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ABSTRACT

RNA transcript levels of the protooncogenes c-myc, c-fos, and c-fms
were measured in bone marrow cells obtained from patients with acute
myetocytic leukemia at diagnosis or in complete remission. As controls,
normal bone marrow cells were studied. The i--Â»i.irRNA levels are

significantly higher in acute myelocytic leukemia cells at diagnosis than
in remission or in normal marrow cells. In most instances the high c-myc
RNA levels are a reflection of the high proportion of immature cells
present in leukemic marrows. The bone marrow cells of several patients
contain extremely high levels of c-myc RNA, levels which cannot be
accounted for by the proportion of immature cells present in the bone
marrow. The leukemic cells of patients with morphologically indistin
guishable leukemias manifest different patterns of c-myc, c-fos, and c-
fms expression. This observation is consistent with differences in behavior
of leukemic cells even among patients with the same French-American-
British type of leukemia. The normal-appearing bone marrow cells of
some acute myelocytic leukemia patients in complete remission differ
from normal bone marrow cells in having slightly higher Ã•-IHYCRNA
levels, as well as in the pattern of expression of c-fos and c-fms. The
possible use of protooncogene expression patterns to subdivide the
French-American-British categories of acute myelocytic leukemia into
subtypes with greater prognostic significance is discussed.

INTRODUCTION

The neoplastic disease AML3 is a manifestation of disordered

myeloid proliferation and differentiation. To understand the
possible reasons for the disordered cell behavior a pilot study
of protooncogene expression in leukemia marrow cells was
undertaken. Three genes were selected for study because abnor
malities in their expression could result in aberrant cell prolif
eration and/or differentiation. The three protooncogenes stud
ied were c-myc, c-fos, and c-fms. Our choice of c-myc was based
on its association with retrovirus systems which are leukemo-
genic ( 1, 2) as well as the relationship between c-myc expression
and the proliferative potential of cells (3, 4). c-fos was chosen
for study because it is expressed during myeloid differentation
(5, 6) and its association with cell proliferation (7). Finally, the
protooncogene c-fms was studied because this gene encodes the
membrane receptor for the myeloid colony stimulating factor
CSF-1. CSF-1 is a glycoprotein that stimulates both the prolif
eration and differentiation of murine macrophage precursors
(8, 9). To provide a frame of reference, similar studies were
performed on marrow cells obtained from patients with AML
in complete remission and from individuals with normal bone
marrows.

The data presented in this report demonstrate striking vari
ation among patients in the level of expression of these three
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protooncogenes, even among patients whose leukemic cells are
morphologically indistinguishable. These observations suggest
that the previously unexplained differences in the biological
characteristics of morphologically indistinguishable leukemias
may be the result of differences in protooncogene expression
that are not reflected in the morphology of the cells.

MATERIALS AND METHODS

Patients Studied

Bone marrow and/or peripheral blood specimens from four different
patient populations were studied:

Group I. Thirteen patients with newly diagnosed or florid AML were
studied. The leukemia was classified according to the standard French-
American-British criteria (10)

Group II. Twelve patients with AML in complete hematological
remission were studied. The bone marrows of these individuals were
indistinguishable from normal as was their peripheral blood (11). These
patients were in remission for 3+ mo to 5+ yr and none had received
chemotherapy within 1 mo of study.

Group III. This group consists of 13 patients without a prior history
of a bone marrow disorder. Of these 13 patients, nine had newly
diagnosed lymphoma, three had solid tumors, and one individual had
a monoclonal gammopathy of unknown origin. In each patient bone
marrow biopsy and aspirate studies failed to demonstrate marrow
involvement by tumor and none had received chemotherapy within 6
wk of study. The patients with newly diagnosed lymphoma had never
received cytotoxic therapy. Bone marrow specimens obtained from
these patients served as the normal controls.

Group IV. Bone marrow specimens were obtained from five patients
in the chronic phase of CML. None had received therapy for several
months. CML is a leukemia in which the myeloid leukemic cells
differentiate to the fully mature granulocyte level, c-myc RNA levels in
these leukemic cells were compared to that in florid AML as a means
of determining whether the high c-myc levels in AML marrows are a
reflection of the presence of leukemia per se or are a reflection of the
high proportion of immature cells in AML marrows.

Acquisition of Cells for Study and Preparation of RNA

Informed consent was obtained from each patient. Five ml of bone
marrow was aspirated from the posterior iliac crest into a syringe
containing 5 ml of 5% sodium citrate and the syringe was placed on
ice. The aspirate was layered over Ficoll-Hypaque (specific gravity,
1.077), centrifuged at 900 rpm x 20 min in the cold, and the light
density cells were removed and washed twice. Peripheral blood speci
mens were obtained and processed in an identical manner.

Cytocentrifuge slides were made for morphological examination of
the cells being studied. To assess the percentage of cells in S-phase, an
aliquot of cells was incubated with [3H]dThd and processed for auto-

radiography using previously described methods (12). To extract RNA,
the cells were dissolved in guanidium isothiocyanate (13) and the RNA
was purified by centrifugation through 5.8 M cesium chloride (14). The
pelleted RNA was reprecipitated once and dissolved in distilled water.

RNA Electrophoresis, Blotting, and Hybridization

Ten fig of whole-cell RNA was glyoxalated and electrophoresed
through a 1.2% agarose gel by the procedure of McMaster and Car-
michael (15). RNA from the gel was blotted onto a nylon mesh,
Zetabind (Cuno Inc.). The RNA was cross-linked to the Zetabind by
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Fig. l. Protooncogene RNA levels in bone
marrow cells of patients with AML. The
source of each RNA including the FAB type
of leukemia is given under each lane. Each lane
contains 10 jig of whole-cell RNA except for
the lane labeled HL60 which contained 2.5 pg
of RNA. Duplicate blots were run with one
blot being hybridized with a mixture of c-myc
and TPI probes and the second with a mixture
of fas and fms probes. In the latter case the
HL60 RNA was replaced with RNA obtained
from the cells of a patient with chronic mye-
lomonocytic leukemia. Photos of these two
blots are combined.

PROTOONCOGENES IN AML
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Table I Characterization of cell samples utilized to prepare RNA
specimens of Fig. I

Fig. 1
laneno.1234567891011121314SpecimenPB"BMPBBMPBBMBMBMBMBMBMBMBMRNACFABtypeM2M4M4M4M2M3M2M2M4M4â€¢Â»M2M2%

of leu-
kemiccells94867486919699709475928992[3H]dThd

LI(%)8.51.553286108.56.314.596.6

' PB, peripheral blood; BM, bone marrow.
* *, patient with chronic myelomonocytic leukemia.
' From HL60 cells or from lane II.

exposure to 254 nm UV light for 3-5 min. DNA was labeled by the
random primer method to a specific activity of 1-2 x IO9cpm/^H and
2-5 x IO6 cpm/ml of hybridization buffer was used for hybridization

(16). Blots were hybridized and washed by the method of Church and
Gilbert (17) and exposed to X-ray film (Kodak, XAR). AutÂ»radiograms
were quantitated by densitometric scanning using a Quick Scan R & D
(Helena Laboratories). Each autoradiogram was scanned three times
and the average absorbance computed. Dilutions of various RNA
samples demonstrated that the hybridization signal is proportional to
the amount of RNA present on the blot.

Each Northern blot analysis included one lane which contained the
RNA from a patient with florid AML whose marrow cell c-myc RNA
level was at the median point for the AML patients studied (see legend
of Figs. 1 and 2). Where indicated in the text, figures, and tables, the
amount of protooncogene expression in this specimen was used to
normalize the other values. To this end, all densitometric values for
each lane were divided by the value for the RNA in this lane and the
quotient used as an indication of the level of gene expression relative
to this standard value.

Probes

The c-myc RNA probe was kindly provided by Dr. J. Battey (18).
This probe is a 1.5-kilobase genomic Clal/EcoRl DNA fragment that

contains all of exon 3 and approximately 500 base pair of the 3'

flanking region. The fos probe was kindly provided by Dr. T. Curran
(19). This probe is a 1.4-kilobase Pstl DNA fragment derived from a
subclone of the FBJ murine osteosarcoma virus genome. The fms probe
was kindly provided by Dr. C. Sherr (20). This probe is a 1.4-kilobase
Pstl DNA fragment derived from a subclone of the FeSV genome. The
TPI probe was kindly provided by Dr. L. Maquat. This probe is a 460-
base pair Ncol/EcoRl DNA fragment derived from the seventh (3'

terminal) exon of a TPI genomic clone (21). Triosephosphate isomerase
is a "housekeeping" enzyme involved in both the glycolytic and gluco-

neogenic pathway (22).

Statistical Methods

It is not known as yet whether or not the levels of protooncogene
expression within patient populations are normally distributed. For
this reason distribution-free methods were used in all of the statistical
calculations. The Mann-Whitney test was used to compare the differ
ences in protooncogene RNA levels in the marrow cells of the four
patient populations which were studied. The Spearman rank correlation
test was used to determine whether any two of the variables under study
varied in the same or in opposite directions (23).

RESULTS

Protooncogene Expression in Florid Acute Myelocytic Leukemia

c-myc Expression. Northern blot analysis of RNA specimens
obtained from the cells of 12 patients with florid acute myelo-
cytic leukemia as well as from one patient with chronic myelo
monocytic leukemia (Lane 11) and from HL60, the promyelo-
cytic cell line (Lane 14), was performed. Hybridization of
mRNA with a probe for triosephosphate isomerase (TPI)
mRNA demonstrates that the mRNA is intact and that com
parable amounts of RNA are present in each lane (Fig. 1). It
can be seen that there is considerable variation among patients
in c-myc transcript level (Fig. 1). To determine if c-myc RNA
levels are simply a function of some other measurable parame
ter, we compared c-myc RNA levels with the FAB type, the
percentage of leukemic cells in the cell population studied, and
the percentage of cells in S-phase (Table 1). It can be seen that
the differences in c-myc RNA levels are unrelated to any of
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PROTOONCOGENES IN AML

these cell characteristics. Substantial differences in c-myc
expression are detected even in a single FAB type. For example,
the specimens in Lanes 7, 12, and 13 were all obtained from
patients with FAB type M2. These bone marrow specimens
contained comparable numbers of leukemic cells (89-99%) and
the proportion of S-phase cells in each was similar (6-9%).
Nevertheless, the level of c-myc expression was substantially
higher in the cells of patient 7 than in the cells of the other two
patients (Fig. 1).

The c-myc RNA levels in the bone marrow cells of 13 newly
diagnosed AML patients, 10 of which are shown in Fig. 1, were
quantitated by densitometric scanning (Fig. 2). The c-myc level
in RNA obtained from the marrow cells of patient 10 in Fig. 1
was used as an internal standard; all values were normalized to
this level. The wide range of c-myc levels can be clearly seen
(Fig. 2). The cells of three patients contain substantially higher
c-myc transcript levels than the cells of the other 10 patients.

Two different-sized c-myc transcripts are detected in every
RNA sample studied. The relative amount of these two tran
scripts differ among patients. The larger-sized transcript pre
dominates in the cells of seven patients while the two transcripts
are present in equal amounts in six samples. It also appears
that the larger-sized c-myc transcript predominates in the leu
kemic cells of patients which have higher total c-myc levels
than those in which the two transcripts are equally represented.

c-fos and c-fms Expression. As observed for c-myc RNA levels,

30.8-
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Std.8.6.4.2.0

864
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Acute Complete Normal
myelocytic remission bone
leukemia morrow

Acute Complete Normal
myelocytic remission bone
leukemia marrow

Fig. 2. The relative amounts of c-myc and c-fos RNA in marrow cells obtained
from patients with florid AML, AML in remission, and normal bone marrow
cells. Ordinale, amount of c-myc or c-fos RNA in patient cells relative to an
"average" leukemic patient's cells. To make this calculation the RNA specimen

in Lane 10 of Fig. 1 was included in every Northern blot. After hybridization the
optical density of each specimen was divided by the optical density of this
specimen (labeled std on the above figure) and the resultant number placed in the
above graph. For patients in complete remission the time between the last course
of chemotherapy and acquisition of the marrow for study was 1, 1> 24, 24, 36,
and 60 mo for patients with c-myc RNA levels which were less than the median
level. The length of time for patients with c-myc RNA levels above the median
value was 2, 2, 4, 7, 18, and 24.

significant differences exist among patient specimens in c-fos
and c-fms transcript levels (Fig. 1 and 2). The cells of five AML
patients contain substantially more c-fos RNA than the majority
of the AML patients studied (Fig. 1, patients 4, 5, 8, 11, and
13). Two different-sized c-fos transcripts are detected and the
relative amount of each differs among specimens. The cells of
patients 1 and 7 contain detectable levels of only the larger-
sized transcript while the smaller-sized transcript predominates
in the cells of patients 2, 3, 6, 9, 10, 12, and 13. The different-
sized transcripts are equally represented in the cells of patients
4 and 8. c-fms transcripts are also detected in every RNA

sample. These RNA levels differ among patients with the cells
of eight patients having higher transcript levels than the cells
of the other patients.

As is the case for the level of c-myc expression, substantial
differences in c-fos and c-fms expression are observed within a
single FAB type of leukemia. Patients 7 and 12 (FAB M2
leukemia) have low levels of expression while the marrow cells
of patient 13 (also FAB M2) express high c-fos RNA levels. In
contrast, the cells of patient 7 express high c-fms levels while
those of patients 12 and 13 have low levels of c-fms RNA (Fig.
1). c-myc RNA levels are unrelated to the c-fos and c-fms levels
in these specimens. Similar differences among patients are also
seen for individuals whose leukemia is classified as FAB M4.

Nonparametric correlation analyses demonstrated that the
level of c-fos and c-fms RNA in the cells of individual patients
are weakly, but positively correlated (R = 0.444, P = 0.06;
Table 2). There was no demonstrable relationship to c-myc
RNA levels.

Protooncogene Expression in AML in Remission and in Nonleu-
kemic Bone Marrow

c-myc Expression. RNA from bone marrow specimens ob
tained from 12 AML patients in complete remission for 3+ mo
to 5+ yr and from 13 patients without a prior history of AML
was analyzed. None had received chemotherapy for 1 mo (Fig.
3). The RNA sample in Lane 12 (standard) is the same as that
in Lane 10 of Fig. 1 while the specimen in Lane 13 is the next
to the lowest c-myc RNA value in the florid AML column in
Fig. 2. The specimen in Lane 12 is at the median point for c-
myc levels for the florid AML specimens and it was used as the
normalization value for the data in Fig. 2. These two florid
AML specimens were included in this Northern blot to provide
standards for comparing the RNA samples presented in Figs.
1 and 3. As additional points of reference, peripheral blood and
marrow specimens obtained from a patient in the chronic phase
of CML were included (Lanes 10 and 11 ) as were two peripheral
blood specimens obtained from patients with AML in remission
(Lanes 8 and 9). Once again, the TPI mRNA levels are com
parable among samples showing that the mRNA is intact and,

Table 2 Correlations between the level of expression of individual
protooncogenes in bone marrow cells

The amount of protooncogene RNA in a marrow specimen was calculated
relative to the standard value (see legend of Fig. 2) and this value was used in the
calculation of the Spearman correlation coefficients (R) and their statistical
significance (P).

Source of mar
rowcellsFlorid

AML
AML inCRNormal

marrowc-myc-RN\

vs. c-fos
RNAR0.182

O.S04
0.137P0.55

0.09
0.23c-myc

RNA
vs. c-fms

RNAR0.025

0.546
0.27P0.95

0.13
0.51c-fms

RNA
vj. c-fms

RNAR0.444

0.544
0.02P0.06

0.13
0.96c-fos

RNAvs.
% mono

cytes in
specimensR-0.22

0.58P0.490.05
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PROTOONCOGENES IN AML

with some minor variation, present in similar amounts.
Using the florid AML specimen in Lane 12 as a reference

point, it can be seen that all of the other specimens contain
lower c-mycRNA levelswith the lowest levelsin Lanes 4 (AML-
CR), 5 (normal), 9 (peripheral blood AML in CR), 10 and 11
(CML specimens) (Fig. 3). Using the AML specimen in Lane
13 as a reference point, it can be seen that some remission
marrow specimens (Lanes 1, 2, 3, and 6) contain almost as
much c-myc RNA as this florid leukemic RNA sample. As
before, two different-sized c-myc transcripts are seen in every
specimen.

A quantitative comparison of the c-myc RNA levels in florid
AML, AML in CR, and normal marrow is shown in Fig. 2.
The c-myc RNA levels in bone marrow cells of patients with
AML in remission or in normal marrow cells are significantly
lower than that present in the marrow cells of most patients
with florid AML (P < 0.01). Furthermore the range of c-myc
RNA levels is much greater in AML cells than in normal cells.
While the range of c-myc levels in remission marrow cells and
normal cells are similar, there is a suggestion that differences
do exist among these morphologically indistinguishable groups.
In normal cells the range of c-mycRNA levelsis skewedtowards
the lower levels, c-myc transcripts are undetectable in three of
these RNA samples. The presence of detectable TPI, c-fos, and
c-fms transcripts in these specimens demonstrates that degra
dation of niRNA is not responsible for the absence of detectable
c-myc RNA (Fig. 3). In contrast, the c-myc RNA levels of
remission marrow cells are skewed towards the higher levels
with five of the remission marrow specimens containing almost
as much c-myc RNA as the lowest value for florid AML. These
differences in distribution of c-myc RNA levels between remis
sion and normal marrow cells approach statistical significance
(P = 0.06).

We next compared the percentage of immature cells and the
percentage of S-phase cells present in the florid AML marrows,
in the complete remission AML marrows, and in the normal
marrows, with the levels of protooncogene expression (Table
3). AML cells contain 3-5 times the level of c-myc RNA as do

the cells of the two other groups. This difference parallels the
differences in the percentage of immature cells present in the
specimens (88% for the AML marrow and 24% for the remis
sion and normal marrows). The differences in c-mycRNA levels
among these three patient groups are unrelated to the percent
age of S-phase cells. In fact, while having lower c-myc transcript
levels, both the remission marrows and the normal marrows
contain a slightly higher proportion of cells in S-phase (9 and
11%) than leukemic marrows (6%).

c-fos and c-fms Transcript Levels. A representative Northern
blot analysis of c-fos and c-fms RNA levels is shown (Fig. 3).
Densitometric scanning analysis is presented in Fig. 2. Both
remission and normal bone marrow cells have a wide distribu
tion of c-fos and c-fms RNA levels similar to that found in
AML cells. No relationship between c-fos or c-fms RNA levels
and the percentage of immature or mature cells, or percentage
of S-phase cells is discernible. In contrast, for normal marrow
cells the level of c-fos RNA is positively correlated with the
number of monocytes present (R = 0.58, P = 0.05). Such is not
the case for remission AML marrows.

Nonparametric correlation analyses demonstrated that the
levels of protooncogene expression in remission marrow cells
appear to be positively correlated with each other with cells
containing high or low levels of the mRNA of one gene tending
to have similar relative levels of expression of the other genes.
For example, the correlation coefficient for c-mycand c-fos, for
c-myc and c-fms, and for c-fos and c-fms are all >0.5 with P
values approaching statistical significance (Table 3). This is not
the case for normal marrow cells where the correlation coeffi
cients range from 0.02-0.27.

Relationship of c-mycTranscript Levels to Level of Cell Differ
entiation

Interpretation of the differences in c-myc RNA levels among
the marrow cells obtained from patients with florid AML, AML
in remission, and normal marrow is complicated by the fact
that the marrow cells of patients with AML differ from the
marrows of the two patient groups both because it is "leukemic"

Fig. 3. Protooncogene transcript levels in
the marrow cells of patients with normal ho
matopoiesis. The source of RNA is listed under
each lane. Each lane contains 10 /ig of whole-
cell RNA save for the last two III,60 lanes
which contained 1 and 0.5 pg of RNA, respec
tively. Duplicate blots were run with the first
being hybridized with a mixture of c-myc and
TPI probes and the second being hybridized
with a mixture of c-fos and c-fms probes. The
RNA in Lane 12 is the same RNA as in Lane
10 of Fig. 1.
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PROTOONCOGENES IN AML

Table 3 Summary of data in c-myc and c-fos RNA levels in florid AML, AML in remission, and normal marrow cells

Florid AML
Complete remission
Normal bone marrow%

of immaturecells"88

Â±2 (89)*

24 Â±3(23)
24 Â±3 (22)[3HldThd1

1*15.8

Â±0.9 (6.6)
9 Â±1.6 (8.5)

10.6 Â±2.8 (7.5)c-myc1.1

Â±0.3 (0.7)'

0.3 Â±0.04 (0.3)
0.2 Â±0.04 (0.2)c-fos1.1

Â±0.2(l.l)c

1.3 Â±0.4(0.9)
4.6 Â±3 (1.4)

" Percentage of myeloblasts + promyelocytes + myelocytes.
* Mean Â±SE (median).
c Amount of c-myc or c-fos RNA relative to a standard value set as "1" (RNA from specimen in lane 11 in Fig. 1).

and because the proportion of immature cells is twice as great.
To determine which, if any, of these differences are associated
with high c-myc RNA levels a direct comparison was made of
c-myc transcript levels in the marrow cells of six patients with
florid AML and five patients in the chronic phase of chronic
myelocytic leukemia (CML) (Fig. 4). The latter patient popu
lation was chosen for study since CML is characterized by the
presence of leukemic cells which retain the ability to differen
tiate.

The marrow cells of AML patients contain twice as much c-
myc RNA as the marrow cells of CML patients (P =0.01) (Fig.
4). The difference in c-myc RNA content is not related to the
percentage of cells in S-phase (for AML mean Â±SE and median
[3H]dThd, Li = 6.3 Â±1% and 6.8%; for CML 12.2 Â±1.9% and

9.8%) but rather is directly related to the percentage of imma
ture cells present [mean Â±SE and median value for AML = 88
Â±3 (90) versus 44 Â±3 (45) for CML]. If the total amount of c-
myc RNA (as estimated by densitometric quantitation) is nor
malized to the percentage of immature cells present (absorbance
divided by the number of immature cells) the values are almost
equivalent; 49 for AML and 55 for CML. Hence, for most
AML patients, the greater than normal amount of c-myc RNA
in their marrow cells is directly proportional to the greater than
normal percentage of immature cells present.

There are three notable exceptions among the 13 patients
with AML. The cells of these individuals contain 6-25 times

220 -

200 -

180

160
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80
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40

20

acule chronic
mytlocytic mytlocytic
leukemia lejkemio

Fig. 4. Comparison of the level of c-myc RNA in bone marrow cells obtained
from six patients with newly diagnosed AML and five patients in the chronic
phase of CML. Absorbance of the c-myc RNAs was measured as described in
"Results".

the normal mean level of c-myc RNA. We do not believe that
these extraordinarily high c-myc RNA levels can be accounted
for by the proportion of immature cells present in these patients
bone marrows.

DISCUSSION

The transcript levels of three protooncogenes were measured
in marrow cells obtained from patients with florid acute mye
locytic leukemia, from patients with AML in remission, and
from patients without a history of a hematopoietic disorder.
The marrow cells obtained from patients with AML had signif
icantly higher c-myc RNA levels and a wider range of transcript
levels than the cells of the other two patient populations. In
contrast, a wide range of c-fos and c-fms RNA levels were found
among the marrow specimens of all three patient groups, with
each group having some patients with very high or very low
levels.

The studies described here differ from those of other reports
in several ways (24-26). First, whole-cell RNA rather than poly
A+ RNA was used, thereby avoiding the potential problems
associated with unknown differences in the recovery of RNA
among different patient specimens that would occur during the
separation of poly A+ RNA. Secondly, normal bone marrow
cells rather than tissue culture cells or peripheral blood cells
were used as controls. This permitted comparisons of the level
of protooncogene expression in leukemic cells with that of
normal cells in the same proliferative compartment /'// vivo.

Thirdly, the leukemic cells were carefully characterized in terms
of cell lineage and percentage of cells in S-phase. Finally, the
relationship among the expression of several protooncogenes
within the same patient's leukemic cells were characterized.

The high c-myc RNA levels in leukemic marrow cells are, for
the most part, a reflection of the high proportion of immature
cells present in the marrow. This tentative interpretation was
confirmed by the study of the bone marrow cells of CML
patients. The direct relationship between the high c-myc RNA
levels and the proportion of immature marrow cells and the
lack of a relationship between c-myc RNA levels and the per
centage of S-phase cells is compatible with the observations of
other investigators (3, 4), as well as our own (27). It suggests
that the level of c-myc expression is related to the proliferative
potential of cells (the number of divisions that a cell can
undergo) rather than whether or not the cells are in S-phase at
the time RNA is extracted. Hence leukemic cells of most
patients have c-myc RNA levels that are similar to the level
found in normal cells at a comparable level of maturation. In
several AML patients (three of 13), however, the c-myc tran
script level is 6-25 times greater than the normal marrow c-
myc levels. These extremely high levels suggest that these
patient's leukemic cells may have an exceptionally high prolif

erative potential. In these cases it is also possible that the
extraordinarily high c-myc levels play a role in the direct genesis
of the disease, given the recent demonstration that high c-myc
expression can prevent the differentiation of hematopoietic cells
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(28). At present it is not known whether or not these high c-
myc RNA levels are a reflection of an alteration in the structure
of the c-myc gene itself or in the regulation of expression of the

gene.
In the course of this study substantial differences among

patients in protooncogene expression were noted, even among
patients whose leukemic cells were morphologically indistin
guishable. These observations point out the limitations in the
morphological evaluation of leukemia. They are also compati
ble with observations of the substantial differences in the bio
logical characteristics within each FAB type of leukemia. It is
possible that knowledge of protooncogene expression, both
individual and aggregate, may permit a more reliable prediction
of the leukemia's clinical behavior than is currently possible.

This would be the case if differences in the level of c-myc
expression among patients reflected differences in the prolifer-
ative potential of the leukemic cells. Such differences in prolif-
erative ability could account, in part, for differences in the
regrowth rates of leukemic cells after chemotherapy. Similarly,
expression of differentiation association genes, such as c-fms,
might be indicative of the likelihood that leukemic cells will
differentiate during chemotherapy (29).

Two different-sized c-myc transcripts are detected in all of
the RNA studied. The relative levels of these transcripts are
different among patients. The biological significance of this
observation is at present unclear. However, it appears that the
larger-sized transcript may be especially prominent in cells
which have high c-myc RNA levels. Substantial differences
among patients in the c-fos RNA levels is observed as well. We
also observe two different-sized c-fos transcripts, an observation
which has not been reported previously. The cells of some
patients contain detectable levels of only one of the two c-fos
transcripts. The existence of two c-fos transcripts is especially
interesting given the observation that deletion of 67 nucleotides
at the 3' end of the c-fos transcript can change this protoonco

gene into an oncogene (30).
Finally, the studies described here suggest that the bone

marrows of patients with AML in remission, while being mor
phologically normal, differ in several ways from normal bone
marrows. The level of the three protooncogene RNAs appear
to be correlated with each other in remission marrows but not
in normal marrows. Furthermore, some remission marrow pop
ulations have higher c-myc RNA levels than do normal mar
rows, and unlike normal marrows, c-fos levels in remission are
not related to the percentage of monocytes present in the
marrow population. These differences from the normal state
were seen even in patients who had not received chemotherapy
for several years. We cannot at present explain these observa
tions but it would seem that either these differences are a long-
term manifestation of marrow damage produced by chemother
apy or they indicate that chemotherapy did not reestablish
normal hematopoiesis in these patients. Perhaps in these pa
tients the bone marrow has merely returned to a preleukemic
state. If the latter is true, then these individuals may be at risk
fora late leukemic "relapse" (31). A recent report demonstating

that hematopoiesis in some remission marrow is a reflection of
"leukemic cell" differentiation is compatible with these data

(32).
In conclusion, significant quantitative and qualitative differ

ences in protooncogene transcript levels among patients have
been described. It is not known at present if these differences
are the cause of or are a reflection of differences in the biology
of the leukemias of different patients. In either case these
differences in protooncogene expression may be of greater

prognostic significance than the currently available cell markers
such as FAB category or the percentage of cells in S-phase.
Further studies on a larger number of patients and including
additional protooncogenes may lead to the development of a
new leukemia-typing system based upon the patterns of pro
tooncogene expression. Parallel studies of the concentrations
of protooncogene proteins would be useful since these may not
precisely correlate with transcript levels in some cases.

ACKNOWLEDGMENTS

The authors would like to thank Dr. D. Shaw and M. Wilson, F.
Gaskin, A. Evans, N. Littell, C. Snyder, and B. Bryant for their
participation in these studies.

REFERENCES

1. Grof, T., Royer-Pokora, B., and Beng, H. In: D. Baltimore and A. Huang
(eds.), ICN-UCLA Symposium on Animal Virology, pp. 321-337. New York:
Academic Press, 1976.

2. Sheiness, D., and Bishop, J. M. DNA and RNA from uninfected vertebrate
cells contain nucleotide sequence related to the putative transforming gene
of avian myelocytomatosis virus. J. Virol., 31: 514-521, 1979.

3. Stewart, T. A., Bellve, A. R., and Leder, P. Transcription and promotor
usage of the myc gene in normal somatic and spermatogenic cells. Science
(Wash. DC), 226: 707-710, 1984.

4. Lachman, H. M., Hatton, K. S., Skoultchi, A. I., and Schildkraut, C. L. C-
myc mRNA level in the cell cycle change in mouse erythroleukemia cells
following inducer treatment. Proc. Nati. Acad. Sci. USA, Â«2:5323-5327,
1985.

5. Gonda, T. J., and Metcalf, D. Expression of myb, myc, and fos protoonco
genes during the differentiation of murine myeloid leukemia. Nature (Lond.),
310: 249-251, 1984.

6. Muller, R., Curran, T., Muller, D., and Gilbert, L. Induction of c-fos during
myelomonocytic differentiation and macrophage proliferation. Nature
(Lond.), 314: 546-548, 1985.

7. Greenberg, M. E., and Ziff, E. B. Stimulation of 3T3 cells induces transcrip
tion of the c-fos proto-oncogene. Nature (Lond.), 311:433-438, 1984.

8. Sherr, C. G., Rettenmier, C. W., Sacca, R., et al. The c-fms proto-oncogene
product is related to the receptor for the mononuclear phagocyte growth
factor, CSF-1. Cell, 41:665-676, 1985.

9. Nienhuis, A. W., Bunn, H. F., Turner, P. H., et al. Expression of the human
c-fms proto-oncogene in hematopoietic cells and its deletion in the 5q-
syndrome. Cell, 42:421-428, 1985.

10. Bennett, J., Catovsky, D., Daniel, M. T.. et al. Proposals for the classification
of the acute leukemias. Br. J. Haematol., 33: 451-458, 1976.

11. Ohnuma, T., Rosner, F., Levy, R. N., et al. Treatment of adult leukemia with
L-asparaginase. Cancer Chemother. Rep., 55: 269-275, 1971.

12. Preisler, H., and Shoham, D.. Comparison of tritiated thymidine labeling
and suicide indices in acute myelocytic leukemia. Cancer Res., 38: 3681-
3684, 1978.

13. Chirgwin, J. M., Pryzbyla, A. E., MacDonald, R. J., and Rutter, W. J.
Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry, 18, (Part 5): 5294-5299, 1979.

14. Glisin, V., Crkvenjakow, R., and Byus, C. Ribonucleic acid isolated by cesium
chloride centrifugation. Biochemistry, 13, (Part 2): 2633-2637, 1974.

15. McMaster, G. K., and Carmichael, G. Analysis of single and double-stranded
nucleic acids on polyacrylamide and agarose gels by using glyoxal and acridine
orange. Proc. Nati. Acad. Sci. USA, 74:4835-4838, 1977.

16. Feinberg, A. P., and Vogelstein, B. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.
132:6-13, 1983.

17. Church, G. M., and Gilbert, W. Genomic sequencing. Proc. Nati. Acad. Sci.
USA,Â«/: 1991-1995, 1984.

18. Battey, J., Moulding C., Taub, R., Murphy, W., et al. The human c-myc
oncogene: structural consequences of translocation into the IgH locus in
Burkitt lymphoma. Cell, 34: 779-787, 1983.

19. Curran, T., Peters, G., VanBeveren C., Teich, N. M., and Verma, I. M. FBJ
murine osteosarcoma virus: identification and molecular cloning of biologi
cally active proviral DNA: J. Virol., 44:674-682, 1982.

20. Donner, L., Fedele, A. L., Garon, C. F., Anderson, S. J., and Sherr, C. J.
McDonough feline sarcoma virus: characterization of the molecularly cloned
provirus and its feline oncogene (\-fms). J. Virol, 41: 489-500, 1982.

21. Maquat, L. E., Chilcote, R., and Ryan, P. M. Human triosephosphate
isomerase cDN A and protein structure. Studies of triosephosphate isomerase
deficiency in man. J. Biol. Chem., 260: 3748-3753, 1985.

22. Brown, J. R., Daar, I. O., King, J. R.. and Maquat, L. E. Characterization
of the functional gene and several processed pseudogenes in the human
triosephosphate isomerase gene family. Mol. Cell. Biol., 5:1694-1706,1985.

23. Snedecor, G. W., and Cochran, W. G. Statistical Methods, 6 Ed. Ames,
Iowa: Iowa State University Press, 1967.

24. Westin, E., Wong-Stall, F., Gelman, E. P., et al. Expression of cellular

879

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2430345/cr0470030874.pdf by guest on 19 M

ay 2023



PROTOONCOGENES IN AML

homologues of retroviral oncogenes in human hematopoietic cells. Proc.
Nati. Acad. Sci. USA, 79: 2490-2494, 1982.

25. Blick, M., Westin, E., Gutterman, J. et al. Oncogene expression in human
leukemia. Blood, 64:1234-1239, 1984.

26. McLain, K. L. Expression of oncogenes in human leukemias. Cancer Res.,
44: 5382-5389, 1984.

27. Preisler, H. D., Kinniburgh, A., Khan, S., WeiDong, G., and Yamauchi, K.
c-myc and c-fos expression in immature and mature myeloid cells (Abstract
860). Blood, Â«6(Suppl.1): 244, 1985.

28. Coppola, J. A., and Cole, M. D. Constitutive c-myc oncogene expression
blocks mouse erythroleukaemia cell differentiation but not commitment.
Nature (Lond.), 320:760-763, 1986.

29. Raza, A., and Preisler, H. Evidence of in vivodifferentiation from myeloblasts

to mature granulotyes in myeloid leukemias (Abstract). Blood, 66(Suppl. 1):
612, 1985.

30. Miller, A. D., Curran, T., and Verma, I. M. c-f<>\proteins can induce cellular
transformation: a novel mechanism of activation of cellular oncogene. Cell,
36:51-60, 1984.

31. Preisler, H., Anderson, K., Rai, K., Cuttner, J., and Yates, J. Comparison of
survival of patients with acute nonlymphocytic leukemia receiving mainte
nance chemotherapy or marrow transplantation in first remission (Abstract
C-691). Proc. Am. Soc. Clin. Oncol., 177, 1983.

32. Fearon, E. R., Burke, P. J., Schiffer, C. A., Zehnbauer, B. A., and Vogelstein,
B. Differentiation of leukemic cells to polymorphonuclear leukocytes in
patients with acute nonlymphocytic leukemia. N. Engl. J. Med.. 315:15-24,
1986.

880

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2430345/cr0470030874.pdf by guest on 19 M

ay 2023




