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Transcription of the c-myc gene is initiated from two principal promoters, P1 and P2. We demonstrate here
that a shift in promoter utilization occurred with time in human peripheral blood mononuclear cells (PBMC)
that had been stimulated to proliferate. The P1/P2 ratio reached a maximum of approximately 1.3 at 4 h after
phytohemagglutinin stimulation and a minimum of 0.31 at 48 h. Actinomycin decay experiments demonstrated
that both P1 and P2 transcripts had similar half-lives at early and late times after mitogen stimulation,
indicating that the shift in promoter utilization was probably not posttranscriptionally regulated. Addition of
interleukin-2 to previously activated PBMC increased c-myc mRNA, but unlike increases after mitogen
stimulation, the P1/P2 ratio stayed less than 0.5. Our findings demonstrated that there was a difference between
mitogen- and interleukin-2-stimulated increases in c-myc RNA in PBMC.

Abundant evidence implicates the c-myc gene in the
neoplastic process. The c-myc locus in many types of tumors
is altered by mechanisms which include gene amplification
(8, 12), retroviral promoter insertion (9, 26), and chromo-
somal translocation (1, 17, 35, 38). In addition, numerous
studies have indicated a role for the c-myc gene in normal
cell proliferation (18, 20, 29). Hence, there is considerable
interest in studying c-myc gene regulation and function.
The normal human c-myc gene has two principal promoter

sites, and transcription initiates from within the untranslated
first exon (2). The initiation sites are separated by 165 base
pairs (bp) with TATA sequences 24 bp upstream from the
first initiation site, termed promoter one (P1), and 35 bp
upstream from the second initiation site, termed promoter
two (P2) (40).
The high degree of evolutionary conservation is suggestive

of an important regulatory role for the dual promoter struc-
ture of the c-myc gene (4, 5). Other evidence that the two
promoters are involved in c-myc gene regulation derives
from studies of c-myc expression in Burkitt's lymphoma,
murine plasmacytomas, and lymphoblastic cell lines. A high
percentage of Burkitt's lymphoma cell lines have transloca-
tions between the c-myc locus and immunoglobulin loci.
Taub et al. (39) showed that, in some cases of Burkitt's
lymphoma cell lines in which the c-myc gene promoter
region remains intact after translocation, there is a signifi-
cant shift in promoter utilization compared with lympho-
blastic cell lines without a c-myc translocation, such that P1
is favored over P2. The P1 transcript is also increased
relative to P2 in murine plasmacytomas (35, 41) with
translocations which leave the c-myc promoter structure
intact and in thymic lymphomas (33). Other reports concern-
ing the increase or decrease of total c-myc mRNA in various
cell culture systems and tissues have indicated that promoter
utilization remains relatively unchanged, with the P2 tran-
script remaining predominant at all times (3, 20, 37). One
exception is murine cerebellar tissue during development.
Ruppert et al. (34) reported that the P1/P2 ratio decreases
from 0.66 prenatally to <0.1 in mature animals.

* Corresponding author.

Many reports have indicated that total c-myc mRNA
increases in normal lymphocytes within minutes after
mitogen stimulation (21, 29, 32) and in previously activated
normal lymphocytes after exogenous interleukin-2 (IL-2)
stimulation (15, 32). We decided to investigate whether there
is a difference between the c-myc mRNA increase after
mitogen compared with IL-2 stimulation by examining pro-
moter utilization of the c-myc gene after stimulation with
phytohemagglutinin P (PHA-P) and IL-2.
For lymphocytes, we used human peripheral blood mono-

nuclear cells (PBMC) since they are normal, quiescent,
nondividing cells when isolated fresh from whole blood (14).
Stimulation of PBMC with mitogens causes the cells to
increase expression of numerous genes besides c-myc, in-
cluding the IL-2 and IL-2 receptor genes (7, 22). Interaction
of IL-2 with the IL-2 receptor, which becomes maximal at
about 20 to 24 h after mitogen stimulation, is a pivotal event
required for the cells to progress to DNA synthesis at
approximately 36 h and cell division at 40 to 48 h (28). Other
events, including binding of transferrin to an induced recep-
tor, must also occur for progression of the cells to DNA
synthesis (25).
A representative autoradiograph showing temporal

expression of the two principal c-myc rmRNA transcripts in
PBMC after stimulation with PHA-P is shown in Fig. 1B.
Human PBMC were isolated and cultured with PHA-P as
described previously (32). At various times after stimulation,
total cellular RNA was isolated (32), and this RNA was
subjected to S1 nuclease analysis with a uniformly labeled
(23, 27) 610-bp DNA probe (Fig. 1A) spanning the two major
c-myc transcription initiation sites and most of the 5'
noncoding exon (a gift of K. Nishikura, Wistar Institute of
Anatomy and Biology, Philadelphia, Pa). The relative levels
of the c-myc transcripts were measured by densitometry
with compensation for the number of labeled nucleotides in
each protected probe fragment. The ratios of the P1 to P2
mRNA levels for the time points in Fig. 1B are listed below
each lane, and the mean ± the standard error of the mean for
multiple experiments is shown graphically in Fig. 1C.
The P1/P2 ratio averaged 0.90 before stimulation with

PHA-P (Fig. 1C). After stimulation, the average P1/P2 ratio
increased, reaching a maximum of 1.3 by 4 h. The P1
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FIG. 1. Relative use of the two principal c-myc promoters wit]
time in PBMC stimulated with PHA-P. PBMC were cultured at 1 >
106 to 2 x 106/ml in RPMI 1640 medium containing 10% heat
inactivated fetal calf serum and 1 ,ug of PHA-P per ml as describe(
previously (32). At the times listed, PBMC were harvested, and tota
cellular RNA was isolated and analyzed (20 jig per lane) for relativ,
levels of transcripts fromn the two principal c-myc promoters by S
nuclease analysis. (A) Diagram of the probe used in the Si analyses
the probe was a 610-bp SmaI-PvuII double-stranded DNA fragmen
with the strand complementary to the RNA uniformly labeled a
described by Ley et al. (23). The probe spanned the two c-my
transcription initiation sites indicated by the right-angle-bent arrow
adjacent to the two TATA sequences in the diagram. The expecte
Si nuclease-protected DNA products are illustrated in the diagram
These protected fragments, with lengths of 515 and 350 nucleotide
correspond to the distance from the PvuII site in the diagram to th
two transcription initiation sites as described previously (27). Th
hatched box in the diagram indicates exon 1 of c-myc. (B) Autoradi
ograph of the Si-resistant fragments at each time point. Densitom
etry tracings were performed for each lane, and the relative densit

P1/P2 0.07 0.36 1.2 0.58 0.30
FIG. 2. S1 nuclease analyses of control RNA samples for c-myc

promoter utilization. All Si analyses were as described in the legend
to Fig. 1. Si nuclease analyses of total cellular RNA from the human
promyelocytic leukemia cell line HL60 (12), the Epstein-Barr Virus-
transformed human myeloma cell line GM-1500 (10), and the
Epstein-Barr virus-negative Burkitt's lymphoma cell line BL2 (27)
are shown in the appropriately labeled lanes. Si nuclease analysis of
total cellular RNA from the human diploid lung fibroblast cell line
WI-38 are shown in a density-arrested, serum-starved state [labeled
WI-38(-)] and after 6 h of 15% fetal calf serum stimulation [labeled
WI-38(+)]. The lane labeled NO RNA is an Si nuclease analysis of
probe DNA with no test cellular RNA. The relative ratios of the two
principal transcripts were determined as described in the legend to
Fig. 1 and are listed under each lane in the row labeled P1/P2. The
numbers on the left indicate size in nucleotides.

predominance lasted until 8 to 16 h. The P1/P2 ratio then
decreased to a mean low of 0.31 at 48 h. Consistent with
previous reports (20, 32), the total c-myc mRNA levels had
decreased almost to prestimulation levels by 72 h.

Figure 2 shows controls which verify that our Si nuclease
analysis produced results consistent with previous reports.
The control lane using HL60 RNA showed a large predom-
inance of the P2 transcript as reported previously (3, 27).
Also consistent with previous reports were the P1/P2 ratios

2 measured in RNAs from the Epstein-Barr virus-negative
Burkitt's lymphoma cell line BL2 (11, 27) and the Epstein-

.h Barr virus-transformed immunoglobulin G-producing human
x myeloma cell line GM-1500 (10). The Burkitt's lymphoma

cell line BL2 had a P1/P2 ratio of 1.2, which corresponded to
d the 0.9 to 1.3 P1/P2 ratios identified in similar Burkitt's
ae lymphoma cell lines by Taub et al. (39), and this ratio was

approximately the same as the maximum Pl/P2 ratio in
s; PBMC after PHA-P stimulation. In contrast, the GM1500
it cell line had a P1/P2 ratio of 0.36, which corresponded
Is approximately to the 0.21 to 0.26 ratios reported by Taub et
C
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of the 515-base (b.) transcript (P1 initiated) to the 350-base transcript
(P2 initiated) is expressed as the ratio P1/P2 below each respective
lane. In all cases, corrections were made for the amount of radio-
activity incorporated as a function of the size of the protected
fragment. (C) Graph of the mean (+ the standard error of the mean)
P1/P2 ratios from replicate experiments, as determined by scanning
densitometry.
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4 Hour Post PHA-P al. (39) in lymphoblastic cell lines and was approximately the
A Minutes 0 10 20 30 60 same as the minimum P1/P2 ratio in PBMC after PHA-P

stimulation.
Six hours after serum stimulation, the nontransformed

610 (probe) human diploid lung fibroblast cell line W138 showed anincrease in c-myc levels from that in a density-arrested,
515 (P1) M _ dt serum-starved, quiescent state. This increase in c-myc levels

was not accompanied by an increase in the P1/P2 ratio,
consistent with other reports concerning fibroblasts (6, 20).
In fact, the P1/P2 ratio dropped from 0.58 to 0.30 in the WI38
cells after serum stimulation. Therefore, examination of

350 (P2) _lww;- c-myc promoter utilization with serum stimulation of fibro-
blasts and mitogen stimulation of lymphocytes provided
evidence that there was a marked difference between lym-
phocyte c-myc gene expression with mitogenic stimulation

P1/P2 1.4 1.6 1.5 1.7 1.4 and fibroblast c-myc gene expression with serum stimula-tion.
Under certain conditions, regulation of c-myc gene

48 Hour Post PHA-P expression occurs, at least in part, at the level of mRNA
Minutes 0 10 20 30 45 60 stability (13, 30). To determine whether the difference in

promoter utilization occurred at the level ofmRNA stability,
we examined the rate of decay of each transcript after
actinomycin D treatment of cultures with either high or low

610 (probe) P1/P2 ratios. Figure 3 shows autoradiographs and a graph of
515 (P1) - densitometry measurements for the decay time course of

c-myc transcripts in PBMC at 4 or 48 h after stimulation with
PHA-P. At 4 h after stimulation, the P1/P2 ratio was 1.4, and
it remained unchanged as both transcripts decayed with a
half-life of approximately 17 min after treatment with 5 ,ug of

350 (P2) -g ^@actinomycin D (Sigma Chemical Co.) per ml. When the
P1/P2 ratio was 0.29 at 48 h after PHA-P stimulation, the
half-lives of the two transcripts were again not statistically
different (P < 0.01); both transcripts decayed with a half-life

P1/P2 0.29 0.26 0.27 0.36 .050 0.44 ofapxitey3m.Earlier reports (15, 31, 32) indicated that exogenous IL-2
100 augmented c-myc mRNA levels in PBMC previously acti-

vated with PHA-P. To determine whether there is a differ-
B 80 * ence between mitogen- and IL-2-induced increases in c-myc

Ns \ mRNA, we examined the effect of exogenous IL-2 stimula-
60 - tion on c-myc gene promoter utilization in PHA-P-activated
LAN . A 5 PBMC. The maximum effect of 100 U of recombinant human

IL-2 (rIL-2; a gift of Cetus Corp., Emeryville, Calif.) per ml
-M 40 \ \2<von total c-myc RNA levels occurred at 3 to 4 days after initial

PHA-P stimulation (data not shown). This time dependence
:0* \ a of IL-2-induced total c-myc mRNA accumulation may be

N) |7 \ explained by previous reports concerning the kinetics of
N|\X 30 Q c-myc mRNA accumulation versus IL-2 receptor expression

20HF \ \%Jn in PHA-P-activated PBMC (22, 31). Earlier than 2 to 3 days,0

the c-myc RNA levels present from the initial PHA-P stim-
Â ulation overshadowed the effect of exogenous rIL-2, and at

times later than 4 days, the effect of exogenous IL-2 dimin-
ished, probably because of the decrease in IL-2 receptors.

0 Figure 4 shows the differential effect of PHA-P and
0 10 20 30 40 50 60 exogenous rIL-2 on c-myc promoter utilization in freshly

Time (minutes) isolated PBMC and PBMC that were in culture for 4 days
after PHA stimulation. Stimulation of freshly isolated PBMC

FIG. 3. Relative survival of the two principal c-myc transcripts
following actinomycin D treatment of cells. (A) PBMC were cul-
tured for 4 or 48 h, as indicated, with PHA-P, 5 ,ug of actinomycin Densitometric values were normalized to 100% at 0 min for each
D per ml was added to the cultures, and total cellular RNA was transcript, and the data were plotted on a semilog graph. The lines
isolated at 0 to 60 min after addition of actinomycin D. These RNA of best fit were determined by ordinary least-squares regression,
samples were analyzed for c-myc promoter utilization, and the omitting the 0-min time point to account for the fact that actinomy-
results were labeled with the number of minutes after the addition of cin D does not act instantaneously upon addition. Simultaneous
actinomycin D. The decay of the two principal c-myc transcripts tests for slope and intercept indicated that the regression lines were
was quantified by densitometry. The relative ratios of the two significantly different (P < 0.01). Symbols: 0, P1 transcript at 4 h
principal transcripts are listed below the lanes, in the rows labeled post-PHA-P; *, P2 transcript at 4 h post-PHA-P; A, P1 transcript at
P1/P2. The numbers on the left indicate size in nucleotides. (B) 48 h post-PHA-P; A, P2 transcript at 48 h post-PHA-P.
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with rIL-2 for 4 h without PHA-P prestimulation showed no
appreciable increase in c-myc mRNA from either principal
initiation site, consistent with the absence of IL-2 receptors
on these cells. PHA-P stimulation for 4 h showed the usual
dramatic increase in c-myc mRNA with a predominance of
the P1 over the P2 transcript. In contrast, rIL-2 stimulation
of PBMC 4 days after initial PHA-P stimulation (to induce
IL-2 receptors) resulted in an appreciable increase in total
c-myc mRNA. PHA-P restimulation of the PBMC 4 days
after initial PHA-P stimulation caused an even greater in-
crease in total c-myc mRNA than that caused by exogenous
rIL-2. Both PHA-P- and rIL-2-induced increases in c-myc
total RNA reached maximal levels 2 to 4 h after stimulation
(data not shown). However, whereas the P1/P2 ratio was
0.71 after 4 h of PHA-P restimulation, it was 0.23 after
stimulation of previously activated PBMC with exogenous
rIL-2. This ratio difference indicated that the maximum
IL-2-stimulated increase in c-myc RNA is not associated
with as high a P1/P2 ratio as the maximum PHA-P-stimulated
increase. By 24 h after PHA-P restimulation, the P1/P2 ratio
had fallen to 0.39, a 45% drop, which is similar to that
observed between 4 and 24 h after initial PHA-P stimulation
of the PBMC. Therefore, the shift in promoter utilization
after mitogen stimulation occurred in previously activated,
as well as freshly isolated, PBMC.

Maintaining PBMC in culture after mitogen stimulation
results in expansion of T cells (36). Freshly isolated PBMC
were 70 to 90% OKT11 positive, as determined by fluores-
cence-activated cell sorter analysis of the cells after immu-
nofluorescence staining with anti-OKT11 (Ortho Diagnostic
Systems, Raritan, N.J.). After 4 days in culture, the cells
were over 95% OKT11 positive. Since mitogen stimulation of
both freshly isolated and 4-day-cultured lymphoblasts
showed similar shifts in promoter utilization, the shift prob-
ably occurred in the T lymphocytes. We also tested a
T-cell-enriched population of freshly isolated PBMC and
found a similar shift in promoter utilization after PHA-P

A B C D E F G

610 (probe)

4.

515 (P1)

350 (P2)
_~..I__ _

P1/P2 0.90 1.3 0.95 0.230.230.71 0.39
FIG. 4. Relative use of the two principal c-myc promoters in

PBMC stimulated with IL-2 and PHA-P. Si nuclease analysis for
c-myc promoter utilization was performed on RNA samples from
the following cells (lanes): A, PBMC; B, PBMC after 4 h of PHA-P
stimulation; C, PBMC after 4 h of stimulation with rIL2. For lanes
D through G, PBMC were cultured in PHA-P for 72 h to induce IL-2
responsiveness and then replated in medium free of mitogens and
IL-2 for 18 h. S1 nuclease analyses for c-myc promoter utilization
was then performed on RNAs isolated from the cells with the
following additional treatments (lanes): D, no addition; E, rIL-2 for
4 h; F, PHA-P for 4 h; G, PHA-P for 24 h. The relative ratios of the
two transcripts are listed under each lane in the row labeled P1/P2.
The numbers on the left indicate size in nucleotides.

Hours 0 4 24

610 (probe)

515 (P1) -

350 (P2) 4 _ b

P1/P2 .84 1.2 .43

FIG. 5. Relative use of the two c-myc promoters in T-cell-
enriched PBMC after PHA-P stimulation. PBMC were enriched for
OKT11-positive cells by rosetting with neuraminidase-treated sheep
erythrocytes followed by Ficoll-Hypaque separation. These en-
riched cells were stimulated with PHA-P, and total cellular RNA
was analyzed for c-myc promoter utilization as described in the
legend to Fig. 1. The lanes labeled 0, 4, and 24 h refer to duration of
PHA-P stimulation. The relative ratios of the two principal tran-
scripts were determined as described in the legend to Fig. 1 and
listed under each lane in the row labeled P1/P2. The numbers on the
left indicate size in nucleotides.

stimulation. Neuraminidase-treated sheep erythrocyte roset-
ting of PBMC followed by Ficoll-Hypaque separation by the
method of Moretta et al. (24) enriched the OKT11-positive
cells to 90%. Figure 5 shows the results of S1 nuclease
analysis for c-myc promoter utilization at 0, 4, and 24 h after
PHA-P stimulation of T-cell-enriched PBMC by sheep eryth-
rocyte rosetting. There was a 64% drop in the P1/P2 ratio
from 1.2 at 4 h to 0.43 at 24 h. Therefore, populations of
PBMC enriched for T cells by 4 days of culturing or by sheep
erythrocyte rosetting still demonstrated a shift in c-myc
promoter utilization after mitogen stimulation.
Our data suggest a possible role for IL-2 in mediating the

shift in promoter utilization in mitogen-stimulated PBMC.
There are two lines of correlative evidence implicating IL-2
in this role. (i) The decrease in the P1/P2 ratio after mitogen
stimulation ofPBMC begins by approximately 8 to 16 h, with
a nadir at 48 to 72 h. This time course corresponds with the
time course of endogenous IL-2 interacting with its induced
receptor (16, 19, 22). (ii) Unlike the PHA-P-stimulated
increase in c-myc RNA, the P1/P2 ratio stays less than 0.5
after exogenous IL-2 stimulation of preactivated PBMC.
This P1/P2 ratio corresponds with the ratio present in PBMC
at the time of maximum interaction between endogenous
IL-2 and its induced receptor.
The observed differences in c-myc promoter utilization

after mitogen stimulation compared with IL-2 stimulation of
lymphocytes indicate that these stimuli may activate c-myc
transcription through different mechanisms. These mecha-
nisms could involve differential activation of the two c-myc
promoters.
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