
treatment. Thus Ras may be acting on K+ 
channels via PKC activation. The PKC- 
independent nature of Ras-induced en- 
hancement of Ca2+ conductance is consis- 
tent with a PKC-independent pathway for 
cell growth signal transduction ( 16). 

A voltage-sensitive influx of Ca2+ has " 
been implicated in the regulation of cellular 
processes such as those occurring during cell 
growth, development, and differentiation 
(18-20). ~"zyrnitic programs that regulate 
cell growth are activated by intracellular 
Ca2+ concentration in the micromolar 
range, which can be brought about by re- 
gional clustering of L-type Ca2+ channels, 
leading to high local concentrations of Ca2+ 
(19). Similarly, enhancements of voltage- 
dependent Ca2+ conductances could pro- 
vide an additional mechanism by which 
extracellular growth signals are initiated via 
ras oncogene activation. 

Ras activation of voltage-sensitive Ca2+ " 
channels in differentiated neurons may be an 
initial step in the expression of Ras function. 
Several proto-oncogenes are expressed in 
post-mitotic cells (1); our results &e consis- 
tent with their potential role in transmem- 
brane signaling. An analogous role in a 
learning context may be played by the low 
molecular weight G protein, cp20, which 
increases after classical conditioning (21) 
and causes marked K+ current r edhons  
quite similar to the reductions following Ras 
injection into type B cells in Hermissenda 
(11). 
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Hot Spots for Growth Hormone Gene Deletions in 
Homologous Regions Outside of Alu Repeats 

Familial growth hormone deficiency type 1A is an autosomal recessive disease caused 
by deletion of both growth hormone1 (GH1) alleles. Ten patients from heteroge- 
neous geographic origins showed differences in restriction fragment length polymor- 
phism haplotypes in nondeleted regions that flanked GH1, suggesting that these 
deletions arose from independent unequal recombination events. Deoxyribonucleic 
acid (DNA) samples from nine of ten patients showed that crossovers occurred within 
99% homologous, 594-base pair (bp) segments that flanked GHl.  A DNA sample 
from one patient indicated that the crossover occurred within 454-bp segments that 
flanked GH1 and contained 274-bp repeats that are 98% homologous. Although Alu 
repeats, which are frequent sites of recombination, are adjacent to  GH1, they were not 
involved in any of the recombination events studied. These results suggest that length 
and degree of DNA sequence homology are important in defining recombination sites 
that resulted in GH1 deletions. 

I NDMDUALS WITH FAMILIAL ISOLATED 

growth hormone deficiency (IGHD) 
type 1A have a complete absence of 

growth hormone (GH) and frequently de- 
velop immune intolerance to exogenous GH 
(1-3). The molecular basis of this autosomal 
recessive disorder is the deletion of both 
GH1 alleles. Although the incidence of 
IGHD type 1A is unknown, -35 unrelated 
cases from 15 countries have been reported. 

C. L. Vnencak-Jones, Depamnents of Pathology and 
Pediatrics, Vanderbilt University School of Medicine, 
Nashville, TN 37232. 
J. A. Phillips III, Departments of Pediatrics and Bio- 
chemistry, Vanderbilt University School of Medicine, 
Nashville, TN 37232. 

Differences in geographic origin of patients 
and the heterogeneity seen in restriction 
fragment length polymorphism (RFLP) 
haplotypes in nondeleted sequences that 
flank GH1 suggest that these deletions rep- 
resent independent recombinational even?. 

The GH1 locus has been mapped by in 
situ hybridization to chromosome 17q22- 
24 and is normally present at the 5' end of 
the 66.5-kb human GH gene cluster. The 
GH gene cluster includes (5' to 3') GH1, 
chorionic somatomarnrnotropin pseudo- 
gene-1 (CSHPl), chorionic somatomam- 
motropin-1 (CSHl), growth hormone-2 
(GH2), and chorionic somatomammotro- 
pin-2 (CSH2), as well as 48 Alu repeats (4, 
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5). A high degree of sequence homology (92 
to 98%) exists within the immediate flank- 
ing, intervening, and coding sequences. Fur- 
thermore, DNA sequence analysis of this 
gene cluster suggests that it arose from 
multiple homologous but unequal recombi- 
national events between Alu repeats. As a 
means of determining the role of the Alu 
repeats and other flanking DNA in GH1 
gene deletions, we have characterized the 
breakpoints associated with ten different 
GH1 gene deletions. 

DNA was isolated from the nuclei of 
peripheral leukocytes of ten unrelated pa- 
tients, from eight countries, with IGHD 

type 1A. In all cases, a 6.7-kb deletion that 
encompassed GH1 was confirmed by South- 
em (DNA) blotting. To localize the break- 
points of the deletions, we examined the 
DNA sequences that normally flank GH1. 
The restriction endonuclease digestion pat- 
tems of the two 2.24-kb segments of highly 
homologous DNA sequences (located 4140 
bp 5' and 2477 bp 3' to the GH1 transcrip- 
tion initiation site) were compared. Unequal 
homologous recombinations between these 
two segments resulted in 6.7-kb deletions 
that encompass GH1 (Fig. 1) (6). DNA 
from the ten patients had 2.0- and 5.6-kb 
junction fragments, after digestion with Mst 

Fig. 1. Homologous recombina- 
tion flanking the GH1 locus occur- 
ring between two homologous 
chromosomes. Two sequences E M E 

flanking GH1 recombined at re- 1 3 '  
gions of homology (denoted as op- 
posing hatched rectangles, both of Homologous 

recombination 
which contain Alu sequences indi- 
cated by stippled boxes) to generate 
the common 6.7-kb deletion. The 
numbers shown above and below 
the restriction fragments are in kilo- 
bases. In order to sequence the 
crossover sites, DNA (100 pg) 
from two patients (numbers 2 and 
9. Table 1) were digested with Eco 0 - (E) and subject& to gel electro- Digestion products (kb) 
ohoresis. and framnents that ranged 5.6 

- - - ~  ---~~. - 

h size f;om 5 .c to  6.0 kb <I&& were excised from the gel. The 5.6-kb Eco RI fragments that 
contained the 2.0-kb Mst I1 (M) junction fragments were gel purified And ligated to Agtll Eco 
RI-digested arms. Recombinant plaques (-40,000 to 65,000) were screened with the 32P-labeled, 1.1-kb 
fiagment (solid black rectangle). Positive recombinant clones were subdoned into the Eco RI site of 
pBR322, and a restriction endonudease map of the cloned insert was generated. The 731-bp Sst ISma 
I hgments that represented fusions of the 5' and 3' homologous segments (see Fig. 2) were subdoned 
into M13-18 and M13-19. Both strands of these fragments were sequenced with standard dideoxy 
sequencing techniques and the universal primers for M13 (New England Biolabs), as well as an internal 
20-nudeotide primer (5'-TGGGTGCTCCITCCACTCTG3 ' ) (30). 

Fig. 2. The breakpoints M ~ B s t  Hz GHl, 
were localized in *DNA 
from the remaining 
eight patients after p ly-  
merase chain reaction 
(PCR) amplification of a 
segment of the novel 
2.0-kb fusion fragments 
that were contained 
within Mst 11 sites (Fig. 
1). Primer sequences lie 
118-bp downstream 
from the 5' Mst 11 site 
and 39 bp upstream 
from the 3' Mst I1 site. 1 
These 5' and 3' primer 
sequences [5'-GGATCCAGCCTCAAAGAGClTAG3' (solid arrow) and ~'-GAAT~&cAGAGC- 
CITGAGCAATGGA-3' (stippled arrow)] included 5' Bam HI and Eco RI cloning sites. The 
PCR-derived fragments from control samples were 1900 and 1921 bp in length, corresponding to the 
5' and 3' blocks of homology (Fig. 1) (31). However, in IGHD type 1A patients, because GH1 is 
deleted by recombination between these homologous segments, only 1918-bp fusion fragments are 
amplified. For two samples (from patients 3 and 10 of Table 1) DNA sequencing was performed as in 
Fig. 1. The mismatches detected within the repeated regions compared to two controls allowed 
mapping of the 5' and 3' boundaries of the crossover sites. In the remaining six patients (numbers 1 and 
4 to 8, Table I), the breakpoints were localized by extensive restriction endonuclease mapping of the 
PCR-amplified fragments (7). Restriction endonuclease sites shown are: A, Ava I; B, Bgl I; H2, Hae 
11; H3, Hae III; M, Mst 11; S, Sma I; Sn, Sna BI; and St, Sst I. Alu, 274- and 594-bp repeats are shown 
by stippled, horizontal, and hatched areas, respectively. 
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Table 1. Origin and characterization of GH1 
deletions. An explanation of the nature and 
consequences of the studies was provided to 
each of the patients. AU deletions were 6.7 kb in 
length. (Fig. 1). 

Patient 

Argentina 
Argentina* 
Austria 
Brazil 
China 
Japant 
Japant 
Mexico 
Switzerland 
Turkey 

Haplotype 

Bgl 11 Msp I 

*Although the patient had both GH1 genes deleted, she 
was heterozveous for two different RFLP haolotvoes 
iinmediately'a;djacent to her deletions. t~he'~an'.nts 
were not related by family history. 

I1 and Eco RI, respectively, and hybridiza- 
tion to the indicated probe (Fig. 1) (7). The 
exact crossover sites contairied within these 
junction fragments were then determined 
(Figs. 1 and 2). 

The crossover sites from four patients 
were determined by DNA sequencing and 
were localized to a 536-bp segment (posi- 
tion 1 to 5, Fig. 3). In each case, the 5' end 
of the 536-bp segment is composed of DNA 
sequences derived from those lying 5' to 
GH1, whereas its 3' end is derived from 
DNA sequences lying 3' to GH1. Because 
of single-base differences between these re- 
peats, more precise localization of the break- 
points was not possible (Fig. 3). 

The crossover sites that resulted in the 
deletions of the remaining six patients were 
localized by extensive restriction endonucle- 
ase mapping of the PCR-derived products 
(Fig. 2). In five of thkse subjects (numbers 1 
and 4 to 7, Table l ) ,  the breakpoints were 
within 594-bp (Hae 111-Sna BI) fragments 
(Figs. 2 and 3). These 594-bp segments are 
99% homologous and contain the longest 
perfect repeats found in the 2.24-kb seg- 
ments of homology that flank GH1 (Figs. 
1 and 3). Moreover, these 594-bp seg- 
ments lie immediately upstream of Alu 
repeats of 292 and 297 bp, which are 85% 
homologous and have maximum perfect 
repeats of 23 bp (Fig. 2). The crossover 
site in the remaining patient (number 8 in 
Table 1) was localized to 454-bp (Mst 
11-Ava I) fragments, which lie 448 bp 5' to 
the 594-bp repeats (Figs. 2 and 4). These 
454-bp fragments are 82% homologous 
and contain 274-bp repeats that are 98% 
homologous and have maxim- perfect 
repeats of 68 bp. 

We found that nine of ten (90%) of the 
crossover sites that resulted in 6.7-kb dele- 
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F'g. 3. The DNA se- ,"tcIdkc~GT~ TCCTCACTCA CATCCC~ATG GTCAGTAGAG TGCCAAGCAC AT~GTGGACA 
quence that contained the 
crossover sites of oatients CGCAGAAGTA TTGATCATCT TCCTCACCTC CCCTAGGAGA GCCCTTGGGA ATCCCCATAT 

1 to 7, 9, and 10  able 1 AATATTCTCT GAAGACCTCA ATCCAATGAG C C ~ G T A A T T  GACTCGGTAG CAAACTCATG 

~ ~ e ~ g ~ a ~  GAAAGGACAT TAGAAGCCAA AAGGAGGTAG AGTATGTCCC AGTACAATAA CCAGCCTCTG 

hit contained this se- ATCTCAAGGA AGAAAGAACA GAGCTGCAGG TGAGAAGTGT GCGCCTCAAA TCACCAAAGT 

quence are 3356 and 3261 GAGAGTGGAA GGAGCACCCA CCAGTCCCTT GGAGGCGATC CCTAAGACCG GTGAGAATGG 
bp 5' and 3', respectively, 
to the GH1 transcriDtion CTTCGAAAAA TGTGATCGTC CTCAACCCCA CAGTCTTGAA CCTAACAGGA GATCTTGAAG 
initiation site. The under- CCTGAAAGAC ACCACTTTAG GATCAACAGC AGATCTGTGA CTTTCCACAG CAGGCACACA 

lined region indicates ho- GAACCCTAGA GTTAGTCGAG GTTGGACATA GGAAGGGCTT CCAAACACAC AGAGAAATTC 
mology to the Chi se- 4 5 

quence. ~h~ H~~ 111 and ATGGATCCTA AATTATAAAG GCAGGTTCTT TAAAAGAACC AAGATGATTG TGAGATTACGTA 
Snn R l  

Sna BI sites occurred only in the 5' and 3' copies, respectively, and the presence of both in t h i - P C ~  
products from patients 1 and 4 to 7 (Table 1) indicated that a crossover occurred between them (Fig. 
1). In controls, the sequences were C, A/G, AIG, G, and C versus T, G, A, C, and G at positions 1 
through 5 in the 5' and 3' repeats, respectively. In contrast, the sequence of the h i o n  fragments in 
patients 2,3,9, and 10 were C, A, A, C, and G at positions 1 through 5. The presence of a C at position 
1 and 4 in these patients indicates that a crossover has occurred between these two sites to form the 
536-bp h i o n  fragment. 

tions that encompassed GH1 were localized 
to 594-bp repeats. Interestingly, none of the 
crossover sites were within the immediately 
adjacent Alu repeats. These findings are in 
contrast with numerous reports of gene 
deletions arising from unequal recombina- 
tional events in which one or both DNA 
segments involved contained Alu repeats 
(8-1 7). 

Because patients studied were either not 
related or differed in race and RFLP haplo- 
type of nondeleted regions that flanked 
GH1 (Table l ) ,  we hypothesize that each 
deletion represents an independent and un- 
equal recombinational event. We examined 
the sequence of the 594-bp apparent hot 
spot for recombination for properties iden- 
tified in reported recombinagenic sequences 
(18, 19). However, this segment was not 
adenine-thymine (A-T) rich (52%) and did 
not contain significant direct repeats, palin- 
dromic regions, or tracts of alternating pu- 
rine-pyrimidine sequences with potential to 
form Z-DNA. However, a sequence 
(CATGGTGG) with six of eight nucleotides 

homologous to the Chi sequence (GCTG- 
GTGG) occurred in some 594-bp fragments 
(Fig. 3) (20, 21). Although Chi sequences 
promote recombination in Escherichia coli, it 
is not known whether they are frequent sites 
for recombination in mammalian cells. 

Homologous recombination involves the 
exchange of nucleotide segments between 
two DNA molecules in regions of sequence 
homology, and results in two intact recom- 
bined DNA duplexes. Because of the tech- 
nical difficulty in examining this process in 
vivo, relatively little is known about the 
mechanism of recombination in mammalian 
cells. Homologous recombination between 
DNA sequences in mammalian cells has 
been shown to be dependent on the extent 
of sequence homology (22, 25). In both 
intra- and extrachromosomal mammalian re- 
combination systems, the rate of recombina- 
tion between two sequences that share sev- 
eral hundred base pairs of homology is 
proportional to the degree of homology. 
When the length of homology is <200 bp, 
the rate of recombination decreases rapidly. 

MSL 11 
CCTGAGGCAGGAGAATGGCATGAACCCAGGGGGGCGGACGA TCG 

, I  , I  I I , ,  I I I I 
, I  I ,  I I , ,  I I I I 

I , ,  I I , ,  I , ,  I I I I I I 
I , ,  I I , ,  I , ,  I I I I I I 

TG CCCATCTGCCTGGTACAATCTC TGGCACATGTTACAGGCAACAACTACTTG 

C G C C A C T G C A C T C C A G C C T G G G C G A C A G A G C A A G A C T C G G T C T C P  
I I I ,  
I I I ,  

I ,  , I  I ,  I ,  
0 1  , I  
1 1 1  1 1  

I I I ,  I I I , , ,  I 
I I , I  I I I , , ,  I 

TGGAATTG GTGAATGCATGAATAGAAGAATGAGTGAATGAAT GAATAGACAAAAGGCA 

GAAATCCAGCCTCAAAGAGCTTACAGTCTGGTAAGAGGAATAAAATGTCTGCAAATAGCC 
I I I I I I I I I I I I I , I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  
I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ~ I I I I I  

GAAATCCAGCCTCAAAGAACTTACAGTCTGGTAAGAGGAAT~TGTCTGCAAATAGCC 

ACAGGACAGGTCAAAGGAAGGAGAGGCTATTTCCAGCTGAGGGCACCCCATCAGGAAAGC 
I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I 1 1 1 1 1 1 1 1 1 1 1 I I I I I  
I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  

ACAGGACAGGTCAAAGGAAGGAGGGGCTATTTCCAGCTGAGGGCACCCCATCAGGAAAGC 

ACCCCAGACTTCCTACAATTACTAGACACATCTCGATGCTTTTCACTTCTCTATaTGG 
I I I I I I I I I I I I I I I I I I  I I / I I I I I I I I / I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  
I I I I I I I I I I I I I I I I I I  I I / I I I I I I I / / I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  

A C C C C A G A C T T C C T A C A A C T A C T A G A C A C A T C T C G A T G C T  Fjgm4mTheDNAsesuenceofthe 
454-bp repeats lyini 4251 and 

A T C G T C T C C C T G G A G A A T A A T C C C C A A T G T G A A A T T A T T G T  2368 bp 5, and 3' to the G H ~  I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I  
I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I / I  I I I I I I I I I I I  

ATCGTCTCCCTGGAGAATAATCCCCAAAGTGAAATTACTTAG~A~GT~~AGTTAGGTAGA transcription initiation site is 
TCCTTGTGTACTTCTTGGTTGTTCAGAGATCATC ACCAGTGC AAC AT CCCCCATC shown Hbove and respec- 
1 1 1 1 1 1 ; 1 ~ ~ ~ 1 1 ~ 1 1 1 1 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  1 1 1 1 1 1 1 ;  1 1 ;  1 ;  1 1 1 1 1 1 1 1  tively. The presenceofboth the 
TCCTTGTGTACTTCTTGGTTGTTCAGAGATCATCAACCAGTGCAAACAATCCCCCCATCA MSt 11 and Ava 1 sites in the pCR 
ATACACAGCAGTGTCTTGCCCCTCTCCTCCCCAA 
I I I I I I I I I I I I I  I I I I I I I I I I I I  I , ,  I 
I I I I I I I I I I I I I  I I I I I I I I I I I I  I , ,  I 

ATACACAGCAGTG CCTGCCCCTCTCCC- 
Ava l 

products of patient 8 indicated 
that a crossover occurred between 
them. 

However base-pair mismatch appears to 
have a greater effect on intra- versus extra- 
chromosomal recombination. In E. coli, ho- 
mologous recombination is also dependent 
on the length and degree of sequence ho- 
mology (26, 27). For example, a single 
mismatch in a 53-bp sequence reduces the 
frequency of recombination. It was also 
shown that a reduction in homology from 
100 to 92% in segments of -170 bp de- 
creases the frequency of recombination to 
<5% of the control. In mammalian cells, the 
dependence of homologous recombination 
on the length and degree of sequence ho- 
mology has been substantiated through 
gene-targeting experiments (28, 29), in 
which a mutation within a gene is corrected 
by transferring the normal DNA sequence, 
contained as an insert in a cloning vector, to 
the desired chromosomal locus via homolo- 
gous recombination. Because the success of 
gene targeting relies heavily on the fidelity of 
homologous recombination, understanding 
the basic sequence requirements is essential 
for characterization of the protein-DNA in- 
teractions that are involved in this process. 

Although the hot spots for homologous 
recombination identified in this report are 
adjacent to Alu repeats, they preferentially 
participated in the recombinational events, 
probably because of their greater length and 
degree of sequence homology. Our findings 
suggest that Alu sequences in other genes 
may represent hot spots for recombination 
because they constitute the largest degree of 
sequence homology in the misaligned area. 
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