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INTRODUCTION

An appearance suggesting extreme fragmentation

of chromosomes has been referred to as "pulveriza-
tion" by Nichols et al. (1). A different appearance,

that of accentuated secondary constrictions (or

chromomeres), was described by Stubblefield in a

Chinese hamster cell line, Don (2). In 1967 zur
Hausen (3) described an appearance more often

occurring in chromosome No. 1 and referred to as

"incomplete condensation." The incompletely

condensed segments were shown to synthesize
DNA after the normal segments had ceased rep-

lication. Subsequently, both Nichols et al. (4) and

Kato and Sandberg (5) have reported that pul-
verized chromosomes exhibit a similar asynchrony.

The present report will provide evidence that

pulverization, incomplete condensation, as well as
some varieties of enhanced secondary constrictions

form a spectrum of changes characterized by their

spontaneous occurrence in permanent cell lines of

several species and by DNA synthesis in G2 .

MATERIALS AND METHODS

Six permanent cell lines were studied. These included:
a HeLa line; a Burkitt lymphoma line, Ogun (6, 7);
three leukocyte lines-LKID, LK63, and SKL-l (8,
9); a mouse rhabdomyosarcoma line, T811 (O'Neill,
F., and A. J. Samuels. Data in preparation); and a
Chinese hamster line, Don (2).

With the exception of the Chinese hamster line, all
of these lines stem from tumors or from patients with
neoplastic disease. Methods for culture and for
chromosome analysis have been previously described
(10). In terminal labeling experiments with SKL-1,
LK1D, Ogun, and T811, cultures were exposed to

thymidine-3H (3H TdR, New England Nuclear
Corp., Boston, Mass.) at a concentration of 0.3 /c/ml
(specific activity, 2 mc/mmole) for various periods of
time; and in later experiments with Don and HeLa,
the cultures were exposed at a concentration of
0.5 pc/ml (specific activity, 6.7 mc/mmole).

The cultures were then harvested for routine
chromosome analysis, as described previously (10),
but with repeated washings in fixative. Slides were
stained in 2% aceto-orcein containing 65% acetic
acid. The slides were screened, and cells to be
analyzed were photographed. The slides were then
dipped in Kodak NTB-3 liquid emulsion and exposed
for 10 days. Subsequently, the filmed slides were
developed for 2 min in Kodak D-19 (19 0 C) developer
and fixed for 4 min in Kodak fixer. After being
washed in tap water for 20 min, the slides were dried
with a hair dryer.

RESULTS

The common feature of the various appearances

(pulverization, etc.) is the potential for DNA syn-

thesis out of phase; hence, for brevity, we shall refer

to the general phenomenon as SOOP (synthesis

out of phase).
All of these cell lines exhibit a small percentage

of metaphase figures in which a few or many chro-

mosomes appear to be extensively fragmented

(pulverized) (Figs. 3, 6). In some cells the chromo-

somes show a stretched-out appearance usually

accompanied by multiple ladder-like secondary

constrictions (Figs. 1-3). The ladder-like sec-

ondary-constriction appearance is to be distin-
guished from the previously described (3, 1 1)
attenuated constrictions observed on chromosomes

Nos. 1 and 16 in near-diploid lymphoid lines. Such
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FIGuBE 1 a and b Ladder-like secondary constrictions. Ogun. 4 hr terminal label. X 1600.

FIGURE 2 a and b Ladder-like secondary constrictions, Chinese hamster line Don. Diploid cell. 4 hr
terminal label. X 1600.
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FIOURE a and b Pulverization and stretched-out chromosomes showing SOOP effect. T811, mouse
rhabdomyosarcoma line. 2 hr terminal label. X 1800.

TABLE I

Incidence of SOOP Chromatin in Successive Passage
of a HeLa Cell Line

No. of metaphase
Passage No. Incidence figures scored

13 1.1 3759
14 4.8 250
23 2.5 1267

(Ladder-like secondary constrictions generally
form a small percentage of these totals but show a
similar variation.) Passage numbers from point of
subculture in our laboratory.

single, attenuated constrictions do not show G2

labeling.

It is our impression that the incidence of the
SOOP phenomenon varies considerably among
different cell lines and even from passage to passage
in the same line (see Table I). In a given cell,
SOOP chromosomes usually show similar ab-

normal morphology, i.e. either all pulverized or all
with ladder-like secondary constrictions. However,
there are many cells in which both appearances are
seen, thus suggesting that pulverization and
ladder-like secondary constrictions represent a
spectrum of changes resulting from a common
mechanism (Fig. 4). The apparent fragments
sometimes resemble minute chromosomes (12) or
the fragments which might be expected from mul-
tiple, closely spaced isochromatid breaks. In many
cells the SOOP chromatin tends to be confined to a
focal area of the metaphase figure.

Both types of abnormal chromosomes or chro-
matin tend to show labeling with tritiated thymi-
dine during the G2 period from 30 min to 4½6 hr
before metaphase (see Table II). Whether the
unaffected chromosomes show label depends upon
the length of the G2 period and the length of the
terminal label. As noted for Ogun, at 4½1 hr the
label is presumably available also toward the end
of S, and some unaffected chromosomes show
label. At 2 hr, for Ogun, the label is only available
during G2 ; hence, no unaffected chromosomes
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FIGuaE 4 Pulverization and ladder-like secondary constrictions in the same cell. Ogun. X 2300.

FIGtutE 5 a and b The chromosome missing in this metaphase is one of the No. 1' s; hence, the frag-
ment associated with the intact No. 1 is presumably one of the arms of the missing No. 1. Note the
G chromosomes near the pulverized material. LK1D. 2 hr terminal label. X 1800.
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TABLE II

Incidence of Labeling of Pulverized Chromosomes and Chromosomes with Multiple
Secondary Constrictions Using Different Pulses of Thymidine-3H

Total No. Pulverized Both norm No. pulverized
cells with chromosomes and pulver- Exposure or cells without

Cell lines Ploidy pulverization labeled only ized labeled pulse time label

Ogun >4N 20 2 0 30 min 18 (90%)

Ogun, LKID, >4N 20 9 0 2 hr 11
SKL-1 2N 37 13 0 2 hr 24 (62.8%)

Ogun >4N 7 6 1 4½/ hr 0 (0%)
HeLa >4N 25 5 0 1 hr 20 (80%)
T811 >4N 7 2 1 2 hr 4 350

2N 7 3 3 2 hr 1

Chinese hamster >4N 15 3 1/ hr 12 (79%)
2N 23 4 1 1½/ hr 18 

show label. Apparently the G2 period is shorter for
T811 since at least some unaffected chromosomes
show label at 2 hr.

As the terminal labeling period is shortened
there is a progressive decline in the percentage of
affected cells with label. Thus for Ogun, at 4 hr
100% of the affected cells showed labeling of
SOOP chromosomes; at 2 hr, only 37%, and at 30
min, only 10% showed labeling. At 1 hr terminal
label for HeLa cells, the value is 20%. When
labeling periods are as short as 30 min, it would
appear that some SOOP chromosomes are labeling
at least into prophase and possibly into metaphase.

The incidence of cells with SOOP material is
much higher in polyploid (near-4N) cells than in
diploid or near-diploid cells in the same cell line
(see Table II). We have not been able to identify
any polyploid cells in which a precise diploid com-
plement was left intact. As the number of SOOP
chromosomes increases, it becomes more difficult to
distinguish diploid cells from polyploid cells. How-
ever, as shown in Table IV, it is often the case that
only one or two chromosomes are affected in poly-
ploid cells. This is also true of diploid or near-
diploid cells. Both LKID and SKL-1 have well-
defined karyotypes (11). Thus, it is possible, by a
process of elimination, to determine which homo-
logs are most often affected in these cells. As may
be seen from Table III, chromosome No. 1, and
particularly one arm of No. 1, probably the long
arm, is preferentially affected to an overwhelming
degree. 84 diploid or near-diploid cells with SOOP
chromatin were surveyed. In 38% of these, chro-

mosome No. I was affected. In 85% of the cases
involving chromosome No. 1, only one of the arms
was affected. In agreement with zur Hausen (3),
the affected arm was, at least in many cases, prob-
ably the long arm since a trace of remaining atten-
uated constriction could be seen (Fig. 5).

Allowing for the number of chromosomes at risk
in each group, one may see that the next most
common chromosome to be affected is the small
acrocentric chromosome (Nos. 21 and 22). Thus
chromosome No. I is preferentially affected while
all other groups except the G and possibly the D
chromosomes are preferentially spared. While this
incidence for the G group is only chance expecta-
tion, it is also true that G chromosomes were often
seen in association with SOOP chromatin with
much greater than random expectation (see Table
V). In addition, there were 29 cells in which the
origin of the SOOP chromatin could not be deter-
mined since these cells contained 46 normal homo-
logs in addition to the SOOP material.

In addition to lines in which cells were labeled,
we have observed spontaneous pulverization or
ladder-like secondary constrictions in a number of
other permanent cell lines including RPMI 2650
(13), RPMI 7216 and 7466 (14) and, in EBI,
EB2, and SLI (10). We have never observed the
phenomenon in W138 or in any of the many di-
ploid human fibroblast strains we have examined.
We have, however, observed pulverization and
multiple chromosome breaks in one peripheral
lymphocyte culture (out of about 150 such cultures
done in our laboratory).
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Thus, it would appear that the SOOP phenom-

enon tends to be largely restricted to permanent

cell lines and perhaps occurs, albeit usually in low

incidence, in all such lines.

DISCUSSION

It appears from the data presented that pulveriza-

tion as described by Nichols et al. (1, 4) and in-

TABLE III

Homologs Pulverized in Diploid and Near Diploid
Cells; 84 Cells of LKID and SKL-I Analyzed

No. of No. of
Chromosome No. cells Chromosome No. cells

No. 1 long arm 26 6-12 + X 13
13-15 10

Both No. I long 1 16-18 5
arms

All of No. 1 4 21-22 7
All of both No. 1 Undetermined, i.e. 29

I's cell already had
No. 2 2 46 normal homo-

logs

complete condensation as described by zur Hausen

(3) are two extremes of a basically similar phenom-

enon, and that the extended chromosomes de-

scribed by Stubblefield (2) probably present the

same effect. However incomplete condensation

seems an undesirable designation since it could as

plausibly refer to single, attenuated secondary con-

strictions (11) which do not show label in G .

TABLE JV

Approximate Number of Pulverized Chromosomes in
85 Polyploid Cells (Ogun)

No. of cells with
No. of pulverized 1, 2, 3, etc. pulverized

chromosomes chromosomes

1 16
2 8
3 2
4 1
6 2
8 1

10 1
11 1

Greater than 11 53

TABLE V

Association of Chromosomes with Area of Pulverization (LKID):
Nonrandom for G Chromosomes

Chromosome No. Observed Expected X
2 P

or group

1 17 19.7 0.40 0.70 > P > 0.50
2 7 18.4 7.68 P < 0.01
3 13 15.5 0.43 0.70 > P > 0.50
B (M) 24 40.3 7.93 P > 0.01
C 94 87.2 0.86 0.50 > P > 0.30
D 24 22.7 0.08 0.80 > P > 0.70
16 10 7.0 1.32 0.30 > P > 0.20
17, 18 8 12.6 1.77 0.20 > P > 0.10
F 16 10.3 3.29 0.10 > P > 0.05
G 26 5.5 78.21 P < 0.01

Total points: 239 d.f = 1

* Observed and expected points by relative length of homolog or group.

1 d.f. = degrees of freedom.
Groups of pulverized fragments were scored if they occupied an area no greater than
20% of the metaphase plate. The most peripheral fragments were outlined by a poly-
gon. If a homolog lay within or overlapped the polygon, it was given 3 points. A
homolog close by (no further than a G homolog length away) was given 2 points, and
one at no greater distance than a D homolog, 1 point.

If calculations are based on the number of chromosomes at risk in each category
(homolog pair or group) the results are random for all categories except 17-18 and G
which give P < 0.01, and No. 1 with P < 0.05.
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FIGURE 6 Acrocentric chromosomes adjacent to
pulverized chromatin. The missing fragment is an
arm of one of the No. 1 homologs, and the opposite
intact arm (arrow) is considerably displaced indi-
cating that pulverization is associated with chromo-
some breakage. LKID. X 1800.

The suitability of the word pulverization has
been placed in doubt by those who suggest that the

chromosomes are not broken but simply greatly

extended. This problem is not yet resolved. On the

one hand, in the extreme case, the chromosomes

certainly appear to be fragmented, and the evi-

dence is precisely the same as in other experimental
situations in cells in which chromosomes have

fewer breaks, unhesitatingly scored as isochroma-
tid breaks. Where one arm of a No. 1 chromosome
is pulverized, the intact arm is not infrequently
displaced from the SOOP chromatin (Fig. 6). On
the other hand, the chromosomes with ladder-like

secondary constriction do not appear broken, and
it is difficult to rule out the possibility that

apparent fragments are in fact joined by thinned-

out chromosome strands too highly extended to be
readily demonstrable. Observations of living cells
in anaphase could determine whether pulverized
material is left behind or passes in equal amounts
to both poles. zur Hausen's observations suggest
that such material is left behind (3), and we might,

therefore, infer again that these chromosomes are
in fact broken.

The finding that thus far the SOOP phe-
nomenon is found in many permanent lines in
which a deliberate search has been made raises the
question as to whether such lines are suitable test
objects for the experimental induction of pulveriza-
tion. This is especially true when one considers the
varying incidence from passage to passage.

The thesis that pulverized chromosomes are not
really broken is an inference from the theory that
the G2 DNA synthesis simply reflects a delayed
onset of synthesis in S. Thus the SOOP chromo-
somes should be spoken of as being in S rather than
in G2 . While to some extent this is a question of
semantics, it seems fair to point out that the cell
cycle designations G, S, and G2 refer not to in-
dividual chromosomes but rather to the entire
nucleus. Moreover, where only one arm of chro-
mosome No. 1 is affected, we would have to assume
that the short arm is in Go while the long arm is in
S. Nevertheless, preliminary pulse-chase experi-
ments of our own do suggest that DNA synthesis in
SOOP chromatin is either delayed in onset or
slowed in rate. Alternative to the delayed onset
theory is the possibility that SOOP represents re-
pair synthesis in chromosomes which had already
started, and perhaps in some instances even com-
pleted, normal DNA synthesis on time. However,
Zakharov and Egolina (15) have shown that the
sequence of DNA synthesis is presumably normal
in hamster chromosomes with ladder-like second-
ary constrictions, i.e. the euchromatin segments
label early, while the heterochromatin segments
label late. With a repair mechanism, the sequence
of repair should follow the sequence of damage. If
anything, however, the sequence of damage may
be the reverse of the sequence of normal synthesis.
There is a suggestion that the damage begins in the
heterochromatin areas (cf. the secondary constric-
tion region on chromosome No. 1) and spreads to
the euchromatin. This predilection for hetero-
chromatin is also remarked by Zakharov and
Egolina who state that ... "when few chromo-
somes show inhibition of spiralization, they are
predominantly chromosomes with large hetero-
chromatic portions" (15). It should be empha-
sized, however, that the SOOP effect is not re-
stricted to heterochromatin.

Some experimentally induced effects hitherto
referred to as pulverization may differ from the
spontaneous variety. In preliminary experiments
with diploid human fibroblast lines, we have found
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that herpes Zoster always affects all the chromosomes
in a dividing cell. Moreover, the virus inhibits
DNA synthesis, so G2 synthesis is not observed. It
has been suggested that pulverization tends to
occur totally in one nucleus of a binucleate cell
(16). However, this mechanism must be very un-
common in our material, as is shown by the nu-
merous polyploid cells in which only a small num-
ber of chromosomes are affected (Table IV) and
by the paucity of cells which include SOOP ma-
terial as well as a diploid set of chromosomes. Nor
are cells of this latter type conclusive evidence of
cell fusion, since two or more cells may simply
adhere to one another both in culture and in chro-
mosome preparations.

On the other hand, that there is some relation
between pulverization and polyploidy is clearly
indicated by the markedly higher incidence of the
phenomenon in polyploid cells (Table II). In this
connection, it may be noted that in some human
cell lines all varieties of chromosome abnormalities
occur in higher incidence among polyploid cells
(10). The finding of SOOP chromatin in addition
to 46 normal homologs (Table III) also suggests a
relationship with some mechanism, probably non-
disjunction, which adds chromosomes. It has also
been suggested that small amounts of pulverization
may be secondary to micronuclei formed by one or
a small number of chromosomes (16). However, in
those cases in which only one arm of a No. I chro-
mosome is affected, this would seem to imply that
only one arm had formed a micronucleus, while
the other arm was part of the major nucleus. This
implication seems implausible.

In a previous report (11) it was postulated that
many cytogenetic abnormalities in cancer cells
and/or in permanent cell lines may be related to
the nucleolus or to nucleolar-associated hetero-
chromatin. If indeed the small acrocentric chro-
mosomes (G group) are related to the nucleolus
and also to the secondary constriction on chromo-
some No. 1 (17) then, pulverization is also related
to the nucleolus. However, the preferential effect
on chromosome No. 1 and on the G chromosomes
has thus far only been demonstrated in two of the
leukocyte lines. Aneuploid lines such as HeLa are
much more difficult to analyze. It might be that
different homologs are preferentially affected in
different cell lines. Gripenberg (18) has reported a
human cell strain in which pulverization was seen
in a ring chromosome which probably arose from a
17-18 chromosome

This work was supported by Damon Runyon Me-
morial Fund for Cancer Research, grant No. DRG
798. Mr. O'Neill was supported by a predoctoral
National Institutes of Health Graduate Training
Program in Genetics grant No. GM 1374-02.

We thank Dr. Ellen Borenfreund, Sloan Kettering
Institute, New York, for providing us with the
Chinese hamster line, Don; and we thank Dr. Ernest
Jawetz, University of California, San Francisco, for
the HeLa line.

A preliminary report of a portion of this work has
previously appeared (19).

Received for publication 5 August 1968, and in revised
form 16 October 1968.

REFERENCES

1. NICHos, W. W., A. LEVAN, P. AULA, and E.
NORRBY. 1965. Chromosome damage associ-
ated with the measles virus in vitro. Hereditas.
54:101.

2. STUBBLEFIELD, E. 1964. DNA synthesis and
chromosomal morphology of Chinese hamster
cells cultured in media containing N-Deacetyl-
N-methylcolchicine (Colcemid). In Cytoge-
netics of Cells in Culture. R. J. C. Harris,
editor. Academic Press Inc., New York. 223.

3. ZUR HAUSEN, H. 1967. Chromosomal changes of
similar nature in seven established cell lines
derived from the peripheral blood of patients
with leukemia. J. Nat. Cancer Inst. 38:683.

4. NICHOLS, W. W., P. AULA, A. LEVAN, W.
HENEEN, and E. NORRBY. 1967. Radioautog-
raphy with tritiated thymidine in measles and
sendai virus-induced chromosome pulveriza-
tions. J. Cell Biol. 35:257.

5. KATO, H., and A. A. SANDBERG. 1968. Chromo-
some pulverization in human cells with micro-
nuclei. J. Nat. Cancer Inst. 40:165.

6. PULVERTAFT, R. J. V. 1964. Cytology of Burkitt's
tumour (African Lymphoma). Lancet. 1:238.

7. PULVERTAFT, R. J. V. 1965. A study of malignant
tumors in Nigeria by short-term tissue culture.
J. Clin. Pathol. (London). 18:261.

8. ARMSTRONG, D. 1966. Serial cultivation of human
leukemic cells. Proc. Soc. Exp. Biol. Med.
122:475.

9. CLARKSON, B., A. STRIFE, and E. DE HARVEN.
1967. Continuous culture of seven new cell lines
(SK-LI to 7) from patients with acute leu-
kemia. Cancer. 20:926.

10. MILES, C. P., and F. O'NEILL. 1967. Chromosome
studies of 8 in vitro lines of Burkitt's lymphoma.
Cancer Res. 27:392.

11. MILES, C. P., F. O'NEILL, D. ARMSTRONG, B.

560 R I E F N O T E S



CLARKSON, and J. KEANE. 1968. Chromosome

patterns of human leukocyte established cell
lines. Cancer Res. 28:481.

12. MILES, C. P. 1967. Chromosome analysis of solid

tumors. II. 26 epithelial tumors. Cancer. 20:
1274.

13. MILES, C. P., and F. O'NEILL. 1966. Prominent

secondary constrictions in a pseudodiploid
human cell line. Cytogenetics. 5:321.

14. MOORE, G. E., R. E. GERNER, and H. A.

FRANKLIN. 1967. Culture of normal human

leukocytes. J. Amer. Med. Ass. 199:519.
15. ZAKEIAROV, A. F., and N. A. EGOLINA. 1968.

Asynchrony of DNA replication and mitotic
spiralization along heterochromatic portions

of Chinese hamster chromosomes. Chromosoma.
23:365.

16. KATO, H., and A. A. SANDBERG. 1967. Chromo-
some pulverization in human binucleate cells
following colcemid treatment. J. Cell Biol.
34:35.

17. SHAW, M. W. 1961. Association of acrocentric
chromosomes with the centromere region of
chromosome no. 1. Lancet. 1:1351.

18. GRIPENBERG, U. 1966. The cytological behavior
of a human ring-chromosome. Chromosoma.
20:284.

19. MILES, C. P., and F. O'NEIIL. 1968. Near-

terminal labeling of fragmented and other
chromosomes. Proc. Amer. Ass. Cancer Res. 9:49.

R I E F N O T E S 561


