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VARIATION IN THE HUMAN CHROMOSOME NUMBER

E b & B8 K B

INTRODUCTION

Increased aneuploidy has been described in cultured
human peripheral blood cells, beginning in the sixth
decade of life for females, and in the seventh
decade of life for males.! This increased aneu-
ploidy has been attributed largely to the presence
of cells containing 45 chromosomes, with an XO
sex chromosome constitution.

In the course of cytogenetic studies of atomic bomb
survivors of Hiroshima and Nagasaki,?'3 we have
had an opportunity to evaluate the hypothesis of
selective loss of the sex chromosomes with increas-
ing age. The chromosomes of more than 18,000
cells from 329 subjects, ranging in age from 20 to
88 years have been counted and examined. The
results indicate that wvariation in the chromosome
number occurs within a very narrow range through-
out the adult years. The presence of 45-chromosome
cells is largely responsible for the existing devia-
tion from the modal number, and chromosome loss
seems to be neither completely random nor entirely
related to chromosome size.

MATERIALS AND METHODS

The population studied was selected from the
ABCC-JNIH Adult Health Study sample,4 a group
of nearly 20,000 people who are examined every
2 years in the Hiroshima and Nagasaki clinics of
ABCC. For cytogenetic study, index subjects were
selected from among those who are estimated to
have received 200 rad or more of mixed gamma and
neutron radiation from the atomic bombs. Com-
parison subjects (controls) were selected for each
index patient, matched by age, sex, and city, from
among those who were beyond 3000 m from the hypo-
centers. The controls are estimated to have been
exposed to less than 1 rad. Any person with a
history of malignant disease was excluded from the
study, as were those with a history of radiation
therapy, radioisotope exposure, or those who had
evidence of a viral exanthem on physical examin-
ation. Those with a history of diagnostic X-
irradiation, exclusive of chest X-rays, in the
preceding 12 months were also excluded. In all
cases, peripheral leukocytes were cultured according
to the method of Moorhead et al,5 and were harvested
between 66 and 72 hours of culture.
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In those between 20 and 49 years of age, the
chromosomes were counted only in the first 30 cells
examined, though, whenever possible, a total of 100
cells were examined for the presence of structural
aberrations. In those over 50 years of age, an
attempt was made both to count and analyze 100
cells per subject. For these older persons, when-
ever cells with missing or additional chromosomes
were encounted, an attempt was made to classify
such chromosomes by group. Cells were selected
under low power (x 100) according to their apparent
integrity and the quality of chromosome spreading.
Once deemed suitable, a metaphase was included
in the study, whether or not structural alterations
were present. In determining the chromosome count
of a cell, the number of centric chromosomes alone
was used.

The blood samples were processed, and the slides
were read, without technician or observer knowledge
of the age, sex, or exposure status of the subjects.

RESULTS z
Since there was no systematic difference in the
distribution of chromosome number between cells
of the heavily exposed and those of the controls,
the data for these two groups have been combined.

As seen in Table 1, 135 males and 194 females were
studied cytogenetically. In the 74 males and 114
females who were between 20 and 49 years of age,
from 94.4% to 97.8% of cells counted contained 46
chromosomes. The major portion of aneuploid
cells were hypomodal, with 45-chromosome cells
predominating.

Among the 141 persons between 50 and 88 years
of age, 61 were males, and B0 were females; 53 of
the 141 were over 70 years of age. As seen in
Table 1, the percent of cells with 46 chromosomes
ranged, in this older group, from a low of 94.1% in
males over 70, to a high of 96.9% in females in the
seventh decade of life. The lack of a consistent
trend with age is seen graphically in Figure 1.
There was little difference between the sexes in
terms of aneuploidy in old age; and there was,
further, no pronounced tendency for males or
females to show increased aneuploidy late in life
as compared with the earlier years.

Figure 1 also shows the distribution of the percent
of cells with 45 chromosomes by sex and age of the
patients at the time of examination. While a total
of 422 cells with 45 chromosomes were found, 100
of these were from subjects under 50 years of age
and no attempt has been made to identify the
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FIGURE 1 PERCENT OF CELLS WITH 46 AND 45 CHROMOSOMES, BY AGE AND SEX
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TABLE 1 RELATIONSHIP OF CHROMOSOME NUMBERS TO AGE AT EXAMINATION AND SEX
#1 Rt lfEhs S UHLORME

Chromosome number percent distribution

Kge S tasined Axfégge Exc;i-gf]ed REENOE TESE ‘
FRF I 5 L S N I M ¥ <45 45 46 46+ p‘?f;}l;'d‘
MALE %
20-29 12 24.7 353 1.7 2.0 96.0 0.3 0.1
30-39 44 35.9 1286 1.6 2.1 95.5 0.4 0.3
40~49 18 44,2 540 0.6 0.9 97.8 0.7 0.1
50-59 18 56.0 1499 1.2 2.2 95.7 0.5 0.4
60-69 20 65.0 1728 0.3 2.1 96.5 0.8 0.3
70+ 23 72.8 1952 0.7 4.0 94.1 0.7 0.5
Toral &t 135 49.3 7358 0.9 2,6 95.6 0.6 0.3
FEMALE #%
20-29 12 25.2 360 2.5 2.5 Q4.4 0.3 0.2
30~-39 62 35.0 1907 1.1 1.7 96.3 0.7 0.2
40-49 40 42.8 1196 0.7 1.6 96.2 0.4 0.4
50-59 24 54.9 2237 0.4 2.8 95.8 0.7 0.3
60-69 26 64.2 2502 0.3 1.8 96.9 0.8 0.2
70+ 30 74.8 2545 0.9 2.6 95.2 1.0 0.4
Total it 194 48.6 10747 0.7 2.2 96.0 0.7 0.3

*Includes endoreduplication, percentage based on 100 cell chromosome counts.
e kis 12, endoreduplication ¥ F T & D, EHBEREIEOHEG, TE3ED, WIED
glaniEaEdHEcETuTiTEs .



TABLE 2 DISTRIBUTION BY GROUP OF MISSING CHROMOSOMES IN 45-CHROMOSOME CELLS*
#£2 G kHASOME* ThFARELERD SV — TS

Chromosome Male % Female %
Group = T
’ : Observed Expected MR & Observed Expected
BB W B B 8
1 2 3 1 2
A 5 15.0 6.8 3 19.4 9.0
B 3 10.0 5.8 10 13.0 ik
. & 22 37.5 27.7 48 51.8 39.0
D 8 15.0 15.7 ' 28 19.4 20.9
E 21 15.0 18.2 20 19.4 24,2
F 13 10,0 15.2 8 13.0 20.2
G 43 12.5 25.7 32 13.0 200
Total 115 115.0 115.1 149 149.0 148.9

*X chromosomes grouped with C; Y chromosomes grouped with G.

ZrTid, XipEEECHICAY, YRGBRIGEIIEDL,

1 - Expected values assuming random loss.
WiEANEE R EE LB OMFY

2 - Expected values assuming probability of loss to be inversely proportional to size.

WRAKE X IDREET B LR LA A0 R iFK
missing chromosome. This was done only in the
remaining 322 45-chromosome cells seen in the
141 subjects who were over 50 years of age., 4n
264 instances, the missing chromosome could be
identified by group.

The distribution of these cells is shown, separately
by sex, in Table 2, together with expected numbers
based on two different sets of assumptions regard-
ing loss. First, if loss were entirely random, then
the probability of loss from each group would be
determined completely by the number of chromosomes
in the group. It is apparent that these observations
do not conform to the pattern expected with random
loss, there being generally a lack of cells missing
the larger chromosomes, and a surfeit of those
missing the smaller chromosomes. The pattern
suggested that the likelihood of chromosome loss
may be inversely related to chromosome size, and
another set of expected numbers was derived on
this assumption.

Specifically, we assumed that there are k chromo-
somes, identified by categories X;, i =1, ..., k. If
we let Y; (>0) denote the length of chromosome Xj,
and P (X;) denote the probability of loss of a
single chromosome from category X, then the
hypothesis of loss being inversely related to size
states that:

P (X;)

P(X) Y;

For example, if an A3 chromosome is 7.1% of the
haploid autosomal complement and if each D is

OB EEISOMIEII OV TOE, FOXHEITE 2.
WAz OWT, KRERBEHED SV - THHMFAETSH
Shfe,

Z2 1 chs0Miaoa/mEMRNIZR L, RERERKEL
M+ 3220084, ERFICETHFHL T LLE
Bl ORETIE, REFECEELSIETD ET R
BN —FIIEWAREOHERIE, 207NV FILEHL
TViRahoROI L TREENS. Dhbhd
BT, KEvRafiIREL T aMar—fizd
B, hEnBEEIREL TV M £, REN
BEEAMIZET 2B EOMEE L IEM 6 22 L Z v,
B RREOHERSEAEKO KR E S ICEILH T 5 Emd
FMEEhAZEIIETE, & 1MloMEHEE UL

BAMIZBEMTAE, bhbh iz KBEOREREZ E L,
ZONEE X, i=1,...k ELTED L. REHXIO
ExAYi(>0) L, HX»0 1L EORAEIHE
+AREREEP (Xi) EThiE, REERKEIZORSEE

CREEHT S EVIFEEIROLI ZEDbEN S,

__1  foralliandj.
(FRTOiFETjIidT380)
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3.5% of the complement (Chicago Conference, 1966)6
then the probability of loss of a D group chromosome
in a male is 0.045, while the probability of an A3
being lost is 0.023. Thart is, a D group chromosome
is twice as likely to be lost as an A3, since it is
half the size of an A3z, Using this assumption,
together with the fact thar the probabilities must

k
sum to 1.0 [ 2 P(X,) = 1], it is not difficult to
i=1
show that the probabilities for the loss of individual
chromosomes are given by:

P(X)) = [Y;‘
7

These probabilities were calculated using the
estimated lengths given in the report of the Chicago
Conference. The probabilities for individual
chromosomes within the appropriate chromosomal
groups were summed. As seen in Table 2, while
the expected numbers thus derived improved the
agreement with the observed distribution over that
given by the random loss expecrations, the fit is
still not a good one for either sex. In males,
G-group chromosomes, which here include Y
chromosomes, were lost far more often than this
hypothesis would explain. In females, C-group
chromosomes, which here include the two X chromo-
somes, were lost more often than expected, as
were B's, D's and G's. However, the largest contri-
butors to the lack of fit, in females, were the F,
A, and D groups, in that order.

DISCUSSION

These results suggest that the proportion of
cultured leukocytes which contain the normal 46
chromosome complement is relatively constant from
the third decade of life. While the Edinburgh group,
even in their 3-day cultures, have found from 7%
aneuploidy in elderly males to 13% in elderly
females, we have found that for both sexes, at all
ages, the proportion of aneuploid cells is between
2% and 6%. None of our 329 subjects were chromo-
somal mosaics, nor did any of them have a modal
chromosome number other than 46. Thus our
population was, in terms of chromosome number,
an essentially normal one.

While a small percentage of non-46-chromosome
cells were hypermodal, with no discernible pattern
of addition, the majority were hypomodal and
contained 45 chromosomes. It appears that loss of
a single chromosome is not entirely a random

i

(Chicago 25, 19664E),° BB H 2D 7 b — THE
R %O MEMIE 0.045 T, A, PEEREDMIFMEI
0.023 £ %3, ¥abb, DF¥LV—THREBFOKESL
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phenomenon. It also appears that small size alone
cannot explain the observed patterns of chromosome
loss.

With respect to the hypothesis of selective sex
chromosome loss, our findings show a marked
excess of G-group chromosome loss in males which
cannot be explained by either the random loss or
loss-by-size hypothesis. C-group loss in females,
on the other hand, is not consistent, either in
magnitude or direction for the two postulated
hypotheses. Thus it seems likely that the proba-
bility of loss of a given chromosome is influenced
by a number of factors, acting either separately or
in combination. These might include a random
component as well as the size of the chromosome
and the position of the chromosome on the spindle
during cell division. To these must be added, in
males, the tendency for G group chromosomes
which include the Y, to be lost because of some
other, perhaps more selective mechanism. There
may also be preparative, or other factors, which
are characteristic of the laboratory in which the
data are collected.

Qur data must be qualified by indicating that the
culture time of 66 to 72 hours was sufficiently long
to enable both first and second division products
to make their appearance. The two-day culture
system which we are now using,’ may further
reduce the proportion of aneuploid cells, and give
a more representative picture of the in vivo situa-
tion. Certainly this should be the case if chromo-
some loss occurs primarily in tissue culture. But
if loss occurs predominantly during an in vivo
division, the proportion of aneuploid cells should
vary little with culture time.

SUMMARY

The results of chromosome counts on over 18,000
cells from 329 individuals, ranging in age from 20
to B8 years, suggest that there is little variation
in the human chromosome number. The majority of
aneuploid cells are hypodiploid, and contain 45
chromosomes. Analysis of the data from 45-
chromosome cells indicates that the probability of
loss of a single chromosome may be influenced by
chance, chromosome size, and other factors,
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