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ABSTRACT

The levels of histone subtypes and DNA methylation of aflatoxin-
induced rainbow trout hepatocellular carcinoma and adult liver nuclei
were compared. The hepatocellular carcinoma nuclei were enriched in
the ubiquitinated species of histone H2A and depleted in histones III"

and Hlb. The S-methylcytosine content and methylation patterns of the
vitellogenin genes and the transcriptionally inactive TPG-3 profumine
gene were not altered in the trout hepatocellular carcinoma DNA. Thus,
undermethylation of DNA is not a general feature of chemically induced
tumors in vivo.

INTRODUCTION

The DNA in the nucleus is organized into various hierarchies
of chromatin structure (1). The lowest level of DNA coiling in
eliminatili is the nucleosome which is constructed by wrapping
146 base pairs of DNA around a histone octamer comprised of
two each of the histones H2A, H2B, H3, and H4. The nucleo-
somes attached by a piece of DNA called linker form a chain
of repeating subunits. The chromatin fiber may be compacted
further into a higher order structure, the 30-nm fiber, whose
formation and stabilization is dependent on the contiguous
action of histone H l.

The organization of chromatin in the nucleus is known to
play an important role in the functional aspects of gene regu
lation. It is now clearly established that genes which are ex
pressed or have the potential to be expressed (competent) are
in an altered chromatin conformation which is sensitive to
DNase I. Various components of chromatin have been associ
ated with the transcriptionally active/competent state including
the presence of specific nonhistone chromosomal proteins,
acetylated and ubiquitinated histone species, undermethylated
DNA, the presence of certain histone variants, and an altered
and/or differential association with the HI subtypes (1, 2).

There exists multiple forms of the histone H2A, H2B, and
H3 which differ by one of several amino acids in their primary
amino acid sequence (1). Histone variants do generate consid
erable complexity in the histone octamers of the nucleosomes
and they may be of importance structurally and functionally.
The nucleosomal histones are also susceptible to a wide range
of postsynthetic modifications including ubiquitination. In
chromatin, ubiquitin, a 76-residue protein, is found covalenti)
joined via an isopeptide linkage to 5-15% of the nucleosomal
histone H2A and also to histones H2B and H2A.Z, but in
smaller proportions (1). Several reports indicate that histone
ubiquitination may have a role in the regulation of gene expres
sion as well as chromatin organization (1).

The H l histones are recognized as generalized repressore of
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gene activity (for a review, see Ref. 2). The subtypes of the H l
histones pack specific regions of the genome differently which
may be important in the propagation of the differentiated state
of the cell (2-5). One of the HI subtypes, HI", has been shown

to be associated with the repressed a-fetoprotein gene but not
the expressed albumin gene in adult mouse liver (6). Thus, HI",

the expression of which is developmentally regulated (7), may
have a role in developmental gene control.

Neoplastic transformation of a cell is thought to be due to
the abnormal expression of certain genes. The abnormal expres
sion of these genes may be a result of modification at the gene
level and/or changes in chromatin structure. Since DNA meth
ylation has been implicated in having a role in the control of
gene expression, several investigators have been prompted to
determine the overall content of 5-methylcytosine and the meth
ylation patterns of specific genes in the DNA of transformed
cells (8-12). Several reports show the DNA of cancerous tissues
to be undermethylated compared to the DNA of normal tissues
(8-10). Moreover, the methylation state of DNA isolated from
chemically induced tumors in vivo was observed to be less
methylated (11).

In this study, we determined whether rainbow trout hepato
cellular carcinoma chromatin had qualitative and/or quantita
tive changes in the histone variants, ubiquitinated histone spe
cies, histone HI subtypes, and level of DNA methylation.
Tumors were induced by aflatoxin BI, one of the most potent
liver toxins and procarcinogens known, and a naturally occur
ring food contaminate implicated in the etiology of some human
hepatic cancers in Africa and the Far East (13, 14). The Shasta
strain of rainbow trout, in which tumors were induced, is well
recognized as an extremely sensitive vertebrate model for the
carcinogenic effects of AFBi5 (15-17).

MATERIALS AND METHODS

Tissues. Livers and HCCs were obtained from rainbow trout (Salmo
gairdnerii, Mount Shasta strain) at the Oregon State University Food
Toxicology and Nutrition Laboratory fish hatchery facility. The pro
cedure to treat the fertilized eggs with MB, was essentially as described
by Hendricks et al. (16) with the exception that the aqueous solution
was prepared by diluting a solution of 0.1 mg AFB, in 0.5 ml of 95%
ethanol to 200 ml with water. After 1 year the fish were sacrificed and
livers excised. The tumors were immediately dissected out and frozen
in liquid nitrogen. Tissues were kept at -80Â°Cuntil needed.

Preparation and Digestion of Liver and HCC Tissues. Liver and HCC
nuclei were isolated as described by Nickel et al. (18). The nuclei were
resuspended to a concentration of 50 A..,,nunits/ml in Buffer B [l M
hexylene glycol, 10 mM piperazine-A/,/v"-bis(2-ethanesulfonic acid), pH

7.0, 2 mM MgCU, 30 mM sodium butyrate, 1% (v/v) thiodiglycol, and
1 mM phenylmethylsulfonyl fluoride] to which was added Cad., to 1
mM. To the nuclei suspension, micrococcal nuclease (Pharmacia) was
added to 50 A.-,,,,units/ml and the nuclei were digested for 10 min at
37Â°C.The digestion was terminated by placing the suspension on ice

5The abbreviations used are: AHI,, aflatoxin B,; SDS, sodium dodecyl sulfate;

u, the ubiquitinated histone species; HCC, hepatocellular carcinoma; AUT, [acetic
acid-6.7 M urea-0.375% (w/v) Triton X-100).
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and adding [ethylene bis(oxyethylenenitrilo)]tetraacetic acid to 10 HIM.
The digested nuclei were collected by centrifugation at 2000 x g for 10
min. The supernatant, SO, was usually discarded. The digested nuclear
pellet was resuspended in 1 HIMEDTA, pH 7.5-1HIMphenylmethyl-
sulfonyl fluoride and the released chromatin was collected by centrif
ugation (12,000 x g, 10 min). In some cases, the acid soluble proteins
remaining with the nuclear debris were extracted with 0.4 N H2SO4.

DNA Preparation and Base Analysis. DNA preparations and base
analysis were done as described by Davie and Saunders (19).

Analysis of DNA Methylation by Restriction Digestions. DNA iso
lated from liver or HCC nuclei was digested with the appropriate
restriction endonuclease(s) (see Fig. 3). After restriction digestions,
DNA was electrophoresed on a 1% agarosc gel and transferred onto
MSI Magna nylon 66 membranes (Fisher). Hybridizations to 32P-

labeled probes were done as described in (20).
Gel Electrophoresis. Protamine-released protein samples were pre

pared as described by Nickel a al. (18). The protein samples (typically,
9 Â¿ig)were electrophoretically separated on either AUT, 15% polyac-
rylamide minislab gels, or two-dimensional gels (AUT to SDS 15%
polyacrylamide minislab gel) as described (21). The electrophoretic
transfer of proteins from SDS polyacrylamide gels to nitrocellulose,
and immunochemical staining for ubiquitin were performed as in Nickel
et ai. (IS).

RESULTS
Depletion of Histones IIIo and Hlb and Enrichment of Ubi-

quitinated Histone H2A Species in Hepatocellular Carcinoma
Chromatin. Analysis of the histone composition of liver and
HCC chromatin was made by resolving protamine-released
proteins on AUT gels and on two-dimensional gels (AUT to
SDS). Inspection of the one and two-dimensional gel patterns
demonstrated that the content of HlÂ°and Hlb was reduced in

the HCC chromatin compared to normal liver chromatin (Figs.
1 and 2). The reduced levels of these HI histones in the HCC
chromatin was not due to a loss of these proteins into the
supernatant SO or retention to the residual nuclear pellet
because neither of these proteins was found in these fractions
(see "Materials and Methods"). Changes in the amount of the

nucleosomal histone variants H3.1, H3.2, H3.3, and H2A.Z in

the two sources of chromatin were not observed (Fig. 2). The
unknown protein(s) which migrates between H2A and H4 was
found in both liver and HCC chromatin (see Fig. 2, arrow). The
level of this protein varied in the different preparations and it
may be a degradation product. It should be noted, however,
that for the three hepatocellular carcinoma tissue samples ex
amined, a reduction in the levels of the HI histones, HlÂ°and

H l b, was always observed.
The densitometric scans of the AUT gel patterns showed the

content of uH2A was greater in the HCC chromatin (approxi
mately 50% greater) (Fig. 1). Further analysis of the ubiquitin-
ated histone species was done by electrophoretically transfer
ring the proteins from the second dimension SDS gel to nitro
cellulose filters which were probed with anti-ubiquitin IgG and
125I-labeled Protein A. Fig. 2 demonstrates that both sources of

chromatin contained the polyubiquitinated histone species of
histones H2A and H2B. The HCC chromatin had a greater
amount of the polyubiquitinated species of H2A than that found
in liver chromatin.

Overall Content of 5-Methylcytosine and Methylation Pattern
of Transcript ionally Inactive TPG-3 Protamine Gene, Unaltered
in Hepatocellular Carcinoma DNA. Base analysis by high per
formance liquid chromatography showed that the overall con
tent of 5-methylcytosine was similar in trout liver and HCC
DNA. Liver DNA contained 5.92 Â±0.53 (SD) mol % of
cytosine (5-methylcytosine/5-methylcytosine + cytosine) (n =
3) while HCC DNA had 5.99 Â±0.32 mol % of cytosine (n =
7). 5-Methylcytosine was the only modified base detected in
both sources of DNA.

The methylation state of specific CpG sites in the TPG-3
protamine gene and vitellogenin genes has been monitored by
use of the methylation sensitive restriction endonucleases
Hpall, Mspl, and Hha\ (20). A map of the TPG-3 protamine
gene is shown in Fig. 3. Using the subclones pPB2 and BXD4
as probes, the methylation of five CpG sites could be monitored
in the coding and flanking regions of the TPG-3 protamine
gene (20). As shown in Fig. 3, the TPG-3 gene presents the

B

Fig. 1. Hepatocellular carcinoma chroma-
tin has a reduced content of histones H l * and

Hlb. Normal adult liver (N) and hepatocellu
lar carcinoma (H) chromosomal proteins were
prepared by protamine displacement as de
scribed under "Materials and Methods." The

histones (9 *ig) were electrophoretically sepa
rated on AUT 15% polyacrylamide gels (A).
The gels were stained with Coomassie blue.
The gel patterns on the right were scanned by
densitometry (B). AO, Au A2, A3, the un-,
mono-, di-, and triacetylated species of histone
H4. J.and â€”Â»indicate direction of electropho-
resis.
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Fig. 2. Ubiquuinated species of histone H2A enriched in the hepatocellular carcinoma chromatin. Top, two-dimensional gel patterns containing 9 ng of liver or
hepatocellular carcinoma protamine-release chromosomal proteins resolved on a first dimension AUT 15% polyacrylamide minislab gel and a second dimension SDS
15% polyacrylamide minislab gel. Arrows, position of the proteins which migrate between histones H2A and H4 on a SDS polyacrylamide gel. The gels were stained
with Coomassie blue. Bottom, visualization of ubiquitin conjugates by immunochemical staining of the proteins which were transferred to nitrocellulose, f and /(.
chromosomal proteins from liver and hepatocellular carcinoma chromatin samples, respectively; Â»,.Â»...u,. u4, IK. the mono-, di-, tri-, tetra-, and pentaubiquintinated
species, respectively.
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Fig. 3. Methylation state of the TPG-3 protamine gene and of the vitellogenin genes. DNA was isolated from normal liver (/V) and hepatocellular carcinoma (//)
nuclei, digested with restriction endonuclease(s), run on a 1% agarose gel, transferred to Magna paper, and hybridized to 32P-labeled probe as indicated. Top left,
DNA probed with protamine probe pPB2 digested with Prall (/), Pvul\-Hpa\l (2), Pvull-Mspl (3), and Pvull-Hhal (4); top middle, DNA probed with protamine
probe BXD4 digested with Hindlll (/), HinalU-Hpall (2), Hinalll-Mspl (3), and HinalU-Hhal (4); top right, DNA probed with vitellogenin probe pSgVg225 was
digested with Â£coRI(/), EcoRl-Hpall (2), and EcoRl-Mspl (3); bottom, map showing coding and flanking regions of the TPG-3 protamine gene; â€”Â»,transcribed
region as well as the direction of transcription; line going up, HpaU/Msp\ site; line going down, Hhal site; â€¢,methylated site; O, unmethylated site. Only one circle
is used for the two sites at positions â€”293and â€”275since these two sites are too close to each other to be distinguished. Probes pPB2 and BXD4 are shown under
the map.

same methylation pattern in both liver and HCC DNA. Only
one of the CpG sites analyzed was found to be methylated (Fig.
3, position â€”740).When the probe pPB2 was used (Fig. 3, left),
the Pvull-Hpall digestion produced a 1.65-kilobase fragment
while the Pvull-Mspl digestion gave a 1.2-kilobase fragment

indicating that the CpG site at position â€”740is methylated but
that the CpG sites at positions -293 and/or -275 are not

methylated (these two sites are too close to each other to be
able to distinguish between them on a Southern blot hybridi
zation autoradiogram). The Pvull-Hhal digestion produced a
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2.0-kilobase fragment showing that the CpG site at position
+58 is not methylated. A faint band corresponding to a smaller
fragment is visible in the HCC DNA. We think that this is due
to a polymorphism for the Pvull site since a faint band corre
sponding to a smaller fragment is also visible for the Pvull
digestion. When the probe BXD4 is used (Fig. 3, middle) both
HindlU-Hpall and Hindlll-Mspl digestions led to the appear
ance of a 2.1-kilobase fragment showing that the CpG site at
position +155 is not methylated; neither is the CpG site at
position +469 since a Hindlll-Hhal digestion produced a 1.8-
kilobase fragment. These results demonstrate that there is no
major rearrangement for the flanking regions of the TPG-3
protamine gene in the HCC DNA since 2.65-kilobase Pvull
and 7.5-kilobase Hindlll fragments are obtained as in liver
DNA.

To analyze the methylation state of the vitellogenin genes,
we used a 0.5-kilobase complementary DNA probe, pSgVg225.

Other than the preliminary experiments suggesting that there
are four copies for the vitellogenin gene,6 we do not have any

mapping data available for pSgVg225. However we could mon
itor the methylation of at least one CpG site. Fig. 3 (right)
shows that in both liver and HCC DNA one CpG site is
methylated since an EcoRl and an EcoRl-Hpall digestion pro
duced the same two 4.0- and 2.5-kilobase fragments while an
EcoRl-Mspl digestion gave the 3.1- and 2.5-kilobase fragment.
Similar conclusions were reached when either Hindlll or Pvull
was used in association with the Hpall/Mspl enzymes, namely,
that the patterns were identical for both liver and HCC DNA
and a methylated CpG site was detected. We cannot rule out
the possibility that we monitored the same CpG site with the
different enzymes. Nevertheless, these results suggest that as in
the case of the TPG-3 protamine gene a major rearrangement
in HCC DNA has not occurred for the vitellogenin genes and
that the methylation site(s) in the vitellogenin genes are not
demethylated in the HCC DNA.

DISCUSSION

In this study, a comparative analysis was made on the chro-
matin composition of aflatoxin-induced hepatocellular carci
noma and of adult liver of rainbow trout. The hepatocellular
carcinoma chromatin had a reduced content of the HI histones,
H1Â°and H Ib, and elevated levels of the ubiquitinated histone

species of histone H2A. The DNA of aflatoxin-induced hepa
tocellular carcinoma and of liver had similar levels of 5-meth-
ylcytosine and the same methylation patterns at different ge-
nomic loci: the TPG-3 protamine gene which is not expressed
in liver (20) and vitellogenin genes. This observation indicates
that DNA undermethylation is not a general feature of chemi
cally induced tumors in vivo.

Several studies have shown an inverse relationship between
mitotic index and HlÂ° levels (7, 22, 23). Thus, it is possible
that the reduced levels of histone HlÂ° in the hepatocellular

carcinoma chromatin is a consequence of these cancer cells
replicating at high rates. The reduction in the levels of the
histones HlÂ°and Hlb may contribute to the abnormal expres

sion of some genes in HCC nuclei since the H l histones have
been suggested to play important roles in generalized gene
repression (2). For example, histone HlÂ°has been shown to be

associated with the repressed a-fetoprotein gene in adult mouse
liver (6).

The trout hepatocellular carcinoma chromatin is enriched in
the ubiquitinated species of histone H2A. Several laboratories
have provided evidence for a role of uH2A in transcription (2,
24). Although the precise role of ubiquitinated and polyubiqui-

tinated histone species is not known, we have observed an
enrichment of these species in decondensed chromatin regions.7

Thus, the increase in the level of the polyubiquitinated H2A
species in HCC chromatin may indicate that this chromatin
has greater amounts of decondensed, possibly transcribed, chro
mosomal regions than does the liver chromatin. Alternatively,
polyubiquitination of histone may prepare or tag the histone
for degradation (18, 25). Thus, HCC chromatin may have a
larger proportion of its chromatin being edited.
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