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Abstract

The genetic basis of familial primary pulmonary hypertension (FPPH) is unknown, but the clinical
and pathologic features are the same as in sporadically occurring primary pulmonary hypertension
(PPH). Because few families with this disease have been reported, the mode of inheritance and
genetic features have not been clearly established. We previously reported a tendency for
decreasing age of onset in subsequent generations of affected families. The purpose of this study
was to examine the pattern of inheritance in a large number of families in an attempt to find clues
to pathogenesis. From 24 families we studied 429 members, 124 of whom were known to carry the
gene for disease. We constructed cumulative mortality curves for each gender of the 99 affected
individuals. We analyzed gender ratios of progeny of affected members and carriers and compared
age at death of affected members by generation. More females (160) than males (122) were born
to persons carrying the gene, p < 0.01, suggesting selective wastage of male fetuses or an
abnormal primary sex ratio. Genetic anticipation was confirmed; the age at death was 45.6 + 14.5
versus 36.3 + 12.6 versus 24.2 + 11 standard deviation (SD) years in successive generations, p <
0.05. Five cases of male-to-male transmission were observed, excluding X-linkage. Age at death
was the same for males and females. More females had the gene (84 females, 40 males) and more
females with the gene developed disease (72 of 84 females [86%)] versus 27 of 40 males [68%]).
The disease has highly variable penetrance among families. Genetic anticipation suggests that
trinucleotide repeat amplification is the mechanism for the molecular basis for disease, similar to
fragile X syndrome, myotonic dystrophy, and Huntington’s disease. Abnormal gender ratio of
progeny raises the possibility that the gene is involved in embryologic development. These clues
provide direction for a search for the gene responsible for FPPH.

Primary pulmonary hypertension (PPH) is a progressive, fatal disease in which the singular
abnormality is proliferative occlusion of small pulmonary arteries (1). Women, usually of
child-bearing age, are affected twice as frequently as men. Interest in this illness has
increased because of the advent of effective vasodilator therapy and the success of lung
transplantation. PPH occurs in families (2-19). It occasionally affects most or all members
in a sibship, but more often affects only a few individuals among several members at risk
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and skips generations. Twelve (6%) of the 187 patients enrolled in the National Institutes of
Health (NIH)-sponsored Primary Pulmonary Hypertension Registry (20) had two or more
family members with the disease. The clinical and pathologic features of these 12 patients
(20) and 24 other patients with familial primary pulmonary hypertension (FPPH) (21) were
identical to those of patients with sporadic PPH. Because of the rarity of the familial form of
this disease, and because of the incomplete expression of the gene in families, the mode of
inheritance and genetic features are not fully understood. It has been assumed that the
familial form of PPH is transmitted as an autosomal dominant trait. In earlier studies, we and
others (21, 22) found a tendency for disease to develop in younger members of subsequent
generations in affected families. This phenomenon, genetic anticipation, was questioned as a
real entity until the recent discovery that trinucleotide repeat amplification forms the basis
for several diseases, including fragile X syndrome, myotonic dystrophy, Huntington’s
disease, and X-linked spinal and bulbar muscular atrophy (Kennedy’s disease).

We have collected and analyzed information from more than 500 members of 32 families
with familial PPH, 142 of whom are affected with the disease or who carry the gene. We
found an abnormal gender ratio at birth in offspring of persons with the gene, suggesting
selective male fetal loss, as well as the clear presence of genetic anticipation. Our results
suggest that familial PPH is inherited by autosomal dominant transmission with variable
penetrance. The presence of genetic anticipation suggests the presence of trinucleotide
repeats in the genome, and the abnormal gender ratio suggests that the gene responsible for
the vasculopathy may have a role in embryologic development.

METHODS

Between 1954 and 1984, 14 American families with two or more cases of PPH were
reported in the medical literature (2-19). To study the genetic transmission of this disease,
we attempted to locate all reported families and found eight new cases of PPH in the nine
families we were able to contact (21). We have continued to collect biographic and clinical
information on other American families with PPH, and we currently maintain records of 32
families within the United States who have had two or more members with FPPH. Medical
information and records were collected from published reports, patients, family members,
and hospitals. Many of these PPH patients died in the 1950s to 1970s before our studies
began, so most patients were not examined by the investigators. All patients had the
diagnosis of PPH made by findings at cardiac catheterization or autopsy, with compatible
signs and symptoms of PPH, and the absence of secondary causes. Probable PPH was
defined by premature death after signs and symptoms compatible with PPH, usually
substantiated by electrocardiographic findings of right ventricular hypertrophy, and the
absence of secondary causes.

Abbreviated pedigrees of the 24 families which could be analyzed for transmission (affected
members in more than one sibship) are shown in Figures 1 and 2. For brevity, the sibships
are shown in condensed form without regard for order of birth and include only the
individuals at risk (first degree relatives). Seventeen families (Families 1-13, 18, 19, 21, 26)
have been previously reported in the medical literature. To determine if bias existed to report
families with numerous cases (compared with families with fewer cases) we reviewed all
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reports to identify the total number of proven cases at the time of the original publication. Of
the reported families, 13 (76%) of 17 families had only two proven cases at the time of the
first report, 3 of 17 families (Families 7, 12, 13) had three proven cases, and 1 of 17 families
(Family 10) had four proven cases. We conclude that there was no appreciable bias to report
families with multiple affected members, because 76% of the PPH families were originally
reported when only two cases had occurred in those families. Nine families (Families 14, 15,
16, 17, 27, 28, 29, 31, 32) were identified via direct patient referral to us, and six families
were identified by colleagues who supplied clinical and biographic information to us (see
acknowledgment).

Eight families including 18 PPH patients were excluded from analysis for the following
reasons: five families (Families 3, 10, 18, 19, 32) with 12 patients were excluded because
PPH was limited to a single sibship so transmission could not be analyzed; three families
(Families 2, 21, 26) with six patients were excluded because the report included only an
affected mother and one child, without other information about the family. We analyzed
transmission in the other 24 families. Pedigrees of the 24 families, abbreviated to depict only
individuals at risk, are presented in Figures 1 and 2.

Thirteen of the 32 FPPH families reside in Tennessee and the others are distributed
throughout the United States.

Statistics

The data are reported as mean values + 1 standard deviation. Significance testing was
performed using Student’s #test and chi square with Yates correction. Significance for the
gender distribution of progeny was calculated from the binomial distribution calculated
under the null hypothesis that the normal proportion of males is 51% at the time of birth
(23). For the age at death by generation, we performed nonparametric analysis of variance
by the Kruskal-Wallis test, followed by group comparisons using the Mann-Whitney test.
Significance was assumed when the p value was less than 0.05.

RESULTS

A total of 429 individuals (233 females = 54%, 196 males = 46%) were identified to be at
risk in the 24 FPPH families (Figures 1 and 2). Individuals known to have the gene (they
have disease or progeny with disease) had 282 children (160 females = 57%, 122 males =
43%, p < 0.01). If a normal gender ratio had occurred in the children of individuals with the
gene, for the 160 females born, 167 males (rather than the observed 122) should have been
born. We have no information on the rate or gender of miscarried pregnancies in these
families. If the number of males calculated to be missing at birth (n = 45) were hypothesized
to be PPH-affected, then the number of affected males and females would be the same, 72
versus 72.

The age at death of patients with FPPH ranged from age 5 to 67 yr (Figure 3). The mean age
at death between females (32.4 + 14.5 yr) and males (34.3 + 15.8 yr) did not differ. The
gender ratio of affected patients was 72 females:27 males (2.7:1). The mean age at death in
each generation (Figure 4) decreased from 45.6 £ 11.2 yr(n = 13) in the earliest generation
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t0 36.3 £ 12.6 yr (n = 41) in the next generation, to 24.2 £ 11.0 yr (n = 42) in the most recent
generation, p < 0.05 between each group. Ten patients who acquired disease from an
asymptomatic heterozygous mother died at a mean of 19.8 + 5.9 yr, whereas 16 PPH
patients who acquired disease from an asymptomatic heterozygous father died at 32.6 + 10.5
yr, p < 0.05; thus, the age at death of familial PPH patients was younger when disease was
acquired from an asymptomatic heterozygous mother than from an asymptomatic
heterozygous father.

Of the total 429 individuals in the 24 families that could be analyzed for transmission, 124
had the gene for PPH, of whom 99 had PPH and 25 were asymptomatic heterozygotes (have
progeny with PPH but were not themselves symptomatic). Of the 99 patients affected with
PPH, 72 (73%) were female and 27 (27%) were male. Of the 25 asymptomatic
heterozygotes, 12 (48%) were female and 13 (52%) were male. Therefore, there were 84
females with the gene, 72 (86%) of whom had PPH, and 12 (14%) of whom were
asymptomatic heterozygotes. There were 40 males who had the gene, of whom 27 (68%)
had PPH and 13 (32%) were asymptomatic heterozygotes. Thus, the absolute number of
asymptomatic heterozygotes was similar between genders (12 versus 13).

The age correction for penetrance shows that by age 10, 10% of individuals with a familial
PPH gene developed disease. At age 70, 92% of people with familial PPH gene had disease.
Penetrance calculations for females demonstrate that 72 of the expected 116 (50% of 233 at
risk) developed PPH for a penetrance of 62%. Disease was present in 27 males of the
expected 98 (50% of 196) for a penetrance of 28%.

DISCUSSION

Primary pulmonary hypertension, a progressive disease of small pulmonary arteries, usually
leads to death within 3 yr after diagnosis (24). The sporadic and familial forms of PPH have
similar clinical and pathologic features (20, 21). Although it is possible that PPH is a
syndrome with more than one pathogenesis (1), pathologic analysis of lung specimens in
FPPH suggests that disease is the result of the same basic process (25). Indirect evidence
suggests that PPH may be associated with autoimmune disease. Recently, other investigators
(22, 26) have reported an association between the major histocompatibility complex (MHC)
and PPH.

In the NIH PPH patient registry (20), 12 (6%) of the 187 patients had a positive family
history of PPH. The only difference identified was a shorter time from symptom onset to
diagnosis in familial PPH, as would be expected from earlier recognition of subsequent
cases in affected families. In our 99 patients, the cumulative mortality curves show that there
is no difference in age at death between affected men 34.3 + 17 yr and women 32.4 £ 16 yr.
The mean age at death of patients from the NIH PPH registry was not reported, but the mean
age at the time of enroliment was 36.4 yr (20), similar to our patients with familial PPH. We
found deaths in familial PPH at both extremes of age (Figure 3). Twenty percent died from
PPH after age 50.
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This is the first investigation to report an abnormal gender ratio at birth in offspring of
persons carrying the gene for familial PPH. Individuals with the gene had children with a
gender ratio of 57% female and 43% male. One possible explanation for the abnormal
gender ratio at birth is an increased loss of males /n utero. Increased male fetal wastage
suggests the possibility of an X-linked dominant mode of inheritance, causing increased
death in utero of hemizygous males, but this possibility is excluded by the observation of
five instances of father-to-son transmission (Families 4, 6, 7, 17, 28). Another possible
explanation for the abnormal gender ratio at birth is an abnormality of the gender ratio at
fertilization, which suggests the possibility that the FPPH gene might be related to the
developmental process, such as the capability of X- or Y-bearing sperm to reach or fertilize
the ovum.

The molecular basis of genetic anticipation was recently elucidated in the fragile X
syndrome, where the phenomenon has been referred to as the Sherman paradox (27, 28). A
trinucleotide (CGG) in the 5” region of the Fragile X gene (FMR-1) is repeated in tandem 6
to 54 times in normal individuals, but repeats more than 200 times in patients with fragile X
syndrome. The trinucleotide repeat becomes unstable, particularly during oocyte meiosis,
after the tandem repeats exceed 52 in number. Methylation of certain critical CpG
dinucleotides that accompanies the expansion silences transcription of the abnormal allele.

Myotonic dystrophy is a common autosomal dominant myopathy whose severity increases
over multiple generations, suggesting a mutational mechanism similar to that found in the
fragile X syndrome. A highly polymorphic unstable CTG repeat has been identified at locus
(19 g 13.2-13.3) in myotonic dystrophy patients (29, 30). An increase in the severity of the
disease in successive generations is accompanied by an increase in the number of
trinucleotide CTG repeats. Nearly all affected individuals (98% of 258 patients) display
expansion of the CTG repeat region. These results suggest that myotonic dystrophy is
caused by mutations that generate an amplification of a specific CTG repeat. They also
illustrate a tendency for the variable length polymorphism alleles to increase in size in
successive generations. The presence of genetic anticipation in familial PPH suggests a
molecular mechanism (amplification of GC-rich repeat sequences) similar to those recently
discovered in other diseases which manifest genetic anticipation.

Thirteen of the 32 families with PPH that we have studied reside in Tennessee. Families with
PPH may cluster in Tennessee, or our interest in the disease may have brought families to
our attention. We have been unable to identify any common ancestry or consanguinity
among the PPH families in Tennessee. If the incidence of familial PPH in Tennessee
(population = 4.8 million) is representative of the entire United States (population = 248
million), there may be more than 650 PPH families in the U.S. We know several patients
who were initially diagnosed as sporadic PPH, but then later had a relative develop PPH. It
seems possible that many patients who appear to have sporadic PPH may actually have
familial PPH in a family with low penetrance or with inadequate information about the
health of their relatives.

In summary, familial primary pulmonary hypertension has two unusual genetic
manifestations, an abnormal gender ratio and genetic anticipation. These features are clues
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to the molecular basis of familial PPH which is probably a disease of trinucleotide repeat
expansion.
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Figure 1.

Abbreviated pedigrees of Families 1-15 with familial primary pulmonary hypertension
which were analyzed for transmission of disease. Solid symbols represent individuals with
disease. Circles represent females, squares represent males. Crosshatch symbols represent
individuals who had probable PPH (see Methods). Open symbols without numbers represent
carriers. Numbers inside symbols represent numbers of unaffected siblings of each gender.
Numbers to upper right of symbols indicate age at PPH death.
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Family 16 Family 17
Family 20 Family 22

Family 25

Figure2.
Abbreviated pedigrees of Families 16-31 with familial primary pulmonary hypertension

which were analyzed for transmission of disease. Solid symbols represent individuals with
disease. Circles represent females, squares represent males. Crosshatch symbols represent
individuals who had probable PPH (see Methods). Open symbols without numbers represent
carriers. Numbers inside symbols represent numbers of unaffected siblings of each gender.
Numbers to upper right of symbols indicate age at PPH death.
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Cumulative mortality curves of 72 female and 27 male patients with familial primary
pulmonary hypertension. There is no difference between the curves.
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Figure 4.

Age at death versus generation in familial primary pulmonary hypertension. The mean age at
death was significantly different for each generation, p < 0.05.
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