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Previous small studies have reported fa-
milial clustering of myeloproliferative neo-
plasms (MPNs), including polycythemia
vera (PV), essential thrombocythemia
(ET), and myelofibrosis (MF). We identi-
fied 6217 PV, 2838 ET, 1172 MF, and 812
MPN unclassifiable (NOS) patients diag-
nosed in Sweden, 43 550 controls, and
first-degree relatives of cases (n = 24 577)
and controls (n = 99 542). Using a mar-
ginal survival model, we calculated rela-
tive risks (RRs) and 95% confidence inter-
vals as measures of familial aggregation.

Relatives of MPN patients had signifi-
cantly increased risks of PV (RR = 5.7;
3.5-9.1), ET (RR = 7.4; 3.7-14.8), and MPN
NOS (RR = 7.5; 2.7-20.8). Analyses strati-
fied by type of first-degree relative
revealed consistently higher risks for sib-
lings, compatible with a model of reces-
sive genetic inheritance, which can be
confirmed only by identifying the suscep-
tibility gene(s). Mean age at MPN diagno-
sis was not different (P = .20) for affected
relatives of cases (57.5 years) versus
controls (60.6 years), and risk of MPN by

age was not different for parents versus
offspring of MPN cases (P = .10), provid-
ing no support for anticipation. Relatives
of MPN patients had a borderline in-
creased risk of chronic myeloid leukemia
(CML; RR = 1.9;0.9-3.8; P = .09). Our find-
ings of 5- to 7-fold elevated risk of MPNs
among first-degree relatives of MPN pa-
tients support the hypothesis that com-
mon, strong, shared susceptibility genes
predispose to PV, ET, MF, and possibly
CML. (Blood. 2008;112:2199-2204)

Introduction

Chronic myeloproliferative disorders, including polycythemia vera
(PV), essential thrombocythemia (ET), and primary myelofibrosis
(MF), are now called myeloproliferative neoplasms (MPNs) by the
upcoming 4th edition of the World Health Organization classifica-
tion of hematopoietic tumors.! They are stem cell-derived clonal
proliferative diseases whose shared and diverse phenotypic charac-
teristics can be attributed to dysregulated signal transduction
because of acquired somatic mutations.> Approximately half of all
MPN patients are reported to be asymptomatic at diagnosis.!
Among PV and ET patients, the major symptoms are related to
hypertension or vascular abnormalities, including predilection to
thrombosis and hemorrhage.’* In addition, patients with PV and
ET have an excess risk of developing MF, or transformation to
leukemia.>* Although available data are restricted, life expectancy
of patients with ET has been reported to be similar to the general
population; however, for PV patients, life expectancy has been
observed to be reduced compared with the general population.’ In
contrast, primary MF patients have an average survival of less
than 5 years.°

The causes of MPNs are largely unknown. A mutation in the
gene for Janus kinase 2, (JAK2)ye175, 1s present in all erythropoietin-
independent erythroid colonies in PV and gives a proliferative
advantage of these cells. The mutation is present in 95% of PV
patients and in approximately 50% of ET and MF patients.?
However, because case studies have shown that only a minority of
granulocytes affected by a chromosome 20q deletion also harbored

JAK2ye175, other primary pathogenetic factors have been hypoth-
esized.” A role for genetic factors in the etiology of MPNSs has also
been suggested from case reports and smaller case series showing
evidence of familial clustering of PV, ET, MF, and chronic myeloid
leukemia (CML).%!2 Recently, anticipation in age of onset was
reported in a single-center study using an interview-based ap-
proach, including 35 MPN families.!3 In addition, primary familial
congenital polycythemia and hereditary thrombocythemias, which
are rare Mendelian disorders, have been found to be caused by
mutations in the erythropoietin receptor gene and thrombopoetin
gene, respectively.'* Nevertheless, mutations in these genes have
not been detected in the more common MPNs. !4 Further, the JAK2
mutation has recently been assessed in multiple affected MPN
families but has been shown not to be an early germ line
predisposing factor for MPN but rather a facilitator of pro-
liferative advantages.$1?

To our knowledge, no previous population-based study has
systematically investigated patterns of specific MPNs and related
malignancies among first-degree relatives of MPN patients. We
have conducted a large nationwide study including 6217 PV, 2838 ET,
1172 MF, and 812 MPN unclassifiable (MPN NOS) patients
diagnosed in Sweden, 43 550 population-based matched controls,
and first-degree relatives of cases (n = 24 577) and controls
(n =99 542). The aim of our population-based study was to
quantify risks of various types of MPNs and related malignancies
among relatives of PV, ET, MF, and MPN NOS patients.
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Methods

Central registries, patients, controls, and first-degree relatives

All residents of Sweden are, on birth or immigration, assigned a unique
national registration number that is used in government-maintained nation-
wide healthcare and population registers, whereby record linkage is
possible with a high degree of accuracy. For each person, the date of death is
centrally registered in the Swedish Cause of Death Registry.

Since the mid-1950s, Sweden has provided universal medical health
care available for the entire population, currently approximately 9 million
people. In contrast to many other countries, for example, the United States
(where the majority of hematologic patients are primarily seen and treated
by doctors outside hospitals in private practice), the Swedish healthcare
system has a geographically defined referral structure for specialist
assessments. Patients with hematologic disorders are primarily diagnosed,
treated, and followed clinically by physicians at hospital-based hematology/
oncology centers. These centers are centralized to 7 regional university
hospitals, which also offer inpatient hospital care to a defined primary
catchment area population in addition to being the hematology/oncology
referral center for a whole healthcare region.

Since 1958, all physicians and pathologists/cytologists in Sweden are
obliged by law to report each incident case of cancer they diagnose and/or
treat to the centralized nationwide Swedish Cancer Registry. The Registry
contains information on diagnosis, sex, date of birth, date of diagnosis, and
region/hospital where the diagnosis was made. ' In a recent validation study
focusing on lymphoproliferative hematologic tumors diagnosed in 1964 to
2003, we found the completeness and the diagnostic accuracy of the
Registry to be more than 90% to 95%.'¢

In Sweden, in the mid-1970s to the late 1990s, PV and ET diagnostics
were based on the Polycythemia Vera Study Group criteria, including
frequent use of red cell mass determinations and bone marrow histol-
ogy.'7!® From the late 1990s, the prevailing attitude regarding diagnostic
and therapeutic procedures has changed among Swedish hematologists.'® In
accord with established WHO criteria,”’ spleen size determination, bone
marrow histology, and serum erythropoietin measurement are often used,
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whereas direct determination of the red blood cell mass has become a less
common procedure. With regard to diagnostic criteria for MF, they were
initially based on the Polycythemia Vera Study Group guidelines.!” Similar
to PV and ET, in more recent time, WHO criteria have been applied for MF
diagnostics (including a leukoerythroblastic blood picture, splenomegaly,
bone marrow fibrosis involving more than one-third of the sectional area of
a bone marrow biopsy, and the absence of well-established diagnostic
criteria for other MPNs).20

We identified all living incident patients diagnosed from 1958 to 2005
with a MPN from the nationwide Swedish Cancer Registry. In addition, we
retrieved information on all living incident MPN patients through our
national MPN network (the Swedish Myeloproliferative Disorder Study
Group), which included all major hematology/oncology centers in Sweden.
By taking this approach, we established a nationwide MPN cohort, which
was used to identify and add MPN patients who were not reported to the
Swedish Cancer Registry.

For each MPN patient, 4 population-based controls matched by sex,
year of birth, and county of residence were chosen randomly from the
Swedish Population database. All controls had to be alive at the time of
MPN diagnosis for the corresponding case and free of cancer at the date of
the corresponding case’s diagnosis.

From the Swedish Multigenerational Registry,?! which includes
information on parent-offspring relations for all Swedish citizens who
were born 1932, and later we obtained information on all first-degree
relatives (parents, siblings, and offspring) of cases and controls and
linked them to the Swedish Cancer Registry to obtain information on
living incident cancer cases.

Approval was obtained from the Karolinska Institutional Review Board
for this study. Informed consent was waived because we had no contact
with study subjects. An exemption from Institutional Review Board review
was obtained from the National Institutes of Health Office of Human
Subjects Research because we used existing data without personal identifiers.

Statistical analysis

The statistical approach was based on a model proposed by Liang?? and
described in detail elsewhere.>? We classified relatives as “affected” if they

Table 1. Characteristics of MPN patients, controls, and first-degree relatives

MPN patients

Variable PV ET MF MPN NOS Any MPN Controls
No. (%) of patients 6217 (100) 2838 (100) 1172 (100) 812 (100) 11 039 (100) 43 550 (100)
Male, sex, n (%) 3078 (49.5) 1214 (42.8) 644 (55.0) 401 (49.4) 5337 (48.4) 21 152 (48.6)
Age at diagnosis, y [mean (range)] 66 (3-97) 66 (1-98) 69 (16-93) 71 (20-97) 67 (1-90) 67 (1-98)
Age group at diagnosis, no. (%)
Younger than 40 y 208 (3.4) 212 (7.5) 22 (1.9) 18 (2.2) 460 (4.2) 1840 (4.2)
40-49y 443 (7.1) 253 (8.9) 57 (4.9) 41 (5.1) 794 (7.2) 3174 (7.3)
50-59 y 1037 (16.7) 385 (13.6) 150 (12.8) 74 (9.1) 1646 (14.9) 6572 (15.0)
60-69 y 1661 (26.7) 580 (20.4) 310 (26.4) 177 (21.8) 2728 (24.7) 10 826 (24.9)
70-79y 1968 (31.6) 865 (30.5) 431 (36.8) 269 (33.1) 3533 (32.0) 13 834 (31.8)
Older than 80 y 900 (14.5) 543 (19.1) 202 (17.2) 233 (28.7) 1878 (17.1) 7304 (16.8)
Year of birth, mean (range) 1917 (1872-1993) 1926 (1875-1990) 1919 (1879-1979) 1927 (1901-1982) 1920 (1872-1993) 1921 (1872-1993)
Calendar year of diagnosis, no. (%)
1958-1965 590 (9.5) 48 (1.7) 1(0.1) — 639 (5.8) 2556 (5.9)
1966-1975 1172 (18.9) 145 (5.1) 124 (10.6) — 1441 (13.1) 5747 (13.2)
1976-1985 1364 (21.9) 201 (7.1) 328 (28.0) 1893 (17.2) 7443 (17.1)
1986-1995 1527 (25.5) 1542 (54.3) 412 (35.2) 159 (19.6) 3640 (32.9) 14 250 (32.7)
1996-2005 1564 (25.2) 902 (31.8) 307 (26.2) 653 (80.4) 3426 (31.0) 13 554 (31.1)
Data source, no. (%)
Cancer Registry 5491 (88.3) 2367 (83.4) 1030 (87.9) 812 (100) 3998 (87.9) 38 260 (87.8)
Local hospitals 726 (11.7) 471 (16.6) 142 (12.1) — 1339 (12.1) 5290 (12.2)
Relatives, no. (%)
Any relative 12 374 (100) 7499 (100) 2471 (100) 2233 (100) 24 577 (100) 99 542 (100)
Parents 1880 (15.2) 1557 (20.8) 345 (14.0) 408 (18.3) 4190 (17.0) 17 100 (17.2)
Siblings 1450 (11.7) 1237 (16.5) 284 (11.5) 345 (15.4) 3316 (13.5) 13635 (13.7)
Offspring 9044 (73.1) 4705 (62.7) 1842 (74.5) 1480 (66.3) 17 071 (69.5) 68 807 (69.1)

MPN indicates myeloproliferative neoplasm; PV, polycythemia vera; ET, essential thrombocythemia; MF, myelofibrosis; and NOS, unclassifiable.
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Table 2. Relative risk of MPN among first-degree relatives of MPN patients

MPN NOS

MF

ET

PV

Any MPN

RR (95% Cl)

Controls

RR (95% Cl) Patients

Controls

RR (95% CI) Patients

Controls

RR(95% Cl)  Patients

Controls

Controls RR (95% Cl) Patients

Patients

Proband

7.5 (2.7-20.8)
4.1(1.0-16.2)
16.6 (1.9-146.1)

1

0.9 (0.2-4.2)

2

7.4 (3.7-14.8)
5.4 (2.2-13.2)
8.0 (2.6-24.5)

16

29

5.7 (3.5-9.1)

38
25

53
37

3.8-8.2)
3.1-7.8)
3.4-13.5)

NA
4.0 (0.2-61.7)

12

12

6.0 (3.3-11.0)
5.4 (2.2-13.1)

1

1

9

12

NA
8.9 (0.6-140.1)

N.A
4.1(0.2-63.1)

NA
17.5 (1.9-16.3)

NA
8.4 (1.5-46.4)

0.5-16.2)
3.2-28.0)

1

5.6
4.9

69

95

Any MPN

44
17

83
29

PV
ET
MF

6.8

2.7
9.4

11

MPN NOS

All estimates were adjusted for sex of first-degree relative.

MPN indicates myeloproliferative neoplasm; PV, polycythemia vera; ET, essential thrombocythemia; MF, myelofibrosis; NOS, unclassifiable; RR, relative risk; Cl, confidence interval; and NA, not applicable.
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had any primary cancer registration with the tumor of interest (examining
up to 5 tumor registrations). Here, the age or age at onset of disease in a
relative of a proband was modeled by a proportional hazards model.
Familial aggregation for each condition was evaluated by testing the hazard
ratio of being a relative of a case compared with a relative to a control. The
model was fitted to the data using the PHREG procedure in SAS, version
9.1. We used relative risk (RR) to denote the hazard ratio defined herein.
The robust sandwich covariance matrix accounts for the dependence of the
family members. We tested separately for increased risk for PV, ET, MF,
and MPN NOS, and we tested for increased risk of developing any MPN
considered as a combined entity. We also assessed the risk of CML, acute
myeloid leukemia (AML), and myelodysplastic syndromes (MDS) among
relatives. Furthermore, in an exploratory analysis including all defined
hematologic malignancies and solid tumor sites, we examined if there was
evidence of increased risk of any malignancy among relatives to MPN
patients. Because case and control probands were matched for risk factors
thought to be important for MPN, the relatives should be generally well
matched. However, because they cannot be individually matched, we
adjusted for sex in all analyses.

The main effect of interest in this analysis is the increased risk
associated with being a relative of a case compared with being a relative of a
control. However, we were also interested in testing whether other factors,
such as sex of case, sex of relative, type of relative, and age of disease onset
in the case proband, affected case-control comparisons. Thus, we analyzed
the data both by stratifying these factors and by testing them as interaction
effects in one model. Age at diagnosis was stratified at less than 65 versus
more than or equal to 65 years.

To test for anticipation, we computed Kaplan-Meier estimates of risk of
MPN by age and tested for homogeneity of parent and offspring strata using
the log-rank test (PROC LIFETEST, SAS, version 9.1).

Results

A total of 11039 (6217 PV, 2838 ET, 1172 MF, and 812 MPN
NOS) MPN patients diagnosed in Sweden in 1958 to 2005, 43 550
population-based matched controls, and first-degree relatives of
cases (n = 24 577) and controls (n = 99 542) were included in the
study. The characteristics of MPN patients and controls are shown
in Table 1. The mean age at diagnosis for PV, ET, MF, and MPN
NOS patients was 66, 66, 69, and 71 years, respectively. Approxi-
mately 90% of the patients were identified through the central
Swedish Cancer Registry, with the remaining 10% of the cases
captured in local hospitals via our nationwide Swedish Myelopro-
liferative Disorder Study Group (Table 1). A majority of the ET
(~85%) and MF (~60%) cases were diagnosed between the
mid-1980s and the end of the study period (2005). Offspring
constitutes the largest group of relatives, as expected, given
inherent characteristics of the applied database.

As shown in Table 2, relatives of MPN patients had an increased
risk of any MPN (RR = 5.6; 95% confidence interval [CI],
3.8-8.2). When we assessed the familial risk for specific MPNs, we
found relatives of patients with any MPN to have an increased of
PV (RR =5.7; 95% CI, 3.5-9.1), ET (RR = 7.4; 95% ClI, 3.7-
14.8), and MPN NOS (RR = 7.5; 95% CI, 2.7-20.8). The risk of
MF was not increased, but it was a rare outcome (in total 11 cases
among case and control relatives).

We also assessed risk of MPNs in models restricted to relatives
of patients with PV, ET, ME, and MPN NOS only. Because
numbers got smaller when we stratified by subtype of MPN, some
of the estimates were less precise, which was reflected in wide
confidence intervals. Among relatives of PV patients, we found
increased risk of any MPN (RR =4.9; 95% CI, 3.1-7.8), PV
(RR = 6.0; 95% CI, 3.3-11.0), ET (RR = 5.4; 95% CI, 2.2-13.2),
and MPN NOS (RR = 4.1; 95% CI, 1.0-16.2). Relatives of ET
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Table 3. Relative risk of MPN among first-degree relatives of MPN patients, by type of relative, sex, and age of proband

MPN NOS

MF

ET

PV

Any MPN

Probands with any

RR (95% Cl)

Controls

RR (95% Cl)  Patients

Controls

RR (95% ClI) Patients

Controls

RR (95% Cl)  Patients

Controls

Controls RR (95% CI) Patients

Patients

MPN

Type of relative*

2.7 (0.5-16.3)

NA
8.5 (0.8-88.9)

0
2
0

4.1 (15-11.7)
10.7 (1.8-64.0)
10.5 (4.1-27.3)

6.6 (3.8-11.6)
2.1(0.2-22.7)
5.0 (2.6-9.6)

20

32

5.0 (3.1-7.8)

35

42

Parent

NA
6.6 (1.6-27.6)

4

2
6

5
16

1

20

10.3 (3.2-33.3)
5.6 (3.4-9.1)

12 5
29

41

Sibling

NA

16

Offspring
Sex of proband*

6.7 (1.6-28.0)
8.2 (2.1-32.9)

1.0 (0.1-9.1)

45 (2.3-8.6) 12 5.4 (2.3-12.8) 1
17 9.9 (3.7-26.3)

7.0 (3.8-13.0)

22

4.5 (2.8-7.4)
31

36
33

40
55

Male

0.8 (0.1-6.9)

6.8 (4.2-11.1)

Female
Sex of relative

14.5 (3.0-69.0)

0.8 (0.1-6.9)

3.2(1.1-9.2)
12.7 (5.1-31.7)

5.6 (3.0-10.5)
5.8 (3.0-10.9)

26
27

4.8 (2.9-7.9)

35

4

Male

4.1 (1.0-16.2)

1.0 (0.1-9.0)

1

7

19 22

6.5 (4.0-10.5)

34

54

Female
Age at diagnosis*

8.3 (2.1-32.9)
6.6 (1.6-27.6)

6

0.8 (0.1-7.0)

1
1

7.4 (3.0-18.5)
7.3 (2.7-19.6)

10

18

11

7.1 (4.1-12.5)
3.7 (1.8-7.6)

38 22

6.5 (4.1-10.3)
4.4 (2.6-7.3)

40

63

Younger than 65 y
Older than 65y

1.0 (0.1-8.8)

16

15

29

MPN indicates myeloproliferative neoplasm; PV, polycythemia vera; ET, essential thrombocythemia; MF, myelofibrosis; NOS, unclassifiable; RR, relative risk; Cl, confidence interval; and NA, not applicable.

*Estimates were adjusted for sex of first-degree relative.
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Figure 1. Risk of MPN by age in parents versus offspring of MPN cases.
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patients had elevated risk for any MPN (RR = 6.8; 95% CI,
3.4-13.5), PV (RR = 5.4; 95% (I, 2.2-13.1), ET (RR = 8.8; 95%
CI, 2.6-24.5), MPN NOS (RR = 16.1; 95% CI, 1.9-146.1), and
nonsignificantly increased risk for MF (RR = 4.0; 95% CI, 0.2-
61.7). For relatives of MF patients, we found a nonsignificantly
increased risk for any MPN (RR =2.7; 95% CI, 0.5-16.2);
however, numbers were too small for further detailed analyses
(Table 2). When we defined risk estimates for relatives of MPN
NOS patients, we found increased risk for any MPN (RR = 9.4;
95% CI, 3.2-28.0), PV (RR =8.4; 95% CI, 1.5-46.4), ET
(RR = 17.5;95% (I, 1.9-16.3), and nonsignificantly increased risk
for MPN NOS (RR = 8.9; 95% CI, 0.6-140.1).

We also conducted analyses by various types of first-degree
relatives (parents, siblings, offspring). In these models, the risk
estimates were consistently higher for siblings (Table 3). When
we calculated risks by sex of the MPN patient and sex of the
first-degree relative, respectively, with the exception of female
relatives of MDP NOS patients, we found female sex (of
proband as well as first-degree relative) to be consistently
associated with a higher risk (Table 3), but the Cls clearly
overlap. Similarly, relatives of younger probands have some-
what higher but nonsignificant risks.

The mean age at diagnosis of MPN was not significantly
(P = .20, t test) different for affected relatives of cases (57.5 years)
compared with affected relatives of controls (60.6 years), indicat-
ing that familial MPN does not differ in age of onset from sporadic
MPN. We also looked at differences in risk of MPN for parents
compared with offspring of cases. As shown in Figure 1, the risk of
MPN by age was not significantly different between them (P = .10,
log-rank test), which does not support the anticipation hypothesis.

As shown in Table 4, we assessed risk of CML, AML, and MDS
among relatives of MPN patients (vs controls). Among relatives of
MPN patients we found a borderline increased risk of CML
(RR =1.9; 95% CI, 0.9-3.8; P =.09) but no increased risk of
AML or MDS. However, we found a borderline increased risk of
AML among relatives of ET patients (RR = 1.8; 95% CI, 0.9-3.8;
P =.09). Among MPN families with a relative affected with
AML/MDS (n = 34/n =5), none of the corresponding MPN
probands developed AML or MDS themselves.

In an exploratory analysis, we assessed familial risks for all
defined hematologic malignancies and solid tumors among rela-
tives of MPN patients. We observed a significantly (RR = 1.6;
95% CI, 1.1-2.5) increased risk of chronic lymphocytic leukemia
among family members of MPN patients. For solid tumors, we
found significantly increased risks of malignant melanoma
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Table 4. Relative risk of CML, AML, and MDS among first-degree relatives of MPN patients

CML AML MDS
Proband Patients Controls RR (95% CI) Patients Controls RR (95% CI) Patients Controls RR (95% CI)
Any MPN 11 24 1.9 (0.9-3.8) 34 108 1.3 (0.9-1.9) 5 13 1.6 (0.6-4.4)
PV 7 13 2.2 (0.9-5.5) 16 62 1.0 (0.6-1.8) 3 5 2.4 (0.6-10.2)
ET 1 4 1.0 (0.1-8.8) 11 25 1.8 (0.9-3.8) 0 7 NA
MF 2 3 2.7 (0.5-15.8) 3 9 1.4 (0.3-5.3) 1 0 ND
MPN NOS 1 4 1.0 (0.2-9.7) 4 12 1.4 (0.5-4.3) 1 1 4.6 (0.3-75.9)

All estimates were adjusted for sex of first-degree relative.

CML indicates chronic myeloid leukemia; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; RR, relative risk; Cl, confidence interval; MPN,
myeloproliferative neoplasm; PV, polycythemia vera; ET, essential thrombocythemia; MF, myelofibrosis; NOS, unclassifiable; NA, not applicable; and ND, not done.

(RR = 1.4; 95% CI, 1.2-1.7) and cancer of the brain (RR = 1.3;
95% CI, 1.1-1.6). No other malignancies were significantly in-
creased (data not shown).

Discussion

In this largest population-based case-control study to date, includ-
ing more than 11 000 MPN patients and their almost 25 000
linkable first-degree relatives, we found 5- to 7-fold elevated risks
of developing MPNs among first-degree relatives of MPN patients.
Our results support the theory that there are common, strong,
shared susceptibility genes that predispose to PV, ET, MF, and
possibly CML.

Consistent with prior smaller studies and case reports, we found
highly increased risk of all types of MPNs among first-degree
relatives of MPN patients.3!> The observed elevated risks of
various types of MPNs were very similar among relatives of PV,
ET, and MPN NOS patients. The lack of aggregation found for MF
may be the result of the rarity of this outcome. Unlike with other
tumor sites, there does not seem to be additional risk for the same
MPN subtype in cases and relatives. There was no striking
variation by age at diagnosis of the case. Interestingly, we found
somewhat higher risk estimates among siblings, which is compat-
ible with a model of recessive inheritance, although this can only be
confirmed by identifying the actual susceptibility gene(s). Alterna-
tive explanations include the operation of some shared environmen-
tal influences possibly interacting with host (genetic) factors. When
we assessed risk by sex of probands and family members, we found
relatives of female probands and female relatives to be at higher
risk than males, but this was not significant when these factors were
added into the model as covariates (not shown). This might suggest
there are some sex-specific underlying biologic pathways involved,
or it could be a chance finding.

We also assessed risk of CML, AML, and MDS in various types
of first-degree relatives. The risk of CML was borderline 2-fold
increased (P = .09) among relatives of MPN patients; however, we
found no significantly increased risks for AML or MDS among
relatives of MPN patients overall. Neither did we see any aggrega-
tion of AML/MDS progression after MPN and de novo AML/MDS
and in the same families. However, AML is a rare outcome so the
power to detect associations is low. Interestingly, among relatives
of ET patients, we found a borderline 2-fold increased risk
(P = .09) for AML. This observation might be of interest given the
fact that the risk of developing AML is increased among ET
patients.>?* Potentially, our finding of a borderline excess risk of
AML among relatives to ET patients might indicate the operation
of some shared germ line susceptibility genes in AML and ET.
Future research is needed to confirm our findings and to define

underlying mechanisms and assess potential gene-environment
(including MPN therapy) interactions with regard to AML risk.

When we conducted an exploratory analysis, including all
defined hematologic malignances and solid tumors, we found
evidence of an increased risk of chronic lymphocytic leukemia,
malignant melanoma, and brain cancer among relatives of MPN
patients. At this time, we have no clear biologic explanation to
these observations, and they might well be chance findings because
of multiple comparisons.

Based on small numbers, the clinical presentation and
outcome of familial MPN patients have been suggested to be
different from sporadic MPN patients. For example, homozygos-
ity for JAK2 (V617F) has been reported to identify a higher risk
of disease evolution.® However, a larger study of MPN patients
did not find differences in clinical presentation between familial
and sporadic cases.'? Our results showed no difference in age of
onset of familial cases compared with sporadic cases MPN.
Unlike the investigation by Rumi et al,'* we did not find any
evidence for anticipation (Figure 1).

In our study, we used a register-based case-control design,
which ruled out recall bias, ensured a population-based setting, and
generalizability of our findings. By including all MPN cases
diagnosed in Sweden in 1958 to 2005 with one or more linkable
relatives, we were able to conduct a very large study on familial
aggregation of MPN. Limitations include incomplete numbers of
first-degree relatives, lack of information on potential confounders
(although the matched design and analyses ensured adjustment for
sex, age, and geography), lack of validation of the register-based
data, and lack of clinical data. Other potential limitations of our
study were the absence of a systematic validation of all MPN
diagnoses. Because of the size of the study, we were not able to
validate individual records. However, because we retrieved MPN
patients both from local hospital registries (as part of our Swedish
Myeloproliferative Disorder Study Group network) as well as the
central Cancer Registry, we were able to compare descriptive
characteristics of MPN patients from the 2 data sources. We found
the cases to be very similar and familial risk estimates were
virtually the same when we conducted subanalyses stratified by
data source (data not shown). As shown in Table 1, the majority of
ET and MF cases (~60%-85%) were diagnosed between the
mid-1980s to the end of the study period (2005). Presumably, these
patterns reflect underascertainment of ET and MF in earlier years.
However, because the current investigation is a case-control study,
ascertainment of first-degree relatives and information regarding
their present/absent MPN diagnoses should be nondifferential for
case- and control-relatives. Inherently, because of the case-control
design, any underascertainment of MPNs among relatives would
lead to a conservative bias (ie, a null association). Finally, because
we assessed familial aggregation using relatives of MPN cases and
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matched controls and they were obtained from the same registries,
the validity of the diagnosis should be nondifferential and the
relative risks should not be biased.

In conclusion, we found 5- to 7-fold elevated risks of develop-
ing MPNs among almost 25 000 first-degree relatives of more than
11 000 MPN patients. Our results support the theory that there are
common, strong, shared susceptibility genes that predispose to PV,
ET, MF, and possibly CML.? This study provides novel informa-
tion supporting the application of gene mapping and candidate
gene approaches in high-risk families and case-control studies.
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