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SUMMARY

We have examined the lysine-rich histones from a series of
rat and mouse tumors by high-resolution gel electrophoresis
and have found a positive correlation between the rate of
tumor growth and the extent of lysine-rich histone
phosphorylation. This correlation has been found in tumors of
a variety of tissues from both rats and mice, further supporting
the idea that F 1 phosphorylation is an event primarily
associated with the process of cell replication. The linear
correlation between tumor growth rate and the extent of
histone phosphorylation, coupled with cell-cycle data from
two of the rat hepatomas, has led to the proposal that the
observed increase in Fl phosphorylation in the rapidly
dividing tumors results from (a) an increase in the fraction of
cells actively dividing in the tissue and (b) a decrease in the
relative proportion of the cell-cycle time occupied by the G1
phase of the cell cycle.

INTRODUCTION

The 5 classes of histone interact intimately with nuclear
DNA in the eukaryotic cell. It now seems likely that their
prime function is to act as chromosomal structural proteins
modifying the conformation of DNA so as to facilitate its
packing within the nucleus, although the process by which this
might be achieved is little understood. Because of the close
association of the histones to DNA, it was surmised that
changes in histone primary structure might modify their
function such that tumorigenesis might result (1 â€”8).Initially,
evidence was obtained that supported this notion (14, 18).
However, there are many problems involved in the isolation of
histones, such as an endogenous proteolysis (6, 24) and a facile
contamination with other basic proteins (22, 28), and the
earlier data have not been supported. In agreement with other
observations concerning the resistance of most histone primary
sequences to change during evolution (20, 23), more recent
reports have supported the idea that tumor histones are

identical in all respects to those found in the somatic tissue
from which the tumor arose (4, 10, 19, 31). However, the
methods used to draw this conclusion were unable to yield
information concerning the microheterogeneity, within a given
histone class, attributable to acetylation or phosphorylation.

Phosphorylation of lysine-rich (Fl) histones has now been
documented in a number of tissues (2, 5, 7, 11, 12, 17, 26, 27,
30). It has been variously proposed that, on the one hand,
phosphorylation of histones is an event associated with gene
activation (1 , 15), and that, on the other hand, histone
phosphorylation is associated in some direct way with the
process of cell replication (2, 4, 5, 27). The latter point of
view has been supported by data showing that
phosphorylation is essentially absent in adult rat liver but that
substantial levels of phosphorylation are observed about 18 hr
after partial hepatectomy, at a time when the
hepatectomy-induced liver DNA synthesis is beginning (5).
Furthermore, rapidly dividing cultured hepatoma cells show
high levels of phosphorylated, lysine-rich histone during
exponential growth that are essentially abolished as the cells
move into the stationary phase (4).

The bulk of evidence in favor of an association between cell
replication and histone phosphorylation was thus obtained for
rather rapidly dividing cells originating from rat liver. We
wished to extend the range of cells in the search for a
correlation between cell replication and histone
phosphorylation, and we have therefore analyzed the extent of
histone phosphorylation in a wide range of tumors from
different tissues of widely varying growth rates. The tumors
have been obtained from both rats and mice. We will show
that there is a direct, positive correlation between histone
phosphorylation and the rate of tumor growth. We conclude
that the only electrophoretic difference between tumor
histones and those of the tissue from which the tumor arose
lies in the phosphate-induced microheterogeneity of the
lysmne-richhistone.

MATERIALS AND METHODS
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Tumors. The Morris hepatomas 7777, Sl23tc, 7794B, 7800,
and 96 18A were propagated as i.m. transplants in the thighs of
Buffalo rats. The mammary carcinoma CA755 (CS7BL/6
mice), Lewis lung tumor (C57BL/6 mice), skin melanoma S91
(DBA/2J mice), Shear glioma 26 1 (C57BL/6 mice), and
Hepatoma 129 (C3H/He mice) were obtained through Dr. S.
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fragments packed into a 16-gauge needle. Each tumor was
grown to approximately 1 g, at which time (designated as
T1 .o) the tumors were dissected out ; care was taken to remove
all viscera and connective tissue. The tumor tissue was frozen
promptly on Dry Ice.

The solid mouse tumors were grown to approximately 250
mg following s.c. or i.m. injection of 10 mg minced tumor into
mice weighing 20 g. The tumors were frozen on Dry Ice as
soon as possible after dissection. The Ehrlich ascites tumor,
L1210 leukemia, and Hepatoma 129 were grown in the ascites
form in the peritoneal cavity of mice following the injection of
106 l0@, and 106 cells, respectively. The cells were
transferred as a suspension in Hanks' balanced salt solution
(13). Following the required period of growth, the cells were

+

MH 7800

Poiley, Mammalian Genetics and Drug Production Section,
NIH. The adrenal tumor AT clone Y1 EL X A F1 (LAF1)
micej , anterior pituitary tumor MtT/W5 (Wistar-Furth rats),
chronic myelogenous leukemia LW/l 2 (Wistar-Furth rats), and
the acute monocytic leukemia R3 149 (Fischer 344 rats) were
obtained from the Mason Research Institute Tumor Bank,
Worcester, Mass. The Ll 2 10 leukemia (DBA/2J mice) was
obtained from Arthur D. Little, Inc., Cambridge, Mass.; the
osteosarcoma 53437 (Fischer 344 rats) was obtained from Dr.
W. F. Dunning, Papanicolaou Cancer Research Institute,
Miami, Fla.; and the rhabdomyosarcoma BW10139 was
obtained from The Jackson Laboratory, Bar Harbor, Maine.

Tumor Transplantation. The rat tumors were transplanted
into 150- to 200-g rats by i.m. or s.c. trocar injection of tumor
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Chart 1. Polyacrylamide gel electrophoretic patterns of histone from rat and mouse tumors. Electrophoresis was performed at 130 V and 2
ma/gel for 3.5 hr at 25Â°.A, Morris hepatomas (MH);B, rat tumors originating from tissues other than liver; C, mouse tumors.
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Gel Electrophoresis. Histone dissolved in 0.9 N acetic acid
containing 15% sucrose was subjected to electrophoresis in
9-cm polyacrylamide gels containing 2.5 M urea for 3.5 hr at
130 V by the method of Panyim and Chalkley (21).

High-resolution gel electrophoresis was performed in 25-cm
gels run at 200 V for 65 hr at 4Â°as previously described (5).

The gels were stained in 0.1% Amido schwarz-7% acetic
acid-30% ethanol for at least 4 hr for short gels and 6 hr for
the high-resolution gels. The gels were destained and were
scanned in a Gilford Model 2000 microdensitometer.

RESULTS

Tumor Growth. A preliminary examination of the rat and
mouse tumors indicated that the optimal tumor weights
necessary to avoid necrosis and yet give sufficient tissue for
histone isolation were 1.0 g (from rat) and 250 mg (from
mouse). Mouse tumors gave a greater yield of histone per unit
of tissue, wet weight, presumably because of the smaller size
of the mouse cells.

Histones of Rodent Tumors. A comparison of the
electrophoretic patterns of whole histone from the rat and
mouse tumors run on polyacrylamide gels 10 cm long are
shown in Chart 1, A to C. Close examination of the gel
patterns indicates a broadening of some of the lysine-rich
histone bands, a process which we suspected might be due to
small variations in the electrophoretic heterogeneity within
this fraction. Otherwise, the gel patterns are remarkably
similar for all the tumors.

11-I
Bâ€” +

removed from the peritoneal cavity by aspiration with 0.9%
NaCI solution and were sedimented at 750 X g, and the
resulting pellet was frozen in an acetone-Dry Ice bath. The
time interval required for both the solid and ascites tumors to
grow to 250 mg was designated as T0@25.

All rats and mice were housed in the same room and fed ad
libitum . For minimization of circadian effects, all tumors were
removed between 8:00 p.m. and 10:00 p.m.

Histone Isolation. Histones were isolated by the method of
Panyim et al. (20), modified to deal with small quantities of
tissue. Approximately 1 g of tissue was homogenized with 40
ml grinding medium (20) in a VirTis Model 400 homogenizer
at the lowest speed for 3 mm, and the resulting homogenate
was filtered through 2 layers of cheesecloth. All subsequent
homogenizations in washing media were carried out in a
Dounce hand homogenizer. After 6 homogenizations with
washing medium, the nuclei were clean, as judged by
phase-contrast microscopy and by the lack of contamination
of the histones isolated from such nuclei, the criteria of
histone purity being that defined by Panyim and Chalkley
(22), and as a result did not need to be centrifuged through
high-density sucrose solutions as described in the original
method. All operations were conducted at approximately 2Â°.

Lysine-rich histones were extracted from whole histone
with 0.5 N perchloric acid following the method of Johns
(16).

Histone Dephosphorylation. The lysine-rich histones were
treated with Escherichia coli alkaline phosphatase in 0.01 M
Tris-HC1, pH 8.4, for 24 hr as previously described (5).
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Microheterogeneity in Rat Tumor Fl . The additional
necessary resolution of the lysine-rich histones was obtained
by electrophoresis for 65 hr at 200 V through 25-cm gels. The
microheterogeneity within the lysine-rich histone group in
these gels was very easily visualized. Electrophoretic patterns
and microdensitometer scans of the highly resolved
microheterogeneity within the lysine-rich histones of a series

MH 7777 of Morris hepatomas of different growth rates are shown in
I =10 Chart 2. It is evident from the scans that the more rapidly

1@0 growing tumors show greater heterogeneity in the lysine-rich

histone. It has previously been documented that such an
increase in heterogeneity, characterized by the production of
more slowly migrating bands, is a result of the
phosphorylation of the faster migrating parental Fl fraction in
regenerating liver (5), HTC cells (4), and fetal rat liver (2).
Strong support for the proposal that this is also the case in
these tumor lysine-rich fractions is obtained by treating the

MH5123tc tumor lysine-rich histone with alkaline phosphatase and
Tio=@ studying the electrophoretic pattern of the product. If the

microheterogeneity is due to the effect of negatively charged
phosphate groups upon the mobility of a parent histone
molecule, then alkaline phosphatase treatment should lead to
the abolition of such microheterogeneity. That this is indeed
so is shown by the observation that treatment of the
lysine-rich histones from Morris hepatoma 7777 with E. coli

MH 7800 alkaline phosphatase resulted in the disappearance of all
T@0=30 phosphorylated species and subsequent conversion to the

electrophoretic pattern characteristic of rat liver (Chart 3).
For determination of whether the phosphorylation-induced

microheterogeneity was correlated with the rate of cell
replication in all tissues and whether this correlation was not
simply a liver- or hepatoma-specific phenomenon, the
lysine-rich histones were examined from chronic myelogenous

MH 9618A leukemia, acute monocytic leukemia, osteosarcoma, and a
T@@=74 tumor of the anterior pituitary. The high-resolution

electrophoretic patterns and microdensitometric scans of these
patterns of the lysine-rich histones from these 4 tumors are
shown in Chart 4. The electrophoretic patterns of Fl from
these tumors and the patterns from the Morris hepatomas are
quite similar. Not only is the extent of Fl phosphorylation
greater in the more rapidly growing tumors, but the basal level
of heterogeneity seen in the very slowly growing pituitary
tumor is essentially identical to that in adult rat liver.

Microheterogeneity in Mouse Tumor Fl . For determination
RAT LIVER of whether phosphorylation of F! is correlated with cell

replication in a system other than the rat, the lysine-rich
histones from a group of mouse tumors differing both in tissue
of origin and growth rate were examined. As shown in Chart 5,
the heterogeneity in mouse F 1 is quite extensive in both
rapidly and slowly growing tumors. In contrast to rat Fl , the
lysine-rich histones from the mouse contain 3 major,
electrophoretically unique, parental species, thus drastically
complicating the interpretation of histone phosphorylation.
Nonetheless, Fl phosphorylation in the more rapidly dividing
mouse tumors seems to be manifested as an increase in the
number of more slowly migrating F 1 species as well as an
overall increase in relative amount of all but the fastest
migrating electrophoretic species. This interpretation is

-I-

Chart 2. High-resolution gel electrophoretic patterns and
microdensitometric scans of the lysine-rich histones from the Morris
hepatomas (MH). Electrophoresis was performed at 2 ma/gel and 200 V
for 65 hr at 0Â°
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CONTROL

PHOSPHATASE
TREATED

Chart 3. Microdensitometric scans of the high-resolution gel electrophoretic patterns of control- and phosphatase-treated lysine-rich histones
from Morrishepatoma (MH)7777, Lewislung tumor, and mouse lung.

MH 7777 LEWIS MOUSE
LUNG

TUMOR
LUNG

supported by phosphatase treatment of Fl from the Lewis
lung tumor, a process that results in both a decrease in the
number of species and a shift in the relative amounts of each
band (Chart 3). A comparison of the control and
phosphatase-treated lysine-rich histones from mouse lung
(Chart 3) indicates that (a) there are 3 electrophoretically
distinct, lysine-rich histones in normal mouse lung, (b) there is
insignificant phosphorylation-induced microheterogeneity in
the electrophoretic patterns of adult mouse lung F 1, and (c)
the relative amounts of these 3 species of mouse lung Fl are
similar but not identical to those found in phosphatase-treated
Lewis lung tumor Fl.

DISCUSSION

We have examined lysine-rich histones from a variety of rat
and mouse tumors of widely differing growth rates in an
attempt to examine systematically the idea that
phosphorylation of lysine-rich histone is correlated in some
direct way with cell replication. We find that histone
phosphorylation is an event that occurs without exception in
all the dividing tissues studied and is not simply a phenomenon
associated with the functioning of the liver or hepatoma.

The only difference between the histones from the Morris
hepatomas of different growth rates is in the increased
phosphorylation observed in the Fl histone from the more
rapidly dividing tumor cells. This is most clearly seen in Chart
6, which demonstrates a linear correlation between the
logarithm of the amount of the Fl histone that is
phosphorylated and the growth rates of the various Morris
hepatomas. Since recent observations indicate that lysine-rich

histone phosphorylation occurs during the DNA-synthetic
phase of the cell cycle (3) and that enzymatic hydrolysis of
the phosphate group continues actively throughout all phases
of the cell cycle (R. Balhorn, D. Oliver, P. Hohmann, R.
Chalkley, and D. Granner, submitted for publication), we
expect that the decrease in the overall level of histone
phosphorylation observed in the more slowly growing tumors
is a reflection of the increased fraction of the overall cell cycle
spent in the G1 phase and of the decreased number of cells
actually involved in proliferation. Cell-cycle parameters for 2
of the hepatomas used in this study are shown in Table 1. The
fraction of the cell cycle spent in G1 increases in the more
slowly dividing cells, and the low level of phosphorylation in
these cells further argues against phosphorylation's occurring
during this phase of the cell cycle. However, we cannot
completely exclude the possibility that more slowly dividing
cells contain a more active phosphatase.

An examination of the lysine-rich histones from 2
leukemias, an osteosarcoma and a pituitary tumor from rats,
gave results identIcal to those found in the hepatoma series.
The level of F 1 phosphorylation in these tumors was also
correlated with their growth rates. The only difference
between the lysine-rich histones from these tumors and the
hepatomas was in the presence of slightly increased levels of
the minor parental F! fractions in the leukemias and the
osteosarcoma.

Previous work with the Ehrlich ascites tumor showed the
electrophoretic pattern of mouse F 1 to consist of 3 major,
nonphosphorylated, parental, lysine-rich histones with
comigrating mono-, di- and triphosphorylated Fl molecules
(27). It is apparent from these earlier fmdings and from the
electrophoretic patterns of mouse tumor F 1 shown in Charts 5
and 6 that, because of their overall complexity, the lysine-rich
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Chart 4. High-resolution gel electrophoretic
patterns and microdensitometric scans of the
lysine-rich histones from rat tumors of nonliver
origin. Electrophoresis was performed at 2 ma/gel
and 200 V for 65 hr at 0Â°.
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EHRLICH ASCITES (T025=4)

HEPATOMA 129 (T025=4)

L1210 LEUKEMIA (T025= 6)

Chart 5. High-resolution gel electrophoretic
patterns and microdensitometric scans of the
lysine-rich histones from a series of mouse tumors.
Electrophoresis was performed at 2 ma/gel and 200 V
for 65 hr at 0Â°

LEWIS LUNG TUMOR (T025= 8)

CA755 (T025=lo)

RHABDOMYOSARCOMA
BW 10139 (T025â€”11

SHEAR GLIOMA 261 (1025= 14)

ADRENAL TUMOR (T025= 20)

SKIN MELANOMA 591 (@.25=30)
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HepatomaTransplantationtime (days)PhosphorylatedFl (%)Tc (hr)T@ (hr),/T@5123tc1435276â€”80.507793721623413â€”14.50.91

Histone Phosphorylation and Cell Replication Rate

Table1
Cell-cycle parameters of 2 Morris hepatomas (25)

102

10

and an attendant increase in the amount of phosphorylated
Fl.

Thus, we conclude from these results that (a) lysine-nch
histone phosphorylation is increased in rapidly growing
tumors; (b) this event is not merely a liver- or
hepatoma-associated phenomenon; (c) Fl phosphorylation is
not rat tissue specific but has been found in mouse tumors as
well, thus supporting the proposal that it is a more general
phenomenon directly associated with cell replication; and (d)
electrophoretic differences in the histone complement of
normal and tumor cells lie in the lysine-rich histone
phosphorylation-induced microheterogeneity found in dividing
cells.
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Chart 6. Correlation between the extent of lysine-rich
phosphorylation and growth rate of Morris hepatomas. The lysine-rich
histone was subjected to electrophoresis under conditions described for
Chart 1 . The microdensitometer traces were analyzed and integrated
with a Dupont curve resolver as described previously (7). The amount
of histone phosphorylated was computed by measuring the fraction of
the total Fl histone, which migrates more slowly than the parent
histone and which can be shifted into the parent band by phosphatase

histones from mouse tissues or tumors are not ideally suited
for study of F 1 phosphorylation by electrophoretic means.

The parental, lysine-rich histone patterns of
phosphatase-treated mouse lung and mouse lung tumor are still
highly heterogeneous. The work of Langan et al. (1 7) indicates
that this residual heterogeneity represents a sequence
polymorphism among the Fl histones. Variations in the
amount of such Fl subfractions, like those shown in Chart 6,
are highly characteristic and reproducible, although the
function of the variation is not understood. In spite of these
complications, however, it is clear from the electrophoretic
patterns and scans shown in Chart 5 that, at least in a
qualitative sense, the correlation can be made between
increased cell replication in the faster growing mouse tumors
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