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A B S T R A C T Nuclear DNAfrom individuals belong-
ing to nine different families in which two sibs were
affected with isolated growth hormone deficiency type
I were studied by restriction endonuclease analysis. By
using 32P-labeled human growth hormone or the ho-
mologous human chorionic somatomammotropin com-
plementary DNA (cDNA) sequences as a probe, the
growth hormone genes of affected individuals from all
families yielded normal restriction patterns. Poly-
morphic restriction endonuclease sites (HincII and
MspI), which are closely linked to the structural gene
for growth hormone on chromosome 17, were used as
markers in linkage analysis of DNAof family mem-
bers. Of the nine affected sib pairs two were concor-
dant, three were possibly concordant, and four were
discordant for both linked markers. Since only con-
cordant sib pairs would have inherited the same
growth hormone alleles, further studies to identify
mutations of the growth hormone genes should be lim-
ited to this subgroup. It is unlikely that the discordance
observed in four of the sib pairs is due to recombi-
nation, because the polymorphic HincII site is only
116 base-pairs from the -26 codon of the growth hor-
mone gene. Thus, in at least four of the nine families,
the mutation responsible for isolated growth hormone
deficiency is not within or near the structural gene for
growth hormone on chromosome 17.

INTRODUCTION
Humangrowth hormone (hGH)' and human chorionic
somatomammotropin (hCS) are closely related poly-
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1 Abbreviations used in this paper: bp, base-pairs; GH-L,
growth hormonelike sequences; hCS, human chorionic so-

peptide hormones with 92% homology between their
mRNAcoding sequences (1, 2). Following digestion
with EcoRI, the hGHand hCS genes are contained in
2.6- and 2.8-kilobase (kb) fragments of genomic DNA,
respectively, while a third uncharacterized fragment
(9.5 kb) contains homologous or "GH-like" (GH-L)
sequences (2, 3). Although all of these components of
the hGH gene cluster are located on the long arm of
chromosome 17, the arrangement of the components
relative to each other is not known (3, 4). Studies of
the nucleotide sequences of isolated genomic clones
suggest there are at least two types of hGH and two
types of hCS genes (2, 5, 6). One locus of hGH (hGH-
N) encodes the known protein while another (hGH-V)
encodes a protein with 14 amino acid differences from
the normal, mature GH (7, 8).

Human GH is synthesized and released by an-
terior pituitary cells under hypothalamic influence.
Lack of hGH production causes metabolic alterations
and growth failure (9). Most cases of hGH deficiency
are idiopathic, but there are several single gene dis-
orders that are associated with an isolated deficiency
or absence of hGH (10). One form of familial isolated
growth hormone deficiency (IGHD) is inherited as an
autosomal dominant. Another form is X-linked reces-
sive and is associated with hypogammaglobulinemia
(11). Finally, there are two forms (types I and IA) that
have an autosomal recessive mode of inheritance. In
type I, low but detectable levels of immunoassayable
hGHmay occur, but in type IA hGHsecretion is absent
due to the deletion of the hGH-N gene (7, 10, 12).

One can postulate two explanations for the reduced
hGHlevels seen in IGHD type I (IGHD I): one involves
mutations in or near the hGH genes, while the other

matomammotropin, hGH, human growth hormone: N, nor-
mal; V, variant; IGHD, isolated growth hormone deficiency;
kb, kilobase(s).
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involves mutations of distant loci that affect the em-
bryological development, cellular composition, or neu-
roendocrine regulation of the anterior pituitary. In
analogy to disorders of hemoglobin, a wide variety of
hGH gene defects could cause an altered hGH poly-
peptide that would have decreased immunological and
biological potency or a deficient amount of structurally
normal hGHpeptide (13). Alternatively, IGHD I could
be associated with normal hGH genes that are ren-
dered nonfunctional by mutations of other "regula-
tory" loci that control functions of the hypothalamus
and/or anterior pituitary cells (10-12).

In contrast to IGHD IA, preliminary studies in our
laboratories on DNAfrom individuals with IGHD I
indicated that the hGH-N gene sequences were grossly
normal. To determine if the hGH-N genes or their
flanking sequences were subtly altered in IGHD I, we
then used linkage analysis rather than DNAsequenc-
ing. Westudied nine families with two affected sibs
to determine if both affected children had inherited
the same hGH-N gene from each parent. If the defect
causing IGHD I were within or near the structural
gene for growth hormone we should have found that
each of the nine affected sib pairs was concordant for
the hGH-N alleles inherited. Wefound that of the nine
affected sib pairs studied, two pairs were concordant,
three pairs were possibly concordant, and four pairs
were discordant for the markers and, hence, the hGH-
N alleles inherited. Since four of the nine sib pairs
were discordant, we believe a large fraction of cases
of IGHD I are due to defects that occur elsewhere in
the genome. These results demonstrate the usefulness
of linkage analysis in confirming that a mutation caus-
ing disease is within a specific gene before DNAse-
quencing of that gene.

METHODS
Clinical material. We studied DNA from members of

nine families (A-I) whose pedigrees are shown in Fig. 4. All
nine families had parents of normal height and two sibs
affected with IGHD I. Our criteria for IGHD I include (a)
no demonstrable anatomic cause for IGHD, (b) stature >2
SD below mean for age and sex, (c) significantly delayed
bone age, (d) peak GHlevels <7 ng/ml after standard phar-
macologic stimulation, (e) deficient growth velocity that re-
sponded to parenteral hGH, (f) normal thyroid function,
(g) spontaneous pubertal changes at an appropriate bone age,
and (h) no known immunodeficiency or history of recurrent
infection in cases from pedigrees having only affected males.
Controls were unrelated individuals of normal stature who
had no endocrine disease.

Nuclear DNApreparation. High molecular weight DNA
was prepared as described (14) from peripheral blood (10-
30 ml) obtained from controls and all individuals shown in
the pedigrees in Fig. 4 except the parents in family E, who
were deceased.

Probe preparation. The recombinant plasmid chGH 800/
pBR 322 contains nearly full-length complementary DNA

(cDNA) to hGH mRNA(15). The 800-base pair (bp) hGH
cDNA insert was isolated from pBR 322 DNAby HindIII
digestion, followed by electrophoresis and recovery from
agarose gels (16). The purified 800-bp DNA fragment
was labeled to a specific activity of -108 cpm/yg using
[a-32PIdATP and [a-32P]deoxycytidine triphosphate ([a-
32P]dCTP) by "nick translation" with Escherichia coli DNA
polymerase I (17). This probe was used in restriction analysis
of DNAsamples from all families except E and I. For samples
from families E and I, the probe used was derived from the
recombinant plasmid chCS 550/pMB9 that contains cDNA
to hCS mRNA(18). Experiments involving recombinant
DNAwere conducted at P2-EK2 containment in accordance
with the National Institutes of Health guidelines.

Restriction endonuclease analysis. Aliquots of nuclear
DNAprepared from individual family members and controls
were digested to completion with various restriction endo-
nucleases under conditions recommended by the commercial
supplier (Bethesda Research Laboratories, Rockville, MD).
Digested DNAand appropriate DNAsize markers were sub-
jected to electrophoresis in 0.8-1.25% (wt/vol) agarose gels.
In some cases, genomic DNA fragments of a specific size
were isolated from an agarose gel, digested with a second
restriction endonuclease, and fractionated on a second aga-
rose gel (19). The DNAfragments were then transferred to
nitrocellulose filters and hybridized with the hGH or hCS
probe. The filters were then washed and autoradiographed
(4, 20, 21).

RESULTS

Polymorphic restriction sites identified. Using Hinc-
II, MspI, and BglII we found five commonpolymorphic
restriction sites that occur adjacent to or within com-
ponents of the hGHgene clusters of the families studied
as well as controls. As shown in Figs. 1 and 2 the frag-
ments resulting from these polymorphic restriction sites
are 6.7/4.5 kb (HincII), 4.3/3.6 kb or 3.9/3.3 kb (MspI),
and 13/10.5 kb or 8.1/3.0 kb (BglII) in size. The fre-
quencies in controls of these normal polymorphisms
were HincII 6.7/4.5 kb .68/.32 (111 chromosomes),
MspI 4.3/3.6 kb .44/.56, 3.9/3.3 kb .41/.59 (54 chro-
mosomes), and BglII 13/10.5 kb .30/.70, 8.1/3.0 kb
.41/.59 (109 chromosomes).

Partial digestion of DNAsamples as an explanation
for variations in fragment size was excluded by ob-
taining constant patterns after digestion with 1, 3, or
5 U of restriction enzyme/,tg DNA. Also, prolonged
exposure of films did not show any additional differ-
ences in patterns not seen on shorter exposure. Finally,
in all families studied the segregation patterns of poly-
morphic fragments agreed with Mendelian inheri-
tance.

Distances from hGH-N. Since the restriction map
of the hGH/hCS complex is only partially known, the
physical distance between most of the polymorphic
restriction sites and the hGH-N gene could not be eas-
ily determined. The approach used was to show that
two of the five polymorphic restriction sites are present
in a large restriction fragment that also contains the
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FIGURE 1 Autoradiogram patterns of DNA from family C
after digestion with HincIl (top), MspI (middle), or BglII
(bottom) restriction endonuclease and hybridization with
hGH probe. Fragment sizes in kilobases are on the right
(note the MspI fragments <3.3 kb are not shown).

hGH-N gene. Since all the components of the hGH/
hCS gene complex are contained in DNA fragments
of 26, 23, and 16 kb following digestion with HindIIl,
our first step was to digest genomic DNAfrom a con-

trol with HindlIl and isolate the 26-, 23-, and 16-kb
hybridizing fragments (7, 19). The HindIll recogni-
tion sites are known to flank the EcoRI sites within
these large fragments (7). Next, EcoRI digestion of the
isolated 26-kb HindIll-generated fragment "26" (Fig.
3) showed that it contains only the 9.5-kb GH-L and
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FIGURE 2 Autoradiogram patterns of DNAfrom family H
after digestion with HincII (top), MspI (middle), or BglIl
(bottom) restriction endonuclease and hybridization with
hGH probe. Fragment sizes in kilobases are on the right
(note the MspI fragments <3.3 kb are not shown).

the 2.6-kb hGH (hGH-N and/or hGH-V) fragments.
BamHI digestion of "26" demonstrated the presence
of the 3.8-kb fragment containing the hGH-N gene

and an 8.5-kb GH-L fragment. The 1.2-kb fragment,
which would be expected from the hGH-V gene, was

not present (7). Thus, the isolated 26-kb fragment con-

tains the GH-L and hGH-N genes (Fig. 3). Similar
procedures were used to show that the hGH-V and
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FIGURE3 Autoradiogram patterns of total DNA from a normal control (T) and the 26-,
23-, and 16-kb fractions isolated following HindIII restriction endonuclease digestion and hy-
bridization to the hGH probe. Patterns seen following digestion of aliquots of total DNA(T)
and the 26-kb fraction "26" with EcoRI (lanes 5, 6) or BamHI (lanes 7, 8) demonstrate the 26-
kb fraction contains the hGH-N and GH-L genes (7). The patterns seen after HinclI (lanes 9,
10), BglII (lanes 11, 12), or MspI (lanes 13, 14) digestion indicate that the HincIl (6.7/4.5) and
the MspI (4.3/3.6) polymorphic restriction sites are within the 26-kb fraction and physically
linked to the hGH-N gene.

hCS genes are contained in the 23- and 16-kb f rag-
ments (data not shown).

The polymorphic restriction sites, which yield 6.7/
4.5-kb fragments after HincII digestion and 4.3/3.6-
kb fragments after MspI digestion, are within the 26-
kb HindIlI fragment and are thus physically linked
to the hGH-N locus (Fig. 3). The 23- and 16-kb
HindIII fragments contain the hCS and hGH-V loci
and the three remaining polymorphic restriction sites.

The exact location of the polymorphic HincIl site
was determined by comparison of EcoRI plus HinclI
digests of DNAfrom individuals who are homozygous
for the presence or absence of the HinclI polymorphic
site (4.5/4.5 or 6.7/6.7). The 2.6-kb EcoRI fragment,
which contains the hGH-N gene, is cut to 2.15 kb in
DNAfrom the 4.5/4.5 homozygotes but not in DNA
from 6.7/6.7 homozygotes, indicating that the HinclI
site is -0.45 kb from an EcoRI site flanking the gene
(data not shown). Sequencing data of a cloned hGH-
N gene (X hGH-N) further localizes the polymorphic
HincII site 116 bp 5' to the -26 codon hGH-N.2 This
site is not present in the hGH-N allele sequenced by
DeNoto et al. (22).

Results obtained after MspI or EcoRI plus MspI
digestion of the 26-kb HindIlI generated fragment
indicated that the polymorphic MspI site, which yields
4.3/3.6-kb fragments, is adjacent to the GH-L gene.

2 Seeburg, P. H. Unpublished observations.

Since a genomic clone with an insert size of -17 kb
has been described, which contains both the GH-L and
the hGH-N genes (5), we calculate that the 4.3/3.6-kb
polymorphic MspI site is at most 17 kb from the far
end of the hGH-N gene.

Pedigree and linkage analysis. The pedigrees of
the nine families with IGHD I whose DNAwere stud-
ied are shown in Fig. 4. Although all of these pedigrees
are compatible with an autosomal recessive mode of
inheritance, families A-D and I could also agree with
an X-linked mode of inheritance. The hypogamma-
globulinemia associated with the X-linked type of
IGHD was excluded in affected males in families C
and D by IgG, IgA, and IgM quantitation.

For each polymorphic restriction site we used in
linkage analysis the large fragments occur in the ab-
sence of (-) and the small fragments in the presence
of (+) the polymorphic restriction site. Thus, the f rag-
ments resulting from the absence of (-) or presence
of (+) the various polymorphic restriction sites were
designated as follows: HincIl (-6.7, +4.5), MspI (A:
-4.3, +3.6; B: -3.9, +3.3), and BglII (A: -13, +10.5;
B: -8.1, +3.0). In Fig. I the autoradiogram patterns
of DNA from family C Fig. 4 are shown. Note that
the father has the following patterns: HincIl (4.5/4.5
= +/+), MspI (A: 3.6/3.6 = +/+; B: 3.3/3.3 = +/
+), and BglII (A: 13/13 = -/-). Thus, he is homo-
zygous for +++- haplotypes that are separated by a
vertical line below his pedigree symbol (see family C,

492 Phillips, Parks, Hjelle, Herd, Plotnick, Migeon, and Seeburg



A
00

Hinc 11 -- +

MspIA - + -+-++-

B - - - - +
Bgl I1 A + + + +++ + -

B - - - - -+

(?)

B C ~~~~~D

l11 21213 23 12 3 2 3 3 4

--4--+ + ++_+_+-___ ++ _+-4_
-+--+-_++ + ++_+-_+ +_ + ++-_+-_-_+

+_+_-+4 -
+ +-_+ +_+ -+4++4_+_4

?+'+'+?_+_ ___+?+?_ +?+ + -_+++
(+) (? ) (+)

F G H I

n ^ z 6 6 ^ * ^f0 i ^ 0
1 2 1 3 2 4 3 4 1 2 2 3 2 4 1 4 1 4 3 4 1 2 1 4 1 3 1 3 3 4 1 2 2 3 1 4 2 4 2 3 3 4

Hinc [-++-++-+-+-+ - + + - -

MspIA---+--+- _ +++++_+_+++ _ ++_+- + (++)+++_+-+++-
B - + + - - - _+++++_-+-4+ + + _ _ _ _ + (-+)++--+-+++-

BgIIEA+++++4++ +--+--+-+-+- + ++ -+ ++ +-+ +++_+++++_-+
B --_ + - ?+?+?+?+?+?+?+ -_- _- + -+++_-+-+++_

(-) (-) () (-)

FIGURE 4 Pedigrees of nine families each of which has two sibs (solid symbols) affected with
IGHD I. Below each individual's pedigree symbol the absence (-) or presence (+) of poly-
morphic restriction sites for HincII (-6.7, +4.5), MspI (A: -4.3, +3.6; B: -3.9, +3.3) or BglII
(A: -13, +10.5; B: -8.1, +3.0) are shown. Where the coupling phases of the different sites
could be established (see text) the haplotypes of homologous chromosomes are separated by a
vertical line. Symbols below the small brackets indicate whether affected sib pairs have con-

cordant (+), possibly concordant (?) or discordant (-) patterns or haplotypes.

Fig. 4). The mother in this family has the following
patterns: HincIl (6.7/6.7 = -/-), MspI (A: 4.3/3.6
= -/+; B: 3.9/3.3 = -/+) and BglII (A: 10.5/10.5
= +/+). Given the haplotypes of her husband
(+++-/+++-) and two affected sons (+++-/
---+), it can be deduced that her haplotypes are

---+ and -+++. If her husband's identical haplo-
types (+++-) are designated as haplotype 1 and her
haplotypes as 2 (---+) and 3 (-+++), respectively,
it can be seen that both affected sons have inherited
haplotyes 1 and 2. At first it would appear these af-
fected sibs have concordant haplotypes but since their
father's two haplotypes are indistinguishable, it re-

mains possible that they inherited alternative paternal
haplotypes. Thus, they are only possibly concordant
as indicated by a (?) below the bracket connecting
their haplotypes. A second example is shown in Fig.
2, which corresponds to family H in Fig. 4. By analysis
of Fig. 2 it can be seen that the affected sibs have
discordant patterns after HinclI, MspI, or BglII di-
gestion. The presence of a child with homozygosity
for the ---+- haplotype enables the complete as-

signment of parental haplotypes. The father has
---+- and -++++ haplotypes, designated 1 and
2, and the mother has ---+- and +++-+ haplo-
types, designated 3 and 4. It can then be seen that the
two affected sibs are discordant because one inherited

haplotypes 1 and 4 while the other inherited haplotyes
1 and 3. This discordance is indicated by a (-) beneath
the bracket that connects their haplotypes. In families
A, B, and E the polymorphism patterns were not suf-
ficiently informative to allow the determination of
coupling phases; nevertheless, it was possible to prove
concordance for maternal and paternal alleles in fam-
ily B. In the remaining families (D, F-I), where the
complete or partial haplotypes of the homologous
chromosomes could be determined, the haplotypes are

separated by vertical lines. No evidence of recombi-
nation betveen the various polymorphic restriction
sites was found in any pedigree.

DISCUSSION

Among the nine pairs of sibs affected with IGHD I
shown in Fig. 4, those in families F-I were discordant
for different polymorphic restriction sites inherited
from their parents. Since two of these sites (HincII and
MspI A) are shown to be very close to the structural
gene for hGH (hGH-N) we conclude the affected sibs
in families F-I have inherited different hGH-N alleles.
Different maternal alleles were inherited by affected
sibs in families G and H while in families F and I
different maternal as well as paternal alleles were in-
herited. This discordance could arise from meiotic
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chromosomal recombination(s) between the hGH-N
allele and the adjacent polymorphic restriction sites
of one or both parents. The probability of meiotic re-
combination as an explanation for this discordance is
roughly equal to the distance in bp between the allele
and site in question, divided by 108 bp (23). For the
HincII site, which is 116 bp from the -26 codon, and
2.2 kb from the poly A addition site of hGH-N,2 the
probability is 2.2 X 103/108 or -1 in 45,500 per gen-
eration. For the MspI A site (4.3/3.6), which is no
more than 17 X 103 bp from the hGH-N gene, the
probability is 1 in 5,900 per generation. A more
likely explanation for this discordance between the
disease state and the polymorphic restriction sites in-
herited by these sib pairs is that the mutation causing
the IGHD I phenotype and the hGH-N structural gene
assort independently. This implies that the mutation
involved in IGHD I affects a gene responsible for de-
velopment or regulation of somatotrophic cell function
rather than the hGH-N structural gene.

In the remaining five families (Figs. 1 and 3, A-E),
the affected sib pairs would at first appear to have
concordant hGH-N genotypes. However, concordance
[indicated by a (+) below the bracket connecting their
haplotype] is firmly established only for sib pairs B and
D. In families A, C, and E discordance remains possible
[indicated by a (?) below the brackets connecting their
haplotypes] because the markers are not sufficiently
informative to prove concordance.

Among the nine affected sib pairs, two were defi-
nitely concordant, three were possibly concordant, and
four were definitely discordant for polymorphic re-
striction site haplotypes. These results indicate that a
large fraction of cases of IGHD I are due to alterations
not linked to the hGH-N gene. The concordant cases
may reflect the expected 25% occurrence of concor-
dance for independently assorting characteristics or
they may reflect heterogeneity in the genetic basis of
IGHD I with a subset of cases being due to an alteration
in the hGH-N gene.

Recently Orkin et al. have shown that specific mu-
tations causing 03-thalassemia are often associated with
specific polymorphic restriction site haplotypes (24).
Using this analogy, if the defect causing IGHD I in
families C and D were in or near the hGH-N gene,
one might expect the mutation to be associated with
a specific haplotype. In fact, the affected sibs in fam-
ilies C and D have at least three different haplotypes.

Our experience suggests a need for caution in the
use of restriction site polymorphisms for diagnosis and
prediction of inherited diseases. Such use should be
predicated upon study of a sufficient number of fam-
ilies to establish linkage and homogeneity of the dis-
ease. For example, conclusions based upon definite or
possible concordance between restriction patterns and

disease in families A-E would have led to erroneous
predictions of the absence of disease in the second
affected siblings in families F-I.

Analysis of polymorphic restriction patterns pro-
vides a powerful approach for establishing the absence
of linkage between a particular disease and a partic-
ular gene within a single family. Using a relatively
rapid and inexpensive technique, we determined that
hGH-N gene sequencing would not succeed in estab-
lishing the molecular basis of IGHD I in at least four
of the nine families studied. In these families, any se-
quence changes that might be found would probably
be irrelevant to their disease. Within the spectrum of
disorders involving growth, this approach will be par-
ticularly valuable in identifying those children sus-
pected of having biologically inactive hGH (25) whose
DNAwould be appropriate for cloning and sequencing
of the hGH-N gene.

Note added in proof. Since submission of this manuscript
we have studied samples provided by Drs. J. Bailey, L. Kirby,
C. Sultan, and J. Tze from three additional IGHD I families.
In each of these additional families the affected sib pairs
were discordant for polymorphic restriction site haplotypes.
Thus, in at least 7 of 12 IGHD I families the basic defect
is not linked to the hGH-N gene.
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