060 13.7 Yes (NA)* No No ASA
Ty F 3 18 6.3 627 12.9 No No No No
T M 35 34 8.3* 552% 10.9* NA! No NA No
Si F 72 4f 20.5 846 10.6 Yes (NA) Stroke® (76) Yes (MF1)* ASAVHU
S F 43 12 5.8* 408* 10.0* Yes (14,5) DVT(41) TIA (43)  Yes (MF2)*  ASAINF/HU
S M 17 4 75 776 15.0 No No ND ASA
Fi F 76 4 7.0 722 12.8 Yes (16) Stroke® (80) Yes (MF1) ASAHU
F F 54 1 42 426 10.1 Yes (18,5) No No ASA
Mo F 16 12 8.7 1019 14.7 Yes (18) No Yes (MF2) ASAMINF
Mo F 20 3 45 738 111 Yes (15) No Yes (MF1) ASA
Bis M 31 2 6.2* 605* 15.0% Yes (NA) MI (31) Yes (MF1) ASA
Bu M 40 2 6.8 842 15.5 Yes (15) No Yes (MF1) ASA
Bs M 59 18 3.7* 31T* 11.9% Yes (NA) No Yes (MF2)* ASAVHU

N.V.: normal values; WBC: white blood cell count; Hb: hemoglobin. DVT: deep vein thrombosis, TIA: transient ischemic attack, MI: myocardial infarction. N.A.: not available. N.D.:
not done; ASA: aspirin; HU: hydroxyurea; INF: interferon. “This patient had a traumatic rupture of the spleen 4 years prior to the diagnosis of the hematologic disorder.*Indicates
patients developing splenomegaly during the follow-up. *Indicates thrombosis that occurred during the follow-up. °Normal value for age: 6-17.5x10°/L.

gous for the mutated gene and exhibited thrombocytosis.
None of 13 investigated relatives with normal platelet
counts showed the mutation. These data confirm the dom-
inant autosomal pattern of inheritance of the AJPL****
mutation.”” Furthermore, hematopoiesis was polyclonal in
all affected females. In order to confirm the germ line nature
of the defect, DNA from buccal swabs from eight patients
with the mutation was analyzed and all these samples
proved to be positive for the mutation.

Hematologic and clinical findings of patients with
MPLSeISOSAsn

The hematologic and clinical findings recorded at the
time of the first observation or at the last follow-up in 21
evaluable family members (11 males and 10 females) carry-
ing the AMPL**** mutation are shown in Table 1. The
median age at the time of the first observation was 18 years
(range, 1-76) and the median time of follow-up was 9 years
(range, 1-34). A slight increase of white blood cell count was
noted in one patient who had undergone splenectomy
because of traumatic rupture of the spleen (patient St). Mild
anemia was found at diagnosis in four patients: one of them
(patient Tt) had impaired renal function, and the other three
(patients Sy, Fs, and Muo) had enlarged spleen volume and/or
significant bone marrow fibrosis. Anemia was documented
in two patients during the follow-up (patients S2 and Be).
Both patients developed splenomegaly and bone marrow
fibrosis, and received antiproliferative therapy (Table 1).

Splenomegaly was detected at diagnosis in nine out of 20
cases (patient T1 was not evaluable because of traumatic
rupture of the spleen before the diagnosis of the hematolog-

ic disorder). Of these nine patients, eight (S1, Sz, M, Fi, Fs,
Bs, Bis, and Bus, Table 1) were older than 20 years (P<0.0001
at Fisher’s exact test). Two additional patients (Te and C,
Table I) developed splenomegaly during the follow-up.

Results of bone marrow biopsies were available for 16
patients previously diagnosed as having essential thrombo-
cythemia. The grade of fibrosis and hypercellularity were
defined as previously stated.'® In young patients, the histo-
logical picture was characterized by hypercellular bone
marrow with an increased number of neutrophils and atyp-
ical megakaryocytes, in the absence of reticulin fibrosis
(Table 1 and Figure 2, A-B). However, in adult and elderly
patients, overt bone marrow fibrosis, with several atypical
megakaryocytes forming dense clusters and progressive
increase of reticulin with many intersections and focal bun-
dles of collagen, was detected (Table 1 and Figure 2, C-F). In
three patients (S, Fs, and My, Table 1), the bone marrow
biopsy was performed at diagnosis and thereafter during
the course of the disease: an increase of reticulin fibrosis
was documented in all three cases.

Overall, in our series of 21 affected family members, four
patients (19%) experienced a major thrombosis: patients Si
and F: had fatal strokes at the age of 76 and 80, respective-
ly, patient Bss had a myocardial infarct at the age of 31, and
patient Sz suffered from deep vein thrombosis of the legs at
the age of 41 and then, 2 years later, had a transient
ischemic attack.

With regards to therapy, low dose aspirin was given at
diagnosis or during the follow-up to 15 out of the 21
patients. The indication for antiplatelet therapy in all treat-
ed children was headache. Hemorrhagic complications
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were not observed, even though extreme thrombocytosis
(platelet count >2000x10°/L) was recorded during the fol-
low-up in two children. Six patients also received antipro-
liferative therapy, which consisted of hydroxycarbamide in
four cases and interferon in two other patients. The reasons
for starting antiproliferative treatment were a high risk of
thrombosis in patients over 65 years old (patients Fi, S1 and
Bs), previous thrombosis at diagnosis (patient Sz), reported
discomfort from splenomegaly (patient Mu), and a high
platelet count (patient L2). Three female patients completed
a total of seven uncomplicated pregnancies; in two cases,
antiplatelet drugs were administered throughout the preg-
nancy, replaced by low dose heparin in the peri-partum
period.

The hematologic parameters at diagnosis and the inci-
dences of thrombotic complications and splenomegaly
recorded in patients with MPL*™*" were compared with
those observed in 72 patients with non-familial essential
thrombocythemia grouped according to the presence of the
JAK2Y"F mutation (Table 2). The white blood cell count was
lower in patients with AIPL**** than in patients with
either JAK2""* or the wild-type JAKZ (JAK2"") (P=0.04;
Table 2). The concentration of hemoglobin was lower in
MPL**% patients than in JAK2"* patients (P=0.02) but

¥
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Figure 1. Hematoxylin-eosin and silver staining of bone marrow
biopsies from three patients aged 16 (A and B), 43 (C and D) and
69 years (E and F), affected by hereditary thrombocythemia due to
the MPL®%*" mutation. A: shows a slightly hypercellular bone mar-
row with an increase in the number of neutrophils and atypical
megakaryocytes with deviations from the normal nuclear:cytoplas-
mic ratio and the frequent occurrence of bare megakaryocytic
nuclei. B: reticulin fibrosis is absent. C: shows a hypercellular bone
marrow with an increase in the number of atypical megakaryocytes
that form dense clusters. D: loose network of reticulin with many
intersections. E, F: shows a bone marrow biopsy mainly character-
ized by a diffuse increase in reticulin with focal bundles of collagen
and with numerous distorted megakaryocytes. A-F 250x.

I L. Teofili et al.

not JAK2"" patients (Table 2). Finally, no differences were
found in platelet counts, or the incidences of thrombotic

complications or splenomegaly between patients with
MPL*** and those with essential thrombocythemia.

Family history

The family pedigrees of the 21 APL**™ patients are
illustrated in Figure 2. The detailed history of each family is
presented in the Ounline Supplementary Appendix.
Thrombocytosis was referred in the history of 26 addition-
al family members but medical histories were available for
only 20 out of these. Overall, among 41 individuals (21
patients with documented APL****" mutation and 20 fam-
ily members with reported thrombocytosis) 15 major
thrombotic episodes occurred in 14 members. In particular,
Budd Chiari syndrome occurred in one patient aged 17 (Tu,
Figure 1); deep vein thrombosis of the legs occurred in one
patient aged 41 (S, Figure 2); eclampsia was recorded in one
patient (Ms, Figure 2) and this woman’s daughter had a fetal
loss (Ms, Figure 2); four patients, aged 80, 72 and 76 and 43
years, had a stroke (Bu, Fi, St and S, Figure 2), while seven
patients had a myocardial infarction (M:, Mz, Ms, B, Bs, Bu
and B, Figure 2). The median age at the time of the
myocardial infarction was 52 years (range, 31-81).

Family A Family B

s ohee

C: G
Family € .
Family D 76)
Si {41 Si
Sz Sz

1

|

Ss Se Ss
Family F <450

(23)

Family G

Figure 2. Pedigrees of the seven ltalian families carrying the
MPLs5%%%n mutation. Squares denote men, circles women and a
slash indicates a person who has died. Solid symbols indicate
affected members, shaded symbols members with thrombocytosis
not investigated for the mutation and white symbols members with
a normal platelet count. Arrows indicate those patients who expe-
rienced one or more thrombotic complications (between brackets
the age at the time of the thrombosis).
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Among the 15 family members who died, nine died of
thrombosis, three patients died of undefined complications
of myelofibrosis (2 cases) or essential thrombocythemia,
one patient died of liver cirrhosis, one patient died of gastric
cancer and one patient died of an unknown cause. The
overall survival and thrombosis-free survival of family
members with thrombocytosis were compared to those
recorded in 23 relatives without thrombocytosis. For this
purpose, only relatives with a detailed medical history were
included in the analysis. As illustrated in Figure 3 both over-
all survival and thrombosis-free survival appear to be signif-
icantly shortened in individuals with thrombocytosis
(P=0.003 and P=0.0009, for overall survival and thrombosis-
free survival, respectively).

Neutrophil CD11b expression

The pathogenesis of thrombotic complications occurring
in myeloproliferative diseases has been ascribed, at least in
part, to the activation of polymorphonucleated cells.""” We
evaluated the expression of CD11b in the granulocytes of
three patients carrying the /PL**™*" mutation and found
that CD11b expression in these patients was significantly
higher than that in normal controls and similar to that in
patients with essential thrombocythemia (the MFI+SEM
was 12.1+1.4 in patients with the mutation, 7.2+0.5 in ten
controls and 11.4+1.7 in five patients with essential throm-
bocythemia;P<0.01 by the Kruskal-Wallis test).

Discussion

This study defines for the first time the course of the dis-
ease associated with the AIPL**** mutation. The clinical
manifestations, recorded in seven affected Italian families
through three generations, highlight that the disease result-
ing from this mutation has distinctive features and is quite
different from other hereditary thrombocytoses,*® although
patients carrying the AIPL**®*" mutation have the same
high thrombotic risk as patients with essential thrombo-
cythemia.” This finding is in agreement with the results of
a recent study by Liu et al in patients with hereditary
thrombocytosis,” whereas in this set of patients microcircu-
latory disturbances rather than major thromboses were
mostly reported.” It is noteworthy that in our series of
patients the thrombotic disease was fatal in nine cases and
that most patients were not receiving antiplatelet therapy at
the time of the thrombosis. Thus, in the light of the evi-
dence that the MPL****" mutation affects both overall and
thrombosis-free survival, patients with this mutation
would probably benefit from treatment with low dose
aspirin. The increased thrombotic risk in patients with the
MPL>**™ mutation is in accordance with the detection of
functionally similar mutations in both essential thrombo-
cythemia and primary myelofibrosis™ and suggests that
this defect, like the JAK2""" mutation, is able to induce
platelet or leukocyte activation."" In accordance with this
hypothesis, the expression of CD11b in granulocytes of
three patients with the MPL**** was similar to that
observed in patients with essential thrombocythemia and
significantly higher than in normal controls.

Our second major finding was that the AMPL****" muta-
tion induces splenomegaly with aging. Indeed, the detec-

tion of an enlarged spleen at diagnosis seemed to be signif-
icantly dependent on the age of patients, and, ultimately, on
disease duration. Accordingly, a progressive increase of
spleen volume was documented during the follow-up.
Finally, the bone marrow showed a histological picture that
closely resembled that of primary myelofibrosis, because of
the hypercellularity and atypical megakaryocytes present in
the early stages of the disease, and because of progression

Table 2. Hematologic and clinical findings in patients with hereditary MPLS%s"
mutation, in comparison with those of patients with essential thrombocythemia
grouped according to JAK2 mutation status.

MPLSer0stsn JAK2 "7 JAK2* (A) vs. (B) (A) vs. (C)
(A ) (© p p
n=21 n=43 n=29
Pltx10%/L: 795 722 900 0.46 0.36
Median (426-2500)  (491-2640)  (483-2537)
(Range)
WBCx10*/L: 8.3 10.6 10.5 0.03 0.03
Mean Median (4.2-20.5) (3.3-22.0) (4.3-23.5)
(Range)
Hb g/dL: 12.9 14.2 13.5 0.02 0.17
Median (10.1-15.5) (9.7-17.5) (9.8-15.6)
(Range)
Thrombosis 4 (19) 12 (28) 5(17) 0.39
n (%)
Splenomegaly 9 (45) 92D 724 0.12
n (%)

Plt: platelets; WBC: white blood cell count; Hb: hemoglobin.

Overall survival
Family members

1.00 s : " without thrombocytosis
':‘ _._ . Family members
0.75 1 Lo with thrombocytosis
Lo
050 i
P=0.003
0.25
0.00 T T T p—t—
0 20 40 60 80 100
Age (years)
Thrombosis-free survival
—— Family members
1.00 P without thrombocytosis
ey -+ Family members
0.75 with thrombocytosis
0.50
1]
P=0.0009 H
0.25 \
1]
1
:
0.00 T T T + ]
0 20 40 60 80 100

Age (years)

Figure 3. Overall and thrombosis-free survival in 41 family mem-
bers with documented or reported thrombocytosis in comparison
with survival in 23 unaffected familial members.
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towards a significant fibrosis with aging (Figure 1).
Interestingly, Beer et al. reported that patients with essential
thrombocythemia carrying the acquired AP
tion more frequently had bone marrow fibrosis as com-
pared to patients with /1P

Two germ line VIPL mutations have been so far report-
ed: the AMPL¥™ polymorphism® and the APLpPFek
mutation.” Both these mutations involve the extracellular
domain of MPL, affecting its binding ability to throm-
bopoietin. In fact, these patients have high serum levels

WT 22

WSISLK 1ot -

and inducing splenomegaly, bone marrow fibrosis and
progressive anemia with aging. The clinical penetrance of
this genetic defect appears to be variable, considering that
some family members carry the mutation but have few or

no clinical manifestations. However, given the progres-

eases.”

of thrombopoietin,® probably because of decreased
thrombopoietin clearance. Interestingly, thrombosis,

splenomegaly and bone marrow fibrosis have never been

reported in patients with these mutations. In contrast, the

MPL>**** mutation appears functionally similar to the
MPL" " mutation: while the former involves juxtamem-
brane domains and the latter intracellular domains, both
can autonomously activate downstream signal transduc-
tion pathways."*” Indeed, it is not surprising that the clin-
mutation-related disease is
consistent with that of a myeloproliferative disorder pre-
senting with thrombocytosis already at the time of birth,
causing a significant thrombotic risk also at young age,

ical course of an AP,

Ser505Asn
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