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In 1966 it was noted that Robertsonian translocations in the 13-trisomy syndrome
tended to be of type t(DqDq) rather than t(DqGq) [1]. In 1967 autoradiographic
data were presented suggesting that t(DqDq) translocations might be nonrandom
in composition [2]. This was subsequently confirmed [3, 4]. In 1968 autoradio-
graphic information on t(Dq2lq) translocations indicated that they, too, were
nonrandom in composition [5]. This paper contains further information on the
autoradiographic identification of chromosomes in t(DqDq) and t(DqGq) trans-
locations in an attempt to delineate the overall patterns of composition and perhaps
eventually to gain insight into the mechanisms by which Robertsonian transloca-
tions are formed.

AUTORADIOGRAPHIC METHODS

Lymphocytes were cultured for 72 hours and continuously late-labeled beginning six
hours before harvest with tritiated thymidine (specific activity 2.0 c/millimole at a con-
centration of 1 m,x/milliliter medium). Metaphase figures were photographed before and
after stripping for autoradiography with Kodak AR-10 film [6]. The resultant autoradio-
graphs were scored as to the late-labeling patterns of the D chromosomes. The D
chromosomes were distinguished [7, 8] as follows: the no. 13 chromosomes were heavily
labeled with grains mainly over the distal and sometimes the middle third of the long
arm; the no. 14 chromosomes were slightly less heavily labeled with grains mostly over
the centromeric region and proximal third of the long arm; and the no. 15 chromosomes
were lightly labeled with grains mainly over the centromeric area. We considered the
translocated D chromosomes to be those with the missing labeling patterns. In cases with
t(DqDq) translocations, we also tried to analyze the labeling pattern of the translocation
chromosome.

Patients
Lymphocytes from 19 unrelated persons [four with t(DqDq) and 15 with t(DqGq)]

were studied (table 1). The four persons with t(DqDq) were ascertained as follows:
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TABLE 1

AUTORADIOGRAPHIC ANALYSIS OF ROBERTSONIAN REARRANGEMENTS

Type of D Chromosomes No. Individual
Translocation Involved of Cases Laboratory No.

t(DqDq) .......... 13 and 14 3 3/69; 99/69; 102/69
t(DqDq) .......... 14 and 15 1 92/69
t(Dq2lq)* ......... 14 11 85/68; 121/68; 122/68;

123/68; 177/68; 236/68;
240/68; 4/69; 5/69;
38/69; 39/69

t(Dq21q)* ......... 15 3 75/68; 50/69; 51/69
t(DqGq) t ......... 14 1 93/69

* Ascertained throughl individuals with Down's syndrome.
t Ascertained through a phenotypically normal individual (see text).

case 3/69 was phenotypically normal and was ascertained through a nephew with the
physical stigmata of the Cornelia de Lange syndrome [9]; case 92/69 was a pheno-
typically normal woman whose baby boy was noted in the Yale-New Haven newborn
survey [10] to have Down's syndrome, but the boy died before chromosome studies were
completed; case 99/69 was a phenotypically normal girl whose translocation was detected
in the same newborn chromosome survey [10]; and case 102/69 was referred to the
Genetics Clinic, University of Oregon Medical School, for possible Turner's syndrome
(mild growth retardation, ptosis of the eyelids, and short fourth and fifth metacarpals)
but was found, as was her phenotypically normal mother, to have 45,XX,2D-,t(DqDq).

Fourteen of the t(DqGq) cases had Down's syndrome with 46,XX or XY,D-,
t(DqGq) and are therefore presumed to have the same chromosomal imbalance, triplica-
tion of 21q. One patient (no. 93/69) with t(DqGq) was phenotypically normal, having
been detected in a newborn survey [10]. Because this child's family history revealed no
cases with Down's syndrome, the nature of the G chromosome component is unknown.

RESULTS

The number of cells scored in each case ranged from 11 to 31 (mean 21.2).
Altogether, 382 cells were analyzed in the 19 cases listed in table 1. Of these, 248
(65%o) were classified according to the D chromosome stated to be involved in
the translocation. Only 13 (3%o) were misclassified. The remaining 121 (32%'o)
were consistent with the D classification given, but had intermediate labeling
patterns (e.g., missing either no. 14 or no. 15).
The autoradiographic analysis of D chromosomes in Robertsonian rearrange-

ments is presented in table 1 according to their mode of ascertainment. These data
are given with comparable data from the literature in table 2. The data on
(Dq2lq) now comprise 75 cases (table 2, part D): (14q21q) predominates,
(15q2lq) is less frequent, and (13q2lq) is uncommon. There are 34 cases with
(DqDq) not ascertained through 13-trisomy syndrome (table 2, part A): the
majority have (13ql4q), a minority have (14ql5q), two have (13ql5q), and
one, (15ql5q). Although only 10 cases with (13qDq) ascertained through 13-
trisomy syndrome have been reported (table 2, part B), the majority, six, have
(13ql4q).

362



ROBERTSONIAN TRANSLOCATIONS OF D CHROMOSOMES 363

TABLE 2

AUTORADIOGRAPHIC IDENTITY OF D CHROMOSOMES IN ROBERTSONIAN
REARRANGEMENTS REPORTED IN THE LITERATURE AND IN THIS STUDY

Translocation No. of Cases Reference*

A. Not Ascertained through 13-Trisomy Syndrome
t(13ql4q) ......... 28 (82%) [2 (three cases); 3; 4 (two cases); 7; 12 (two cases);

16; 21; J. 0. van Hemel and J. M. van Braink, personal
communication, 1966; 22-24; 25 (two cases); 26; 39-31;
43; 44 (two cases); 45; this report (three cases)]

t(13ql5q) ......... 2 (6%) [27, 43]
t(14ql5q) ......... 3 (9%) [4, 28, this report]
t(15ql5q) ......... 1 (3%) [30]

B. Ascertained through 13-Trisomy Syndrome

t(13ql3q) ......... 2 (20%o) [31, 32]
t(13ql4q) ......... 6 (60%) [2 (two cases), 4, 8, 33,t 34]
t(13ql5q) ......... 2 (20%) [4, 33t]

C. Not Ascertained through Down's Syndrome

t(l4qGq) .1 [this report]

D. Ascertained through Down's Syndrome

t(13q21q) ......... 2 (3%) [35, 38]
t(14q21q) ......... 64 (85%) [2 (three cases); 5 (18 cases); 6 (two cases); 7 (two

cases); 35 (seven cases); 36 (five cases); 37 (three cases);
A. Valdmanis, J. D. Mann, and D. Johns, personal com-
munication, 1969; M. M. Cohen, personal communication,
1969; J. de Grouchy and I. Emerit, unpublished observa-
tion cited in [4]; 39 (two cases) ; 40; 42; 43 (two cases)
44 (two cases); 45; C. J. Walker, personal communica-
tion; this report (11 cases)]

t(15q21q) ......... 9 (12%) [5 (two cases), 36, 37 (two cases), 43, this report (three
cases) ]

* Each reference reports one case unless otherwise stated.
t Two translocations found in same patient.

The pattern of involvement in (DqDq), excluding the case of (15ql5q) which
could be an isochromosome, is nonrandom (X2 - 37.1, P < .00 1, 2 df). It also is
very highly nonrandom in (Dq2lq) (X2 - 9,224, P < .001, 2 df).

DISCUSSION

We should like here to evaluate some of the possible explanations for the non-
random composition of Robertsonian translocations: (1) The peculiar composi-
tional patterns might simply reflect differences in the frequency with which
chromosomes 13, 14, and 15 break near the centromere. Earlier data showing a
lack of t(13q2lq) translocations were consistent with this interpretation [5]. The
fact that chromosome 13 occurs in the majority of t(DqDq) translocations argues
strongly against this hypothesis. (2) Rowley and Pergament [3] have suggested
that some types of centric-fusion translocations, once formed, might not survive,
perhaps due to their being dicentric. Although this could explain the rarity of
t(13q21q), it does not account for the relative commonness of t(13ql4q) and of
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Robertsonian translocations in general. (3) Selection might act against the survival
of individuals with certain translocations, because of the double deletion. This
could not account for the deficiency of t(13q2lq) in individuals with Down's
syndrome, however, since the additional chromosome 21 producing Down's syn-
drome would supply another 21p segment [3]. (4) Acrocentric chromosomes with
breaks might have different tendencies to translocate with other acrocentrics [5].
These translocation preferences might be ascribed to a highly ordered spatial
arrangement of acrocentric chromosomes within the nucleus. Chromosome 14
might be regularly located between chromosomes 13 and 21, facilitating t ( 13q14q)
and t( 14q2 lq) translocations and tending to preclude t( 13q2 lq) translocations.
The patterns of composition of Robertsonian translocations may thus mirror the
chromosomal geography of the nucleus. This hypothesis would not explain the
high rate of occurrence of these translocations without the additional postulate that
acrocentrics are breakage-prone particularly near the centromeres or that the
breakage rate for all chromosomes in man is extraordinarily high, but that acro-
centrics, perhaps because of their nuclear geography, tend to translocate onto
one another rather than to reunite. (5) Robertsonian translocations may result
from meiotic pairing and crossing-over [11]. Rowley and Pergament [3] further
suggest that "segments of the short arm of chromosome 14 [might be] homologous
with segments near the centromere in the long arm of chromosomes 13 and 21.
Pairing of homologous segments and crossing over during meiosis would lead to
t(13ql4q) or t(14q2lq) chromosomes. On the other hand, the union of chromo-
somes 13 and 21, which would be expected to occur merely by chance, has not
been observed." The homologous segment on chromosome 14 would have to be
inverted with respect to the homologous segments on chromosomes 13 and 21 in
order for pairing and exchange to tend to produce t(13ql4q) and t(14q2lq), but
not t(13q2lq). The reciprocal product of this type of crossing-over would be a
small metacentric chromosome, such as has been occasionally observed [4, 12].
Although there is no direct evidence for homologous segments on acrocentrics,
these could have reasonably arisen during evolution as a result of polyploidization
and gene duplication, processes which are now generally believed to have occurred
in the evolution of the human karyotype. The degree of homology between two
acrocentrics might govern the frequency of meiotic pairing and exchange. Con-
versely, the relative frequencies with which various acrocentrics are found in
Robertsonian rearrangements might reflect their degree of homology.

Circumstantial evidence from man and other organisms is also consistent with
the concept that Robertsonian chromosomes may result from an orderly, nonran-
dom process such as meiotic pairing and exchange, rather than from random
breakage and fusion. Salient points of evidence include the following:

a) Robertsonian exchanges in man are extraordinarily common compared with
other types of translocations [10, 13-15].

b) Robertsonian exchanges in man appear usually to be of spontaneous origin.
Rarely, if ever, have they been shown to occur following X-irradiation or exposure
to chemicals or other chromosome breakage agents [16].
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c) Robertsonian rearrangements in mice have been observed in the offspring of
control animals [17, 18] but never in the offspring of mice subjected to irradiation
(C. E. Ford, personal communication, 1969).

d) After whole-body irradiation, the resultant marker chromosomes in mice,
even when metacentric [191, do not occur in somatic cell clones with a chromosome
number reduced from 40 to 39, as would be expected with a Robertsonian re-
arrangement.

e) In mice and man, somatic chromatid interchanges at the centromere, poten-
tially capable of giving rise to Robertsonian translocations by mitotic segregation,
have been observed to occur spontaneously in lymphocyte and fibroblast cultures
(C. E. Ford, personal communication, 1969; [20]) but are not inducible.

f) Somatic chromatid interchanges at the centromere have not been observed in
material treated with mutagens (e.g., in Vicia root-tip mitoses immediately follow-
ing X-irradiation, or in nitrogen-mustard treatment of Tradescantia pollen-grain
mitoses after irradiation [C. E. Ford, personal communication, 1969]).
These data from various organisms, including man, indicate that Robertsonian

rearrangements differ in several ways from reciprocal translocations. Robertsonian
rearrangements are mainly, perhaps exclusively, "spontaneous" rearrangements.
They are apparently not produced in somatic or germinal cells by either irradiation
or chemical mutagens. Moreover, in man, they appear to be highly nonrandom in
their chromosomal composition. The mechanism of formation of Robertsonian
translocations may thus be different from that of reciprocal translocations. We
favor the proposition that Robertsonian rearrangements are produced by meiotic
pairing and crossing-over and that their nonrandom composition reflects this more
orderly process.

SUMMARY

This paper reports four new cases of (DqDq) and 15 new cases of (DqGq)
translocations with autoradiographic identification of the D chromosomes involved.
The (DqDq) rearrangements were (13ql4q) in three cases and (14ql5q) in one
case. The (DqGq) translocations were (14q2lq) in 11 cases, (15q2lq) in three
cases, and (14qGq) in one case where the nature of the G chromosome was not
known.

Thirty-four of the 44 reported cases with (DqDq) involve (13ql4q), while 65
of the 76 cases with (DqGq) are (14qGq). The explanation for this nonrandomness
is not yet known. We favor the concept that it reflects the mechanisms by which
(DqDq), (DqGq), and perhaps all Robertsonian rearrangements form, namely,
from an orderly, nonrandom process such as meiotic pairing and exchange, rather
than from random breakage and fusion.

ACKNOWLEDGMENTS
We thank Milton P. Case for technical help, Prof. C. E. Ford for challenging discussions

by mail, Dr. M. Shaw for suggestions, Mrs. P. Evans for secretarial and editorial assis-
tance, and Drs. H. Lubs, F. Ruddle, J. E. Ott, and our colleagues in Oregon for blood
specimens from Robertsonian heterozygotes.



HECHT AND KIMBERLING

REFERENCES

1. HECHT F, MAGENIS RE, LYONS RB, et al: Translocations in the D1 trisomy syn-
drome. Ann Genet 9:155-159, 1966

2. BLOOM GE, GERALD PS: Autoradiographic studies of D chromosomes. Meeting of the
American Society of Human Genetics (abstr.), Toronto, December 1-3, 1967

3. ROWLEY JD, PERGAMENT E: Possible nonrandom selection of D group chromosomes
involved in centric-fusion translocations. Ann Genet 12:177-183, 1969

4. GROUCHY J DE, CRIPPA L, GERMAN J: Etudes autoradiographiques des chromosomes
humains. VII. Cinq observations de t(DqDq) familiales. Ann Genet 13:19-37, 1970

5. HECHT F, CASE MP, LOVRIEN EW, et al: Non-randomness of translocations in man:
preferential entry of chromosomes into translocations. Science 161:371-372, 1968

6. SCHMID W: DNA replication patterns of human chromosomes. Cytogenetics 2:175-
193, 1963

7. YUNIS JJ, ALTER M, HOOK EB, et al: Familial D/D translocation: report of a
pedigree and DNA replication analysis. New Eng J Med 271:1133-1137, 1964

8. GIANNELLI F, HOWLETT RM: The identification of the chromosomes of the D-group
(13-15) Denver: an autoradiographic and measurement study. Cytogenetics 5:186-
205, 1966

9. OTT JE, ROBINSON A, PEAKMAN DC: D/D balanced translocation. Lancet 2:1352-
1353, 1968

10. LUBS HA, RUDDLE FH: Applications of quantitative karyotypy to chromosome varia-
tion in 4400 consecutive newborns, in Human Population Cytogenetics, edited by
JACOBS PA, PRICE WM, LAW P, Baltimore, Williams & Wilkins, 1970, pp 119-142

11. HECHT F, KIMBERLING WJ: Nonrandom composition of centric-fusion transloca-
tions: clues to a model? Meeting of the Society for Pediatric Research (abstr.),
Atlantic City, N.J., May 2-3, 1969

12. PALMER CG, CONNEALLY PM, CHRISTIAN JC: Translocations of D chromosomes in
two families: t(13ql4q) and t(13ql4q) + t(13pl4p). J Med Genet 6:166-173, 1969

13. COURT-BROWN WM: Human Population Cytogenetics. Amsterdam, North-Holland,
1967

14. WALZER S, BREAU G, GERALD PS: A chromosomal survey of 2400 normal newborn
infants. J Pediat 74:438-448, 1969

15. SERGOVICH F: Chromosome aberrations in 2159 consecutive newborn babies. New
Eng J Med 280:851-855, 1969

16. Hsu LY, STRAUSS L, HIRSCHHORN K: Chromosomal abnormality in offspring of LSD
user. JAMA 211:987-995, 1970

17. LE'ONARD A, DEKNUDT G: A new marker for chromosome studies in the mouse.
Nature 214:504-505, 1967

18. WHITE BJ, TJIo JH: A mouse translocation with 38 and 39 chromosomes but nor-
mal N.F. Hereditas 58:284-296, 1967

19. BARNES DWH, EVANS EP, FORD CE, et al: Spleen colonies in mice: karyotypic
evidence of multiple colonies from single cells. Nature 219:518-520, 1968

20. GERMAN J: Cytologic evidence for crossing-over in vitro in human lymphoid cells.
Science 144:298-301, 1964

21. DEKABAN AS: Transmission of a D/D reciprocal translocation in a family with high
incidence of mental retardation. Amer J Hum Genet 18:288-295, 1966

22. TIEPOLO L, FRACCARO M, HULTEN M, et al: Double aneuploidy 46,XXY,D-,D-,
t(DqDq)+. Ann Genet 10:114-117, 1967

23. KRMPOTIC E, RAMIANATHAN K, GROSSMAN A: A family with D/D translocation.
J Med Genet 5:205-210, 1968

24. STENCHEVER MA, JARVIS JA, MACINTYRE MN: Cytogenetics of habitual abortion.
Obstet Gynec 32:548-555, 1968

366



ROBERTSONIAN TRANSLOCATIONS OF D CHROMOSOMES 367

25. EMERIT I, BOUE' J, DUTRILLAUX B, et al: Etude autoradiographique de deux translo-
cations t(DqDq) familiales. Ann Genet 12:94-98, 1969

26. MIKKELSEN M, NIEBUHR E: A ring chromosome (46,XY,13r) occurring in a family
with a D-D translocation 13-,14-,t(13q14q). Ann Genet 12:51-56, 1969

27. HIGURASHI M, NAKAGOME Y, NAGAO T, et al: Identification of translocated chromo-
somes by means of autoradiography. Pediat Univ Tokyo 14:14-20, 1967

28. NEu RL, GARDNER LI: D/D translocation [XY,D-,D-,t(DqDq) +] in a boy with
mental retardation and congenital dislocation of the hip. Ann Genet 12 :250-252, 1969

29. BAUCHINGER M, SCHMID E: Ein Fall mit balancierter (14p+; 15p-)-Translokation.
Humangenetik 8:312-320, 1970

30. LUCAS M: Translocation between both members of chromosome pair number 15
causing recurrent abortions. Ann Hum Genet 32 :347-352, 1969

31. PATAU K, THERMAN E, INHORN SL: The identification of certain clinically important
autosomes by autoradiography with tritiated thymidine. Meeting of the American
Society of Human Genetics (abstr.), Seattle, November 15-17, 1964

32. GIANNELLI F: Autoradiographic identification of the D(13-15) chromosome respon-
sible for D1-trisomic Patau's syndrome. Nature 208:669-672, 1965

33. COHEN MM, TAKAGI N, HARROD EK: Trisomy D1 with two D/D translocation
chromosomes. Amer J Dis Child 115:185-190, 1968

34. REISMAN LE, MATHENY AP JR: Genetics and Counseling in Medical Practice, Saint
Louis, Mosby, 1969

35. HIGURASHI M, MATSUI I, NAKAGOME Y, et al: Down's syndrome: chromosome
analysis in 321 cases in Japan. J Med Genet 6:401-404, 1969

36. MIKKELSEN M: DNA replication analysis of six 13-15/21 translocation families.
Ann Hum Genet 30:325-328, 1967

37. DE CAPOA A, BREG WR, KUSHNICK T, et al: Radioautographic identification of the
D chromosome involved in the centric-fusion type of D/G translocation, t(DqGq).
Ann Hum Genet 32:191-193, 1968

38. DE CAPOA A, RoCCHI A: Autoradiographic identification of a 13/21 translocation.
Cytogenetics 9:396-400, 1970

39. KRMPOTIC E, CHOI SY, GROSSMAN A: Nonrandomness of D-group chromosomes
involved in centric-fusion translocation. Clin Genet 1:232-243, 1970

40. SPARKES RS, DE CHIERI PR: Inherited 13/14 chromosome translocation as a cause
of human fetal wastage. Obstet Gynec 35:601-607, 1970

41. NAKAGOME Y, BLOOM AD: Satellite associations of D group chromosomes in trans-
location carriers. J Med Genet 7: 371-373, 1970

42. NAKAGOME Y: DNA replication studies of human D-group chromosomes in satellite
associations. Cytogenetics 8: 296-303, 1969

4 3. VOGEL W, H6HN H, ENGEL W: Autoradiographische Identifizierung der an zen-
trischen Fusionen beteiligten D-Chromosomen bei fiunf nichtverwandten Familien:
t(14qGq); t(14qGq); t(l5qGq); t(13ql4q); t(13qlSq). Humangenetik 9:140-149,
1970

44. KOHNO S, MAKINO S: An autoradiographic investigation of the chromosomes show-
ing a D/D translocation. Proc Jap Acad 45:121-125, 1969

45. GILGENKRANTZ S, GRILLIAT JP, VAUTRIN DA, et al: Syndrome 47,XXYY,13-,14-,
t(13ql4q)+. Ann Genet 13:201-206, 1970


