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ABSTRACT

We have investigated the expression of six growth-regulated genes
(c-myc, c-myb, p53, 4F1, 2F1, and ornithine decarboxylase) and the
S-phase-specific histone H3 gene in acute myeloid and lymphoid leukemic
cells. We have purposely chosen three growth-regulated protooncogenes
that share similar biological features and three gene sequences that have
in common the cell cycle dependence of their expression in cells of
different tissue and in different species. The level of expression was
determined by measuring the amounts of specific RNA by Northern blot
analysis. Levels of expression of the six growth-regulated genes were
compared to the level of expression of the S-phase-speciiÃ¯cH3 gene and
among themselves. This method distinguishes the increased expression
of a growth-regulated gene due to a true altered activation from over-
expression which simply reflects an increase in the fraction of cycling
cells. We have found that six of 14 patients with acute leukemias have
markedly high ratios of c-m>>c/H3,c-ifyc/p53, and c-myc/c-myb expres
sion. Two patients with altered c-myc expression have also a high ratio
p53/H3. Within the group of cell cycle-dependent genes the ratios of
expression seem in the overall much more regular with the clear exception
of a patient with acute myelogenous leukemia in which the ratios 4F1/H3
and 2F1/H3 are significantly increased. A possible interpretation of these
findings is that the fraction of noncycling leukemic cells that often
constitute the majority of the entire leukemic population is in some cases
in a true resting state, whereas in other cases heterogeneous degrees of
growth arrest might occur. The altered expression of c-myc seems the
feature most commonly associated with this putative growth arrest of
leukemic cells suggesting that this gene may contribute to the impairment
of proliferative control that is associated with the leukemic phenotype.

5 oncogenes) are known to be turned on when quiescent cells
are induced to proliferate. These include histone genes (5, 6),
c-myc (7), c-ras (8), c-fos (9,10), p53 (11), c-myb ( 12), thymidine
kinase (13), calmodulin (14), and ornithine decarboxylase (15).
Other cell cycle-dependent genes have been identified as cDNA
clones (16, 17, 18) by differential screening of cDNA libraries.

The kinetics of expression of these genes is markedly differ
ent. For instance, the expression of the histone genes is re
stricted to the S phase of the cell cycle (5, 6), while the
expression of c-fos is early and transient after serum stimulation
of quiescent mammalian fibroblasts (9, 10). Genes like c-myc
and ornithine decarboxylase are induced shortly after the ad
dition of proliferative stimuli; the level of expression of c-myc
remains relatively constant through (Â¡,and declines during the
S phase (7), whereas ornithine decarboxylase level seems con
stant through GÃ¬and S phase (15).

In spite of this heterogeneity of expression we predict that in
normal cells the levels of cell cycle-dependent mRNAs may
vary from one tissue to another reflecting the fraction of cycling
cells, but their ratio should remain constant. This ratio could
be altered in malignant cells if is lost what we may visualize as
a coordinated pattern of growth-regulated gene expression. By
measuring the relative levels of expression of cell cycle-depend
ent genes in the bulk of leukemic cells, we may gain insights
into the molecular mechanisms governing or associated with
the proliferative advantage of these neoplastic cells.

INTRODUCTION

The phenotypic manifestation of human leukemias is usually
reflected by the degree of maturation arrest and proliferative
advantage of the neoplastic clone(s) (1). Each of these two
features may contribute to a different extent to the leukemic
phenotype.

While differentiation markers define the level of maturation
arrest in human leukemias and establish a correlation with the
normal phenotype of a committed and differentiating hemo-
poietic cell (2), our understanding of the impairment in the
control of cell proliferation is more limited. We have recently
begun to analyze the mechanisms of proliferation impairment
that occurs in human leukemias by studying in leukemic cells
the expression of genes that are induced by proliferative stimuli
in normal human cells and in mammalian cells in culture (3,
4). For simplicity, we define these genes as cell cycle-dependent

genes.
A number of genes and cDNA3 sequences (including at least
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MATERIALS AND METHODS

Patients. Hematological data of the patients we have studied are
shown in Table 1. Peripheral blood leukocytes of patients were obtained
from leukapheresis at the time of the initial diagnosis before any
treatment with antineoplastic drugs.

The diagnosis was established according to the French-American-
British classification (19).

RNA Isolation. Total cellular RNA was purified from leukemic cells
according to Frazier et al. (20). Briefly, the cells were homogenized in
a Waring blender in the extraction buffer (75 mM NaCl, 20 mM EDTA,
10 mM Tris-HCl, pH 8.0, and 0.2% sodium dodecyl sulfate), mixed 1:1
with buffer-saturated phenol. The aqueous phase was recovered by
centrifugation and reextracted with an equal volume of phenol: chiÃ¹
roform:isoamyl alcohol (25:24:1) and once again with chloro-
form:isoamyl alcohol (24:1). The nucleic acids were precipitated with
ethanol and DNA was removed by treatment with DNase I and precip
itation with 3M sodium acetate, pH 5.5. The integrity and amount of
RNA samples were monitored by ethidium bromide staining of agarose-
formaldehyde gels.

Northern Blot Analysis. Total cellular RNA was denatured with 6.3%
formaldehyde and 50% formamide and then size fractionated on a 1.2%
agarose gel containing 6.6% formaldehyde.

Blotting of RNA to nitrocellulose was done as described by Thomas
(21). Nick translation of the plasmici DNA at high specific activity was
performed essentially as described by Rigby et al. (22). Radiolabeling
of DNA inserts was performed as described by Feinberg and Vogelstein
(23). Prehybridization, hybridization, and posthybridization washes
were done essentially as described by Wahl et al. (24). Filters were
exposed to Kodak X-ray film using intensifying screens at â€”70"C.

Densitometric scanning of the filters was performed with the aid of a
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Table 1 Hematological and cytofluorimetric data on leukemic peripheral blood samples utilized in this study

Patient1234567891011121314InitialsW.

C.H.I.C.

P.J.
D.C.
P.W.
C.C.
H.S.
E.G.
M.M.
W.D.D.S.

G.H.
P.A.C.DiagnosisAcute

monoblastic(MS)Acute
myeloid(Ml)Acute
myelomonocytic(M4)Acute
myeloid(M2)Acute
myelomonocytic(M4)Acute
myelomonocytic(M4)Acute
myelomonocytic(M4)Acute
myelomonocytic(M4)Acute

lymphoidAcute
lymphoidAcute
lymphoidAcute
lymphoidAcute
lymphoidAcute

lymphoidWBC(no./liter)75,00018,00028,00090,000200,00083,50068,00058,00090,00025,00063,00025,00040,000300,000Blast(%)9575808795828591859094758098GO-G,(%)7095Not

determined"827573959495929298Not

determined94G2-S

phase(%)305Not

determined182527565882Not

determined6

' Cytochemical and cytogenetic data are available upon request.

Zeineh soft-laser densitometer (Biomed Instruments, Inc., Fullerton,
CA). The accuracy and the linearity of the densitometer readings were
tested by analyzing the X-ray films of the same Northern blots devel
oped after different times of exposure.

Plasmids. Plasmids carrying the gene probes used in these studies
were described in detail elsewhere. Human cDNA clones homologous
to the hamster p4Fl and p2Fl by Hirschhorn et al. (18), pMC415 and
PMC413 [carrying the 5' and 3' end of c-myc gene probe (kind gifts of

Dr. G. Franchini)] by Dalla Pavera et al. (25), pF8 corresponding to
the 3' terminal of c-myb gene by Franchini et al. (26), pLSVh p53c-62

(containing a 1.9-kilobase Xbal-Xbal fragment of the human p53
coding region) by Zakut-Houri et al. (27), pODC 934 carrying a mouse
cDNA clone of ornithine decarboxylase by Berger et al. (28), pFo 422
carrying a histone H3 gene (kind gift of Dr. G. Stein), and p7B6, a
cDNA sequence that is not growth regulated in human T-lymphocytes
and fibroblasts (kind gift of Dr. G. Torelli).

RESULTS

Selection of Leukemic Samples. We have selected for these
studies human leukemic cells of both myeloid and lymphoid
lineages in which the number of blast cells in the peripheral
blood varied from 75 to 98%. The number of leukemic cells in
S phase of the cell cycle varied from as low as 2% to as high as
30%. A summary of some hematological data is presented in
Table 1. Notice that the selection of patients with high WBC
was necessary in order to obtain a sufficient amount of RNA
for the studies described below.

Selection of Cell Cycle-dependent cDNA Clones. We have
used in these experiments the following cell cycle-dependent
DNA sequences: the protooncogene c-myc whose mRNA level
increases during the transition G0-Gi in quiescent cells stimu
lated by mitogens and reaches a peak in early mid-d (7, 29);
the protooncogene c-myb whose mRNA level reaches a peak in
late G|-S phase in human peripheral blood mononuclear cells
stimulated by phytohemagglutinin (12); the oncogene p53
which is also maximally induced in late GÃ¬(11);4 the human

cDNA clone homologous to two cDNA clones originally iso
lated from a Syrian hamster cDNA library, p4Fl and p2Fl,
that are also induced early after serum stimulation (18); a mouse
cDNA clone of the ornithine decarboxylase gene, pODC 934,
of which the corresponding mRNA increases early in GI and
remains at high level throughout (i, and S phase (15); and the
histone H3 clone whose expression is limited to the S phase of
the cell cycle (5, 6). It should be mentioned that the expression
of c-myc, p53, ODC, 4F1, and 2F1 does not change during the
cell cycle of proliferating cells, but it is higher than that in
quiescent cells.5 Our findings are in agreement with recent

4 Unpublished observations.
5 L. Kaczmarek et al., unpublished observations.

reports showing that the expression of c-myc is induced during
the transition G0-G|-S phase but is constant in the cell cycle of
proliferating cells (30, 31).

Expression of Cell Cycle-dependent Genes in Patients with
Acute Leukemias. The purpose of these studies was to compare
the levels of expression of six growth-regulated genes (c-myc,
c-myb, p53, ODC, p4Fl, and p2Fl) to that of the S-phase gene,
histone H3, in patients with myeloid and lymphoid acute leu-
kemias. It has been known for a long time that in human acute
leukemias there is a limited and variable number of cycling
blast cells (32) and that most neoplastic cells do not proliferate
although they belong to a pool of cells thought to be capable of
resuming cell proliferation (33). We have reasoned then that by
comparing the expression of growth regulated genes to that of
the S-phase gene, histone H3, we could determine if the ob
served variable level in the expression of these genes (3, 34)
merely follows the unequal distribution of cycling cells in the
leukemic samples or if it is somehow more directly related to
the neoplastic phenotype.

To obtain quantitatively accurate data, the same Northern
blots were hybridized to a non-cell cycle-dependent gene in
order to verify that approximately the same amount of RNA
was transferred into each lane. Then they were hybridized to
one or more growth-regulated genes and histone H3 under
standardized conditions. The intensity of the autoradiograms
was determined by soft-laser densitometry.

A typical example is shown in Fig. 1 which is a composite
Northern blot of total RNA from eight patients with acute
myelogenous leukemia (1 to 8) and six with ALL (9 to 14). The
blotted RNA was first hybridized to the non-cell cycle-depend
ent gene 7B6 (29) and then subsequently to c-myb, p53, c-myc,
and H3. The purpose of Fig. 1 is to show a correlation in the
hybridization of three protooncogenes whose expression is cell
cycle-dependent in normal cells, with histone H3. It is obvious
that the expression of the control gene 7B6 is fairly constant in
different patients, whereas the absolute amounts of specific
growth-regulated mRNAs varied from one individual sample
to another, as one would expect from heterogeneous popula
tions; however, we have found a good correlation between the
expression of histone H3 and the number of leukemic cells in
S phase as determined by cytofluorimetric analysis (Table 1).
In particular, the highest expression of H3 is found in patients
1, 5, and 6 who had the highest number of leukemic cells in
G2-S phase (30, 25, and 27%). Similarly, the lowest expression
of histone H3 was found in patient 12 in which only 2% of
peripheral blood leukocytes were in G2-S phase. It is also
obvious that in patients with elevated expression of H3 there is
a corresponding high expression of the three oncogenes. It
should also be noted that an abnormally high expression of
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1 23456 7 8 9 10 11 12 13 14

-c-myb
-p53

f â€¢

-H3

-7B6

Fig. 1. Composite picture of autoradiographs from Northern blots of total
RNA isolated from leukemic cells. Total RNA was isolated as described in
"Materials and Methods" and 15 fig/lane were electrophoresed on a 1.2% agarose-

formaldehyde gel and subsequently transferred to nitrocellulose as described by
Thomas (21). The first hybridization was carried out with the non-cell cycle-
dependent gene 7B6 (29). then with a 2.0-kilobase Â£coRIfragment derived from
the plasmid F8 and corresponding to the 3 terminus of the c-myb gene (26). The
filter was subsequently hybridized to a human p53 probe (27), next to a mixture
of 5' and 3' ends of c-myc gene probe (25), and finally to pFO 422 carrying a
histone H3 gene probe. The size of the c-myb band is 4.51 kilobases; the size of
the p53 band is 3.0 kilobases; the size of the c-myc band is 2.4 kilobases; the size
of the H3 band is 0.5 kilobase; the size of the 7B6 band is 0.6 kilobase. Sources
of the RNAs in the various lanes are lanes I to 8, acute myelogenous leukemia;
lanes 9 to 14, ALL.

the S-phase-specific H3 gene should give constant values when
several normal individuals are compared. In a previous study
(4), we have in fact found that in normal bone marrows the
ratios for some of these genes (4F1, 2F1, and c-myc to H3) are
constant. In spite of the possibility of some variability in hy
bridization efficiency and the difficulty in selecting the optimal
time of autoradiographic exposure for a linear densitometer
reading, the results of Figs. 3 and 4 should provide objective
information on the occurrence of overexpression of growth
regulated genes in human leukemias.

Fig. 3 shows that the ratio of c-myc:H3 is not constant in the
leukemic patients under study. In particular, this ratio is very
high in patients 7,13, and 14 and it is more than 3:1 in patients
1,3, and 5. The ratio of c-myc:H3 falls in the remaining patients
within a narrow range around 2, except for patient 12. This
result suggests that the most common ratio of c-myc:H3 is
around 2 and that the distance from this value could be a
measure of the altered expression of c-myc. The ratio of p53:H3
is, by this type of analysis, altered only in two patients with
ALL (patients 13 and 14). The ratio of c-myb:H3 is never
significantly altered. We have also calculated the ratios of
expression between 4F1, 2F1, ODC, and H3. Fig. 4 shows that
in patient 7 (acute myelogenous leukemia) the ratios of 4F1:H3

l 2 3 4 5 6 7 8 9 10 11 121314â€¢ â€¢2- -ODC

â€¢â€¢ -â€¢â€¢

â€¢ â€¢Ã â̈€¢
-2F1

-H3

Fig. 2. Composite picture of autoradiographs from Northern blots of total
RNA isolated from leukemic cells. Total RNA (15 g/lane) was electrophoresed,
blotted, and hybridized as described in "Materials and Methods." The first

hybridization was carried out using p4Fl. The filter was subsequently hybridized
with the p2Fl probe, washed in boiling water to remove the previous probes,
rehybridized with the pODC probe, and finally hybridized with the H3 probe.
The size of the ODC band is 2.2 kilobases; the size of p4Fl is 2.0 kilobases; the
size of p2Fl is 1.5 kilobase; the size of H3 is 0.5 kilobase. Sources of the RNAs
in the various lines are as in Fig. 1.

c-myc is detectable in several patients with a low H3 level, for
instance, patients 7, 13, and 14. Fig. 2 shows how the hybridi
zation pattern of three gene sequences (ODC, 4F1, and 2F1)
selected solely on the basis of the cell cycle dependence of their
expression is correlated with histone H3. A cursory glance at
Fig. 2 indicates a more balanced correlation than that of Fig.
1.

By performing densitometric readings of the Northern blots
carried out under standardized conditions of RNA amounts,
hybridization, and autoradiographic exposure, we have mea
sured the ratios of expression between growth-regulated genes
and H3.

We may assume that in a normal asynchronous cellular
system containing noncycling cells and cycling cells, with cy
cling cells presumably randomly distributed in the various
phases of the cell cycle, the ratios of growth-regulated genes to

20-
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1 8 10 11 12 13 14

Fig. 3. Ratios of expression of three oncogenes (c-myc, c-myb, p53) to histone
H3. D, ratio of c-myc:H3 in each leukemic patient; â€¢ratio of p53:H3; ^, ratio
of c-m>'ft:H3. The ratio for each gene was derived from mean densitometer
readings, of Northern blots carried out under standardized conditions of RNA
amounts, hybridization, and autoradiographic exposure.

6 -

O

Â¿2

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 4. Ratios of expression of three cell cycle-dependent genes (p4Fl, p2Fl,
and ODC) to histone H3. D, ratio of p4Fl:H3; â€¢ratio of p2Fl:H3; Â®,ratio of
ODC:H3. The ratios were derived as in Fig. 3.
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Infifinin
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Fig. 5. Ratios of expression of three oncogenes (c-myc, c-myb, and p53) within
themselves. Ratios were derived as described in Fig. 3.

and 2F1:H3 are clearly and significant y altered, whereas in
patient 13 (ALL) the ratio of 4F1:H3 is more clearly altered. It
is also possible that the ratios of 4F1:H3 and 2F1:H3 are
altered in patients 2 and 8 and the ratio of 4F1:H3 is altered in
patient 14.

We have also analyzed our data and have calculated the ratios
of expression of each growth-regulated gene to each other. This
analysis is feasible within each group:oncogenes and cell cycle-
dependent genes. Fig. 5 shows that the ratio of p53:c-myb is
altered only in patient 14, whereas the ratio of c-myc:p53 and
c-myc:c-myb is altered in most patients. Fig. 6 shows that the
ratios of expression within the group of cell cycle-dependent
genes are much more regular with only an obvious exception
for the ratio of 2F1:ODC in patient 10. Finally, it is worth
mentioning that the altered expression of c-myc in some of the
leukemic samples under study cannot be attributed to rearrange
ment or amplification of the c-myc locus, since we were not
able to detect such genetic changes by Southern blot analysis of
leukemic DNA (not shown).

DISCUSSION

In these studies we have analyzed the expression of growth-
regulated genes in total RNA of leukemic cells. Our purpose
was to understand if in leukemic blast cells mRNA levels of
genes turned on by mitogenic stimuli during the normal cellular
proliferation simply reflect the number of cycling cells, i.e., the
growth fraction, or are somehow altered as a result of the
neoplastic transformation.

The crucial difference between our present approach and the
several studies showing overexpression of certain oncogenes
and cell cycle genes in transformed or neoplastic cells (3, 34,
35, 36, 37) is the ratio of growth-regulated genes to the S-phase
H3 gene. In mixed cell populations of cycling and noncycling
cells (G0 and terminally differentiated cells) overexpression of
growth-regulated genes may simply be due to an increase in the
fraction of cycling cells, i.e., the growth fraction (38). By
determining the ratio of expression of growth-regulated genes
to histone H3, we are more properly asking whether the expres
sion of certain growth-regulated genes is altered.

We have selected for our studies three growth regulated
oncogenes (c-myc, c-myb, and p53) and three gene sequences
that are characterized by the cell cycle dependence of their
expression (4F1, 2F1, and ODC).

We have chosen the oncogenes c-myc, c-myb, and p53 because
they all share the feature of the nuclear localization of their
protein product (39,40), and c-myc and p53 belong to the same

p4FI/p2FI

P4F1/ODC

P2FI/ODC

nflnn
l 234 56 78 9 10 II 12 13 M

Fig. 6. Ratios of expression of three cell-cycle-dependent genes (p4Fl, p2Fl,
and ODC) within themselves. Ratios were derived as described in Fig. 3.

complementation group in transformation assays of primary
embryo fibroblasts (41, 42); moreover, c-myc and c-myb are the
target of genetic alterations in some leukemic cell lines (43,
44). We have selected 4F1, 2F1, and ODC gene sequences
because they are expressed in a cell cycle-dependent manner in
several types of cells, including nonhemopoietic cells (3, 18,
45).

Our findings can be summarized as follows: (a) in six leu
kemic RNAs the ratio of expression of c-myc:H3 is significantly
altered and even more altered are the ratios of c-myc:c-myb and
c-/wyc:p53; (Â¿>)in two of the aforementioned patients ( 13 and
14) the ratio of p53:H3 is also altered; (c) in one patient (patient
7) the ratios of 4F1:H3 and 2F1:H3 together with the ratio of
c-myc:W> are altered; and finally (d) more than half of leukemic
RNA did not show evidence of a significantly altered ratio
between growth-regulated genes and S-phase histone H3 gene.
The most important conclusions are: (a) the expression of all
growth-regulated genes seems to be correlated in most leukemic
patients with the growth fraction of each neoplastic population;
and (b) there are leukemic patients in which the expression of
some growth-regulated genes is altered. Among these, c-myc
seems to be the one that is truly deregulated with higher
frequency than the others in a significant number of patients
with acute leukemia.

What is a possible interpretation of this second observaton?
It is known that in patients with acute leukemias few blast cells
are cycling, while the large majority is in a dormant state that
has been considered to be G0 (32). The altered expression of a
growth-regulated gene like c-myc could be confined within the
fraction of cycling cells, or alternatively, c-myc might be abnor
mally expressed by out-of-cycle leukemic cells. In this regard,
the observation by Campisi et al. (8) that cell cycle control of
c-myc expression is lost in a chemically transformed cell line is

consistent with our second interpretation.
We would like to interpret the altered c-myc expression in

the light of the proposed role of c-myc as competence factor in
normal cellular proliferation (46). In the competence-progres
sion model proposed for the cell-cycle of 3T3 mouse fibroblasts
(47) induction of DNA synthesis depends on the sequential
activity of several growth factors. First, platelet derived growth
factor (PDGF) makes the cell "competent" and then PDGF-

deprived serum (platelet poor plasma, PPP) provides these cells
with "progression" factors leading the fibroblasts to undergo

DNA synthesis. Neither PDGF nor PPP alone stimulates DNA
synthesis in quiescent 3T3 cells. It has been shown (7) that c-
myc expression is induced by PDGF in these cells, and that the
introduction of c-myc protein into quiescent 3T3 fibroblasts
stimulates a portion of them to enter into the S phase of the
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cell-cycle provided that PPP is present in the medium (47).
These findings suggest that cells with a high level of c-myc
might not be necessarily proliferating, but simply advanced into
the G i phase of the cell cycle to a stage of "competence". From

this stage they could be more susceptible than their quiescent
counterparts to those proliferative stimuli that are required for
cell division.

If we extend this hypothesis to the altered expression of c-
myc in leukemic cells, it is attractive to speculate that the
abnormal activation of c-myc in the pool of noncycling blast
cells could make these cells competent to re-enter into the cycle
and therefore to maintain the pool of cycling cells, that is an
important feature of the leukemic phenotype (32).

The failure to clearly detect an altered c-myc expression in
more than half of the leukemic patients we have studied could
be due to its occurrence in a limited number of leukemic cells.
We are investigating this possibility by in situ hybridization of
c-myc and histone H3 to single leukemic cells. Alternatively
the overexpression of c-myc might not necessarily be required
for the leukemic phenotype.
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