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Clustering of Human H1 and Core Histone Genes

Abstract. An HI histone gene was isolated from a 15-kilobase human DNA
genomic sequence. The presence of H2A, H2B, H3, and H4 genes in this same 15-
kilobase fragment indicates that mammalian core and HI histone genes are

clustered.

The core histones, H2A, H2B, H3,
and H4, are fundamental parts of the
primary structural unit of chromatin, the
nucleosome (/, 2). Also there is compel-
ling evidence that H1 histones are in-
volved in internucleosomal interactions
and higher order structures (/-5). While
the synthesis of core histone polypep-
tides is confined predominantly to the S
phase of the cell cycle (6-14), two HI
histone subspecies, H1° and Hle, accu-
mulate mainly in quiescent cells (15, 16).
Analysis of cloned genomic histone se-
quences has shown that the genes encod-
ing mammalian core histones are clus-
tered but not organized as simple tandem
repeats (/7-22). The inability to identify
H1 histone genes in human and murine
histone gene clusters indicates that there
may be functional significance to the
apparent separation of H1 and core his-
tone coding sequences. We now report
the isolation of a human H1 histone gene
from a ACharon 4A human genomic li-
brary. We present evidence that this
human H1 histone gene resides in a 15-
kilobase segment of DNA that also con-
tains H2A, H2B, H3, and H4 histone
genes.

A \Charon 4A human gene library (23)
was screened with the use of a hybridiza-
tion probe, the chicken H1 histone gene
from pCH 4.8E (24). The 1.8-kb Sma I
fragment containing the chicken H1 se-
quence was isolated from a low gelling
temperature agarose gel and nick-trans-
lated in the presence of a-*2P-labeled
deoxycytidine triphosphate (dCTP). Of
the 12 recombinant phage originally iso-
lated and plaque-purified, only one
(NHHG 415) was eventually definitively
shown to contain a human H1 histone
gene.

A restriction map of \HHG 415 was
developed by standard procedures with
the use of restriction endonucleases
Eco RI, Hind III, Xba I, Smal, and
Bam HI (Fig. 1A). The representation
and localization of histone coding se-
quences were determined by hybridizing
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Southern blots (25) of restriction endo-
nuclease-digested DNA with a series of
homologous and heterologous histone
gene probes. The core histone genes
were identified by hybridization with hu-
man H2A, H2B, H3, and H4 histone
genes (18, 26, 27) while the H1 gene was
identified by hybridization with a plas-
mid containing a 650-base-pair (bp)
chicken HI1 complementary DNA
(cDNA) (Fig. 1B). Confirmation of the
representation and organization of hu-
man histone coding sequences was by
hybrid selection and in vitro translation
with either the entire \HHG 415 phage
DNA or various subcloned fragments
used to select polysomal messenger

l EcoRli ® Xbal

T Hind Il A Pvull

A BamHI o Pstl

MW Smal O sstn

RNA’s (mRNA) from HeLa cells. Each
of the core histone genes as well as an
HI1 histone gene was represented in the
genomic fragment in A\HHG 415 (Fig.
10).

Unequivocal identification of the H1
gene in \AHHG 415 was provided by
DNA sequence analysis of the 5’ region
of the gene encoding the first 58 amino
acids of an H1 histone protein (Fig. 2A).
The amino terminal sequence deter-
mined for the human H1 histone protein
was compared (Fig. 2B) with the amino
acid sequences of H1 histone proteins
from rabbit, Xenopus, and trout (28, 29).
There was extensive cross-species se-
quence homology even in the amino ter-
minal region of HI1 histone protein,
which is generally considered to be poor-
ly conserved (28).

Hybridization of a restriction fragment
containing the cloned H1 gene (*2P-la-
beled) to total genomic human DNA
(restriction endonuclease-digested, frac-
tionated electrophoretically, and immo-
bilized on nitrocellulose) verified that
this H1 containing histone gene cluster is
represented in the genome of intact cells
(compare Fig. 3A with Fig. 1A). Similar
analyses, with the H1 gene having differ-
ent lengths of 3’ and 5' flanking se-
quences as >?P-labeled hybridization
probes, indicated that one (or more) reit-

AHHG415 1 ? T T

T H4 T

Fig. 1. (A) Restriction map of the A\AHHG 415
recombinant phage and fine restriction map-
ping of the Eco RI fragment containing the H1
histone gene. Histone coding regions were
identified by hybridization to heterologous
[pCH 4.8E (24)] and homologous [pFO108A,
pFF435B and pFF435C (27)] histone gene
probes. (B) In vitro translation of mRNA’s
that hybridize to AHHG 415 DNA and to the
pBR322 recombinant plasmids (pFNCI,
pFNCS, pFNC6 and pFNC16) containing spe-
cific Eco Rl fragments. Phage or plasmid
DNA were immobilized on nitrocellulose fil-
ters and hybridized with polysomal RNA iso-
lated from Hela cells in the S phase of
growth. The hybridized RNA's were eluted
and translated in the wheat germ protein-
synthesizing system; the polypeptides synthe-
sized in vitro were then fractionated by elec-
trophoresis in acetic acid-urea polyacrylam-
ide gels. *H-Labeled polypeptides were ana-
lyzed by fluorography, and their migration
was compared with unlabeled histone mark
ers stained with amido black.
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Fig. 3. (A) ldentification in human genomic DNA of the
H1 histone gene present in pFNC16. The pFNC16 was
digested with both Eco Rl and Pvu II restriction endo-

nucleases. The 1500-bp fragment containing the HI
coding region (C16A) was isolated from an agarose gel
and labeled with [«-**P]JdCTP (cytidine triphosphate) by
nick translation (34). The fragment was hybridized to a
Southern blot of restriction endonuclease-digested
DNA from WI38 human diploid fibroblasts. (Lane 1)
Eco RI-Hind I1I; (lane 2) Bam HI-Hind III; (lane 3)
Bam HI-Eco RI; (lane 4) Hind 111; (lane 5) Eco RI; and
(lane 6) Bam HI. (B) Hybridization of pFNC16 restric-
tion fragments C16A and C16B (which is the 1000-bp

Eco RI-Pvu Il fragment upstream from the HI coding region) to HeLa S3 total cellular RNA.
Hela total cellular RNA was isolated from control S phase cells (S) or from S phase cells
treated with 1| mM hydroxyurea for 1 hour (S-HU) (26). RNA samples (50 ng) were resolved by
electrophoresis in 1.5 percent (weight to volume) agarose, 6 percent (weight to volume)
formaldehyde gels and transferred to nitrocellulose. Filters were hybridized at 40°C for 48 hours

[50 percent formamide, 3%

standard saline citrate, Escherichia coli DNA (100 pg/ml), and 5

Denhardt’s solution] to **P-labeled probes: (left) C16A (H1): (center) C16B (repeated se

quence): (right) C16A

+ C16B. Each hybridization mixture also contained **P-labeled pFO108A

(H4) and pFF435C (H3) so that reference bands could be identified. Filters were analyzed by

autoradiography.

Fig. 2. (A) Nucleotide sequence data for the
NH2-terminal region of the H1 histone gene.
The Sma I-Sst II restriction fragment of
pFNCI16 (Fig. 1A) was 5'-end labeled at the
Sma I site with polynucleotide kinase and a-
32p_Jabeled adenosine triphosphate (ATP), af-
ter treatment of the DNA with alkaline phos-
phatase; it was then sequenced (33). (B) Com-
parison of the human H1 amino acid sequence
encoded in pFNC16 with H1 amino acid se-
quences reported for rabbit (28), trout (28),
and Xenopus (29).

erated sequences resides within the 1500
nucleotides adjacent to the 5’ end of the
Hl mRNA coding region (data not
shown). This repeated sequence (or se-
quences) hybridizes to a 75 RNA species
that does not vary in its cellular repre-
sentation during the cell cycle or after
inhibition of DNA synthesis [Fig. 3B and
30)].

The absence of H1 histone genes in
human or murine histone-containing
DNA sequences previously isolated is
difficult to explain, although this may in
part reflect the hybridization probes
used in gene library screening. In most
cases either homologous or heterologous
H3 and H4 sequences were formerly
used. In our present experiments, we
found a human HI histone gene after
screening a gene library with chicken H1
histone sequences and analyzing numer-
ous potentially positive H1 clones. Our
ability to obtain only a single isolate
containing an H1 gene, coupled with the
location of the gene in close proximity to
core histone sequences, suggests that
clustering of core with H1 human histone
genes may not be the predominant type
of organization.

This cluster containing human core
and H1 histone genes appears to be the
only mammalian histone gene cluster
thus far isolated that resembles the orga-
nization found in the early sea urchin
histone genes (/7, 31, 32). However, it
remains to be established whether there
are any functional analogies between this
human histone gene cluster and the sea
urchin histone genes expressed early in
development. One striking difference is
that, while the early sea urchin histone
genes are organized into a simple tandem
repeat with several hundred copies of the
basic unit containing one each of the
core and H1 histone genes, the human
cluster containing core and H1 histone
genes is not highly repeated.

Using this cloned human H1 histone
gene as a hybridization probe, we have
shown that H1 histone mRNA’s are
present in the cell predominantly during
the S phase of the cell cycle, both in
continuously dividing HeLa S3 cells and
in quiescent human diploid fibroblasts



stimulated to proliferate (30). Expression
of the gene appears to be coupled with
DNA replication since inhibition of DNA
synthesis results in a rapid loss of hybrid-
izable cellular H1 histone mRNA’s. How-
ever, because of the heterogeneity of H1
histone proteins and the degeneracy of the
genetic code, not all H1 histone mRNA’s
may have been detected by this H1 his-
tone gene hybridization probe. Therefore,
it would be premature to conclude that the
pattern of expression observed for this
gene is a general feature of all human H1
sequences. A more complete understand-
ing of the structural and functional proper-
ties of human H1 histone genes and their
relation to the organization and expression
of core histone sequences must await iso-
lation and characterization of additional
H1 genes.
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Amplification of the c-myb Oncogene in a

Case of Human Acute Myelogenous Leukemia

Abstract. Amplification is one of the mechanisms by which cellular oncogenes
may be altered in their function, possibly leading to neoplastic transformation. The
oncogenes c-myc, c-abl, and c-Ki-ras are amplified in several different human
neoplasias. The oncogene c-myb, which is specifically expressed and regulated in
hematopoietic cells, was found to be amplified in cell lines ML-1, ML-2, and ML-3,
which were separately cultured from cells of a patient with acute myelogenous
leukemia (AML). A five- to tenfold amplification was correlated with high levels of
expression of normal size c-myb messenger RNA and with chromosomal abnormali-
ties in the region 6q22-24, where the c-myb locus is normally located. Amplification
and cytogenetic abnormalities were detected in DNA’s from primary and secondary
cultures of ML cells, suggesting that they may have contributed to leukemogenesis.
The similar AML cell lines HL-60 and ML’s contain different amplified oncogenes: c-
myc and c-myb, respectively. Alternative activation of structurally and possibly
functionally similar oncogenes may distinguish—at the pathogenetic level—pheno-

typically similar tumors.

Structural or regulatory alterations of
cellular oncogenes appear to be associat-
ed with several human tumors (/, 2).
Qualitative changes—that is, point muta-
tions—have been found by isolating on-
cogene alleles that act in transforming
NIH/3T3 fibroblasts in transfection as-
says in vitro (2). Alternatively, chromo-
somal translocations involving cellular
oncogenes have been found in a number
of different tumors and are likely to
cause changes in normal oncogene regu-
lation (3). Gene amplification represents
an additional event that could influence
oncogene expression. This mechanism
has been shown for various genetic loci
(4) and more recently has been reported
to involve different oncogenes in several
human or mouse tumors (5-/7). Exam-
ples of oncogene amplification include c-
myc amplification in an acute promyelo-
cytic leukemia cell line (5, 6), in neuroen-
docrine tumors (7), and in small cell lung
cancer cell lines (8); c-Ki-ras amplifica-
tion in a neuroendocrine tumor (9); c-abl
amplification in an erythroleukemia cell
line (10); and ¢-N-myc amplification in
neuroblastoma cell lines (/7).

Although a causative link between on-
cogene amplification and the pathogene-
sis of these neoplasias has not been
conclusively shown, the same genes that
are found amplified are clearly associat-

ed with transformation when activated
by mechanisms other than amplification.
For example, the c-myc oncogene is acti-
vated by promoter-enhancer insertions
in chicken B-cell lymphomas (/2) and by
chromosomal translocations in murine
and human B-cell lymphomas (/3). Dif-
ferent mechanisms, including amplifica-
tion, may result in analogous regulatory
alterations in development or mainte-
nance (or both) of the malignant pheno-
type. Determining which oncogenes can
regularly or occasionally be amplified in
certain tumors may aid in the develop-
ment of a functional classification of
oncogenes and of molecular pathways in
different tumors.

In view of the finding of c-myc onco-
gene amplification in a few cases of
human myelogenous leukemia (6), we
investigated another oncogene, c-myb,
for amplification in human hematopoiet-
ic neoplasias. This gene has structural
and possibly functional similarities to the
c-myc gene (14), is specifically expressed
in hematopoietic cells (/5), and appears
to be tightly regulated during myeloid
cell differentiation and proliferation (15).
We now report that the c-myb oncogene
is amplified in a case of human acute
myelogenous leukemia, both in the inde-
pendently derived cell lines ML-1, ML-
2, and ML-3 and in the primary cells





