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ABSTRACT  Using a phage A Charon 4A recombinant DNA
clone (A\CH4A-rHs18) from a human genomic library, Wyman and
White detected a multiallelic common polymorphism at an EcoRI
site (D14S1) flanking the DNA region homologous to the probe
[Wyman, A. R. & White, R. (1980) Proc. Natl. Acad. Sci. USA 77,
6754-6758]. Subsequent studies, carried out with the cell hybrid
approach and the use of a subclonal derivative (pAW101) from
ACH4A-rHs18 have assigned this locus to autosome 14 between
14¢21 and l4qter [De Martinville, B., Wyman, A. R., White, R.
& Franke, U. (1982) Am. J. Hum. Gen. 34, 216-226]. The data
presented here permit the precise mapping of this locus to the
subtelomeric region of autosome 14, below band 1432, in close
proximity to the heavy chain y1 immunoglobulin locus. These con-
clusions are supported by three independent lines of evidence,
including studies on gene dosage, somatic cell hybrids, and pedi-
gree analysis. Our results are in agreement with the recent as-
signment of the heavy chain y1 immunoglobulin locus to band
14932 [Kirsch, I. R., Morton, C. C., Nakahara, K. & Leder, P.
(1982) Science 216, 301-303] and are consistent with the generally
held contention that one unit of meiotic recombination corre-
sponds approximately to one million base pairs. It is to be expected
that the location of the highly polymorphic D14S1 site at a measur-
able distance from the cluster of the heavy chain genes will provide
new opportunities for a genetic approach to the question of the
specific gene order within the cluster, its possible individual vari-
ation, and its biological significance in normal development and
disease. It is worthwhile to point out that such a highly poly-
morphic DNA sequence is located in the same chromosomal region
where so much somatic rearrangement goes on normally (i.e.,
switch region between classes of heavy chain constant region
genes) and which is involved with de novo translocations associated
with malignancies.

After the report of De Martinville et al (1, 2) that the highly
polymorphic EcoRI restriction site (D14SI1) of Wyman and
White (3) is located below band 21 of the autosome 14 long
arm, we began a series of studies to investigate the relative po-
sition of this locus with respect to the band 14q32 which, from
multiple evidence, seems to be highly prone to rearrangement
in meiotic (4—6) and mitotic cell divisions (7-11). These studies
were motivated by the already available knowledge that the
type of genetic variation observed at the DI14S1 site appears
itself to be “the result of DNA rearrangements rather than of
base pair substitutions or modifications” (3).

We addressed the question with the use of three different
complementary experimental approaches. The first involves
gene dosage mapping studies performed on DNA preparations

from individuals known to carry inborn balanced or unbalanced
translocations at the chromosomal region under consideration.
The second makes use of the well-known strategies of somatic
cell genetics for the subregional mapping of human markers
with rodent-human cell hybrids. The third is based on the clas-
sical pedigree analysis for the detection and estimation of hu-
man linkage. All three lines of evidence obtained concurrently
indicate that the D14S1 site is located in the long arm subter-
minal region of autosome 14 distal to the band 14q32. The find-
ing of a close but not absolute linkage association with the y
heavy chain loci, assigned to the same region by in situ hybrid-
ization studies (12), confirms the expectation (13) that genetic
markers located within a distance of a few million base pairs from
one another should result in a measurable linkage and that, at
least in the telomeric region of the autosome 14 long arm, one
unit of meiotic recombination is approximately equivalent to
one million base pairs.

MATERIAL AND METHODS

Human Fibroblasts with the X/14 Inborn Translocation.
The primary fibroblast strains GM73 and GM74 were obtained
from the Human Genetic Mutant Cell Repository (Camden,
NJ). The salient feature of these cell strains, derived from a
mother (GM73) and her child (GM74), is the presence of an in-
born reciprocal translocation between the subtelomeric region
of the autosome 14 long arm and the distal two-thirds of the
X chromosome long arm (14, 15). The mother has a balanced
genotype, 46X,t(X,14) (Xpter—>Xq13::14q32— l4qter and
14pter—14q32::Xq13—Xqter), whereas the child has an un-
balanced genotype with a total of 47 chromosomes, among
which there are two doses of the translocation chromosome
l4pter—>14q32::Xq13—Xqter (referred to as t-14/X), one
translocation chromosome Xpter—Xql3::14q32— l4qter (re-
ferred to as t-X/14), one maternally derived normal X chro-
mosome, and one paternally derived normal chromosome 14,
in addition to the Y chromosome and a regular diploid dose of
all other autosomes. Thus, the child is trisomic for the regions
14pter—14q32 and Xql3—Xgqter, but disomic for the regions
14q32—14qter and Xpter—Xq13.

By using the high-resolution protocol of Yunis (16), it ap-
pears that the breakpoint on chromosome 14 is above the pro-
phase band 14q32-12. The sketches in Fig. 1 A and B summarize
the genetic constitution of these two cell strains with respect
to the chromosomes X and 14.
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Fic. 1. Subregional mapping of D14S1 site with the use of inborn
reciprocal translocations. (A) Sketch of the reciprocal balanced trans-
location carried by GM73 (mother: 46,X,t(X,14) (14pter—
14932::Xq13—Xqter; Xpter—Xq13::14q32—14pter). Her D14S1 phe-
notype includes the fragments 1 and 2 as in C. The arrows at the sides
of the chromosome indicate the translocation breakpoints on autosome
14 and on the X chromosome. The arrows between the chromatids in-
dicate the most likely subregional location of the D14S1 site. (B)
Sketch of the unbalanced genotype of GM74 (son): 47,XY,t(X,14)
(14pter—14q32::Xq13—Xpter; Xpter—>Xql3::14q32—14qter), der
t(X,14) (14pter—14q32::Xq13—Xqter) mat. His D14S1 phenotype in-
cludes fragments 1 and 3. The maternal or paternal derivation of the
relevant chromosomes is indicated. GM74 is clearly trisomic for the
region 14pter—14q32 and disomic for the region 14q32— 14qter. (C)
DNA gel showing the D14S1 pattern of GM73 and GM74. The equal
relative intensity of the two fragments in each gel has been confirmed
by densitometric tracing. This finding indicates that the D14S1 site
isnot carried by the t-14/X chromosome and, therefore, must be located
below the breakpoint 14¢32.

Somatic Cell Hybrids Between GM73 Fibroblasts and Hy-
poxanthine Phosphoribosyltransferase (HPRT)-Deficient Cells.
GMT3 fibroblasts were the first example of cells with a balanced
X autosomal translocation chromosome used for the subregional
mapping of human gene markers (17, 18). As it is well known,
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the rationale (19, 20) of this experimental approach is based
upon the circumstance that the normal X chromosome is the
one preferentially inactivated in all somatic cells with balanced
X autosomal translocation chromosomes. Thus, somatic cell
hybrids between the HPRT-deficient murine cells and the
HPRT-normal GM73 fibroblasts need to retain only the t-14/
X chromosome (onto which the human HPRT gene has been
transferred by the translocation) for their survival in the hy-
poxanthine/aminopterin/thymidine (HAT) selective medium.
We had available from previous mapping studies (21) a large
series of HAT-resistant hybrid clones derived from four inde-
pendent fusions between GM73 fibroblasts and the HPRT-de-
ficient L-A9 murine cells. Prior to their storage in liquid nitro-
gen, these hybrid clones had been fully characterized with
respect to their content in human chromosomes with the use
of cytogenetical and biochemical methods. The chromosomal
characterization was performed on 25 metaphases with the se-
quential determination of Q-banding (22) and Giemsa-11 stain-
ing (23). The retention of the biochemical markers of the t-14/
X chromosome was assessed by Cellogel electrophoresis, fol-
lowed by chromogenic staining of the enzymatic bands (24).

The panel of hybrid cell lines chosen for the present study
included six primary hybrid clones (F89:1, 3, 8, and 11, F103:2,
and F130:1) and three secondary ones (F102:1-13, 1-16, and
F102:2-2), which, after HAT selection, had all retained the t-14/
X chromosome as proven directly from cytogenetical evidence
and indirectly from the retention of the human enzymatic mark-
ers of this chromosome, namely nucleoside phosphorilase (NP),
phosphoglycerate kinase (PGK), glucose-6-phosphate dehydro-
genase (G6PD), and HPRT. The other translocation chromo-
some t-X/14 and the normal chromosome 14 were absent in all
of these clones; in two of them (F89-1 and F103-2), the t-14/
X chromosome, essential for survival in the HAT medium, was
the only residual of the human genome. To this series of hybrids
we added two HAT-selected primary hybrid clones, which, in
addition to the t-14/X chromosome, had retained either both
the t-X/14 and the normal 14 chromosomes (clone F102-2) or
only the normal chromosome 14 (clone F89-20).

The genetic constitution of these hybrid clones with respect
to the retention of the two translocation chromosomes and of
autosome 14 is summarized in Table 1. An aliquot of 107 cells
for each clone was taken from liquid nitrogen and used directly
for DNA preparation.

Gamma Globulin (Gm)-Segregating Families. Peripheral
blood lymphocytes from the critical members of 13 pedigrees
segregating with phase known for Gm variants at the y1 heavy
chain Ig locus were recovered from liquid nitrogen and used
directly for DNA extraction and determination of D14S1 phe-
notypes. These families had been typed through the last few
years at the New York Blood Center to determine the frequen-
cies of the Gm allotypes among North Americans of Anglo-Saxon
extraction and to investigate their linkage relationship with
other loci. The Gm typing had been carried out at the time of
blood collection on plasmas from the same individuals with re-
spect to the antigenic specificities Gm(a), Gm(x), and Gm(f),
which are all encoded by alleles at the y1 heavy chain Ig locus
(25). For each pedigree found to segregate at both the Gm and
the D14S1 loci, lod scores (Z; log of odds) (26, 27) were calcu-
lated at values of recombination frequency between 0 and 0.3
with increments of 0.01, by the equation Z; = log,, 2°}(y*6”
+ *6°), where 0 is the chosen recombination value, ¢ = 1
~ 0, a = the number of nonrecombinants in a given sibship,
b = the number of recombinants, and s = a + b. The maximum
likelihood estimate of the recombination fraction, the odds in
favor of linkage, and the 90% upper limit of recombination were
calculated (28) from the curve reported in Fig. 2.
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Table 1. Evidence from L-A9/GM73 cell hybrids that D14S1 is distal to 14q32 and that allele
D148S1 of GM73 is associated with the normal autosome 14

Fusion HAT-selected clones Retention of D14S1

exp. Primary Secondary t-14/X markers* t-14/X t-X/14 14 fragment

F89 1 + + - - ND

3 + + - - ND

8 + + - - ND

11 + + - - ND

20 + + - + 2

F102 1-13 + + - - ND

1-16 + + - - ND

2 + + + + 1,2

2-2 + + - - ND

F103 2 + + - - ND

F130 1 + + - - ND

The undetectability of the D14S1I fragments in the eight independently derived hybrid clones, which
have regularly retained only the t-14/X translocation chromosome and all of its markers, supports the
location of the DI4S1 site below the translocation breakpoint 14q32. This conclusion is confirmed by the
D14S1 phenotype of clone F102-2, which has the same D14S1 phenotype of the GM73 parental cells as
expected from the presence in this clone of both translocation chromosomes and of the normal autosomal
chromosome 14. From hybrid clone F89-20, it can be deduced that GM73 cells carry the DI14S1 2 allele
of the normal chromosome 14. ND, not detectable.

* Markers were hypoxanthine phosphoribosyltransferase, nucleoside phosphorilase, and phosphoglycer-

ate kinase.

Procedures for DNA Studies. For the determination of the
D14S1 phenotype, we used the molecular probe pAW101
(kindly made available by R. White) which is a clonal derivative
in pBR322 (3) of the phage A Charon 4A recombinant clone
ACH4A-rHs18 from the human genomic library of Maniatis et
al. (29). The pAW101 probe was labeled by nick-translation with
[32PJdTTP (=10° cpm/ug of DNA), as described by Rigby et
al. (30).

Extraction of high molecular weight DNA from various cell
types and EcoRI digestions were carried out by standard pro-
cedures (31). About 3 ug of EcoRI-digested DNA was used per
gel slot to determine the D14S1 phenotype of the peripheral
blood lymphocytes and the fibroblastic cells, whereas twice this
amount was needed for the series of hybrid cells. This was nec-
essary in view of the circumstance that, in the latter cells, the
DI4S1 site was usually present with the ratio of 1 dose out of
a total of 80 chromosomes, as opposed to the 2 doses out of 46
chromosomes in the normal lymphocytes and the GM73 cells
and the 2 or 3 doses expected (depending upon the localization
of the marker below or above the translocation breakpoint) out
of 47 chromosomes in the GM74 fibroblasts.

EcoRI-digested DNA fragments were fractionated by elec-
trophoresis in 0.6% agarose gels and directly hybridized to the
32P_labeled DNA probe pAW101 as described by Purrello and
Balazs (32). This hybridization protocol has been used in our
laboratory to detect X chromosome-specific unique sequence
probes on the basis of the relative amount of labeled probe hy-
bridized to DNA preparations with different doses of the human
X chromosome (unpublished data).

RESULTS

Gene Dosage Studies. EcoRI-digested DNA from the fibro-
blastic strains GM73 and GM74 was separated by agarose elec-
trophoresis, and the DNA in the gels was directly hybridized
with the 32P-labeled pAW101 probe for the determination of the
D14S1 phenotype. Both mother and child were heterozygous
at the D14S1 site (respectively 1,2 and 1,3) with only one allele
in common (D14S1 1) (Fig. 1 A, B, and C), and two fragments
of equal intensity were confirmed by densitometric tracing of
the autoradiographic bands. Thus, it is clear that GM74 must

have received the D14S1 1 fragment with one of the two types
of maternally derived translocation chromosomes and the
DI14S1 3 fragments with the paternally derived normal chro-
mosome 14. Moreover, the equal intensity of the two fragments
in both mother and child suggests that the D14S1 site is located
in the subtelomeric region 14q32— 14qter because this is the
only region of autosome 14 that is present in equal dose in both
genomes. Given the unbalanced genotype of GM74, the asso-
ciation of the allele D14S1 I with the translocation chromosome
t-14/X should have resulted in a 2:1 dosage ratio of this fragment
over the fragment D14S1 3 of paternal origin. An alternative
interpretation of the findings would require the postulation of
a meiotic recombination event between the D14S1 site and the
translocation breakpoint in GM73. Such an unlikely event can
be excluded on the basis of the cell hybrid data described below.

Cell Hybrid Studies. To confirm the above evidence in favor
of the localization of the DI14S1 site below the translocation
breakpoint 1432 of the GM73 cells, we adopted the classical
{)ne(tlhodology of gene assignment with translocation cell hy-

rids.

In order to ensure a meaningful comparison with the cyto-
genetical and biochemical studies performed at the time of the
cell storage, the analysis of the cell hybrid DNAs was performed
on DNA preparations obtained directly from the hybrid cells
recovered from liquid nitrogen without further propagation in
culture. We reasoned that if our conclusions on the localization
of the DI4SI site based on gene dosage were correct, the
screening of the above described panel of hybrid clones with
probe pAW101 should fail to show a regular association in the
retention of the t-14/X chromosome with that of the D14S1 1
fragment. The latter should instead be retained in association
with the t-X/14 chromosome and, respectively, the fragment
D14S1 2 with the normal chromosome 14.

These expectations were fully confirmed by the data reported
in Table 1. The absence of the D14S1 1 fragment from all of the
hybrid clones that only contain the t-14/X chromosome clearly
indicates that the D1451 site resides in the region of autosome
14 below tne breakpoint 14q32. An alternative interpretation
such as the loss of the site from t-14/X through a small, un-
detectable de novo chromosomal rearrangement is unlikely in
view of the separate origins of the individual clones from dif-
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ferent fusion events and of the regular retention of all biochem-
ical markers of the t-14/X translocation chromosome. The pres-
ence of the D14S1 1 fragment in the hybrid clone F102-2, which
is the only one to contain the other translocation chromosome,
t-X/14, gives further support to the above conclusion. How-
ever, this clone and clone F89-20 were included in the hybrid
panel to confirm the finding described in Fig. 1—namely, that
in the genetically balanced mother (GM73 cells), the allele
D14S1 1 is associated with the translocation chromosome t-X/
14, and the allele D14S1 2, with the normal chromosome 14.
Linkage Studies. It could be argued that the data reported
so far justify the assignment of the D14S1 site to the subtelomer-
ic region of the autosome 14 long arm involved in the reciprocal
translocation in GM73 cells but not necessarily to the same re-
gion of the normal 14 autosome. To evaluate this issue, we de-
cided to adopt an independent approach based on the search
for measurable linkage between the D14S1 polymorphism and
the serum Gm allotypes, the well-known polymorphisms of the
heavy chain immunoglobulin region that in situ hybridization
studies (12) had recently established to be in close proximity to
band 14q32. We have examined 13 pedigrees already known
to be segregating for Gm variants at the yl Gm locus. EcoRI-
restricted DNA from the critical members of these families were
classified with respect to the D14S1 phenotype, and nine sib-
ships were found to give information. In six of these, the double
heterozygous parent is the mother. The two loci were found to
segregate in close association, as only 1 recombinant was found
among 31 scorable sibs. The family with the recombinant child
(Table 2) happens to be one of three with a double heterozygous
father. The alternative interpretation of illegitimacy rather than
recombination is made very unlikely by the circumstance that
the father and the recombinant child share the uncommon HLA
haplotype A2, B6, BR3 (whose population frequency is 2 X
107°) and are homozygous for the rarest of the alleles of the C3
complement system (C3F). Given these findings, the scores
from all sibships have been pooled together for calculating the
maximum likelihood estimate of the recombination fraction.
This was found to be 3.1% with 90% fiducial limits for the upper
recombination value of 11.5% (Fig. 2). The finding of such a
close linkage indicates that the two loci must be located within
a short interval from one another. Unpublished data of W.
McBride and colleagues (personal communication) are in agree-
ment with this conclusion as they found that, in rodent-human
(GM73) hybrid cells, the regions of homology with all heavy
chain immunoglobulin probes are consistently located below

Table 2. A family with a child (no. 3) carrying a probable
recombination between the loci Gm (yl1) and D14S1

Family ~ _Gmspecificities 114, probable combined
relationship a(l) x(2) f(4) fragments genotype
Father + - + 3,5 3,+——/5,——+
Mother - - + 35 3,——+/5,——+
Child:
1 - - + 5 5,——+/5,——+
2 - - + 3,5 3,——+/5,——+
3 + — + 5 5,4+——/5,——+
4 - - + 5 5——+/5,——+

The Gm types were determined with respect to the antigenic spec-
ificities Gm(a), Gm(x), and Gm(f). The denomination of the D14S1
fragments is according to their size, which varies approximately from
15 kb (fragment 1) to 30 kb (fragment 5). The most probable genotypes
at the Gm locus were induced from the independent knowledge that
only certain haplotypes (+ ——, ——+, and ++—) occur with appre-
ciable frequencies in the populations (North American Caucasians)
from which the family is derived. The phase given to the parental ge-
notypes was deduced from the children.

Proc. Natl. Acad. Sci. USA 79 (1982)
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Fic. 2. Linkage between Gm locus and DNA polymeorphic site
D1481. The average height of the curve (H) = 69,576, the odds in favor
of linkage (H/20) = 3,479:1, the maximum likelihood estimate of 6
= 0.031, and the 90% upper limit of 8 = 0.115.

the breakpoint of the GM73 reciprocal translocation. In addi-
tion, our unpublished in situ hybridization data (to be reported
separately) localize the pAW101 probe not only to the telomere
of the translocation chromosome t-X/14 but also to that of the
normal autosome 14 present in GM73.

DISCUSSION

Our data evaluated in conjunction with in situ hybridization of
Kirsch et al. (12) indicate that both the D14S1 site and the Gm
locus are included in the subtelomeric region of the autosome
14 long arm distal to band 14q32. Because this region is about
9.23% of chromosome 14 and this is in turn 3.72% of the total
length of the human genome (33), the subtelomeric region in
question should include about 10 million base pairs, assuming
the total genome to consist of 3 X 10° base pairs. Accordingly,
one can conclude that within an interval of 10 million base pairs,
genetic recombination can occur with a frequency between 3%
and 10%. At this time, it is unknown whether this relationship
between the frequency of meiotic recombination and the num-
ber of base pairs holds true for the human genome in general
or whether it is limited to the telomeric region under consid-
eration. To answer this interesting question, it would be nec-
essary to have available several additional examples of common
DNA polymorphism (hopefully multiallelic as in D14S1) within
the subtelomeric region under discussion and at an appreciable
distance from it. These circumstances are about to be fulfilled
because it is very likely that the other molecular probes already
available for the heavy chain Ig genes (34-36) and the recently
isolated human gene for al-antitrypsin (37)—another genetic
marker of autosome 14 estimated to be at about 30 crossing-over
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units away from the Gm cluster (38)—will all lead to the dis-
covery of common genetic variation within the DNA regions
homologous to these probes or in those flanking them.

One question of particular significance would then be to de-
termine whether the recombination event reported in Table 2
has occurred at a site nearer to the Gm cluster than to the D14S1
locus. It is clear that families like the one reported in Table 2
may provide information for mapping the order of the different
heavy chain Ig loci in genetical terms and for comparing this
map to those obtained from the fine structure analysis of the
gene end products (39) or, more recently, from the molecular
mapping of genomic clones derived from a single total human
DNA library (40, 41).

It is noteworthy that one of the most polymorphic DNA se-
quences thus far known maps to the same chromosomal region
which (i) has evidently been the theater of a long series of DNA
duplication events in the evolutionary time, (ii) is the site of the
molecular switch mechanisms underlying the phenomenon of
allelic exclusion in the immunoglobulin producing cells, and
(iit) is the same region frequently involved in molecular rear-
rangements associated with Burkitt lymphoma and other ma-
lignancies (8-11, 42, 43). There can be little doubt that the re-
striction enzyme analysis of the DNA from the malignant type
of cell with the use of all the molecular probes discussed above
may soon lead to a detailed understanding of the molecular
events associated with such malignant transformations. In turn,
the de novo chromosomal rearrangements in malignant cells of
monoclonal origin may serve—like the inborn chromosomal
aberrations—as biological tools for the subregional mapping of
specific genes. For instance, if it is true that one of the auto-
somes 14 is constantly translocated with a breakpoint at band
149325 (43) in all the Burkitt lymphoma tumors, it soon should
be possible to establish with precision which of the loci already
localized to the subtelomeric region of the chromosome 14 long
arm is removed by the translocation. However, it should be
borne in mind that, a tumor clonal cell population remains es-
sentially the expansion of one abnormal somatic cell from a sin-
gle individual; therefore, the molecular organization found in
a tumor tissue can hardly be taken as true representative of the
normal human genome.

Ultimately, the critical answer to the problem of whether or
not the rearrangement of the chromosomal region(s) in question
is the “cause” or the “effect” of the malignancies associated with
it, will have to come from classical population and linkage stud-
ies. When a detailed map will be available for this region, it will
be of obvious interest to investigate the possible existence of
genetic variation between normal individuals (classical gene
restriction-fragment-length polymorphisms, but also inver-
sions, deletions, and the like) and within individuals (compar-
ison of germ-line constitution of a given individual with that of
clonal derivatives of his normal or diseased somatic tissues).
From a genetic point of view, this remains the only efficient way
to define the relative role of nature and nurture in the control
of normal development and disease, malignancies included.
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