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Expression of c-myc Proto-Oncogene in Normal Human Lymphocytes
Regulation by Transcriptional and Posttranscriptional Mechanisms

John C. Reed, James D. Alpers, and Peter C. Nowell
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Abstract

Aberrant expression of the c-myc gene results from nonrandom
chromosomal translocations involving the transcriptionally active
antigen receptor gene loci, in particular lymphocytic leukemias
and lymphomas, and is believed to contribute to the etiology of
these neoplasms. In addition to its expression in abnormal lym-

phocytes, increased accumulation of c-myc mRNAoccurs rapidly
in normal B- and T-lymphocytes after stimulation with appro-

priate mitogens. The mechanisms that mediate these mitogen-
induced elevations in c-myc mRNAlevels, however, have not
been determined for normal B and T cells. By using enriched
populations of B- and T-lymphocytes obtained from freshly iso-
lated human tonsils and stimulated with Staphylococcus-A or

with phytohemagglutinin, respectively, we observed marked ele-
vations (20-40-fold) in the steady state levels of accumulated c-

myc messenger RNA(mRNA) within I h of exposure of cells
to mitogens; modest increases (three- to fivefold) in the relative
rate of transcription of the c-myc gene through protein synthesis-
independent (cycloheximide-insensitive) mechanisms; and rapid
rates of degradation of mature c-myc mRNAsthrough pro-

tein synthesis-dependent (cycloheximide-sensitive) mechanisms.
These findings corroborate previous studies in other cell types
and provide evidence for both transcriptional and posttranscrip-
tional control of c-myc proto-oncogene expression in normal hu-
man lymphocytes.

Introduction

The c-myc proto-oncogene encodes a 65-68-kd (kilodalton)
phosphoprotein that resides in the nucleus of cells and, at least
in vitro, binds DNAwith high affinity (1). High levels of con-

stitutive expression of this gene have been observed in lymphoid
neoplasms as a result of chromosomal translocations involving
immunoglobulin gene loci in human and murine B cell tumors
(Burkitt's lymphoma, murine plasmacytomas) (2); translocations
involving T cell antigen receptor genes in occasional cases of
acute T-lymphocytic leukemia in humans (3); and retrovirus-
mediated promoter/enhancer insertion mechanisms in avian
leukosis virus-induced B cell tumors and in Moloney murine
leukemia virus-induced murine T cell neoplasms (4, 5). More
rarely, increased expression of the c-myc proto-oncogene can

occur in nonlymphoid neoplasms because of gene amplification,
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as in HL60 acute promonomyelocytic human cells, in a polyoma
virus-transformed osteosarcoma and in some Abelson leukemia
virus-transformed murine National Institutes of Health (NIH)
3T3 fibroblast cell lines (6-8). In the majority of cases, no al-
terations in the coding sequences of the c-myc gene have been
detected, thus providing at least correlative evidence that dereg-
ulated production of the normal c-myc gene product contributes
to the etiology of these neoplasms.

In addition to constitutive expression in particular leukemias
and lymphomas, transient and inducible expression of the c-
myc proto-oncogene occurs in several types of normal cells when
stimulated to proliferate. Typically, levels of c-myc messenger
RNA(mRNA) rise rapidly, peaking within 1-3 h, then gradually
decline, and return to baseline 1-2 d later in normal cells. This
time course of c-myc gene expression has been observed in B-
lymphocytes stimulated with lipopolysaccharide (LPS) or anti-
immunoglobulin antibodies (9, 10), resting T-lymphocytes
stimulated with mitogenic lectins (9, 11), activated T cells treated
with interleukin 2 (IL-2, T cell growth factor) (12), quiescent
fibroblasts induced to proliferate with serum (9), and hepatocytes
after partial hepatectomy (13). These findings have suggested
that expression of the c-myc gene plays a role in normal cellular
proliferation. Indeed, gene transfer experiments in fibroblasts
(NIH 3T3 cells) have shown that c-myc can reduce the require-
ment for platelet-derived growth factor for proliferation (14),
and microinjection studies have similarly shown that c-myc pro-
tein can render these cells "competent" to respond to progression
factors present in platelet-poor plasma (15). The c-myc proto-
oncogene product thus may serve some important function dur-
ing early stages of normal cellular growth. However, a role for
c-myc during later phases of the cell cycle has also been suggested
by a recent report demonstrating that microinjection of c-myc
protein can modulate DNApolymerase activity and is required
for DNAsynthesis in isolated nuclei (16).

Given the above evidence that c-myc may participate in the
regulation of normal and abnormal cellular growth, it is im-
portant to understand the mechanisms that control the expres-
sion of this proto-oncogene. Despite extensive investigations in
a variety of normal and neoplastic cells, the fundamental aspects
of the regulation of c-myc gene expression remain undetermined
for normal T- and B-lymphocytes: the cellular lineages wherein
alterations in c-myc expression have most clearly been associated
with human carcinogenesis. For this reason, we have investigated
the regulation of c-myc mRNAlevels in mitogen-stimulated T
and B cells at the levels of transcription, steady state mRNA
accumulation, and degradation. The findings begin to delineate
the mechanisms controlling expression of the c-myc proto-on-
cogene in human lymphocytes.

Methods

Preparation of cells. Lymphocytes were isolated from freshly obtained
human tonsils essentially as described (17). In brief, immediately after
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routine tonsillectomy, tonsillar tissue was placed into Hanks' balanced
salt solution under sterile conditions and subsequently passed through
a sieve to disperse the cells. Mononuclear cells were then purified by
Ficoll-Hypaque density centrifugation and the resultant cells were en-
riched for B- or T-lymphocytes by two sequential rosettings with neur-
aminidase-treated sheep erythrocytes. After an overnight adherence step
to remove residual contaminating monocyte/macrophage cells, enriched
populations of B- (nonrosetted) and T- (rosetted) lymphocytes were an-
alyzed by immunofluorescence assay (18) using OKB7 (B cell) and
OKT 1 I (T cell) monoclonal antibodies (Ortho Diagnostics Systems Inc.,
Johnson & Johnson, Raritan, NJ). Purity of B and T cell preparations
was routinely > 90%, with > 95% viability as determined by trypan blue
dye exclusion.

Culture conditions. Enriched populations of B- and T-lymphocytes
were cultured at 370C in 5%C02-95% air in RPMI 1640 medium (106
viable cells/ml) containing 10%vol/vol heat-inactivated fetal calf serum,
50 U/ml penicillin, 100 ,gg/ml streptomycin, 1.0% vol/vol mycostatin
suspension (Gibco, Grand Island, NY), and 2.0 mMglutamine. Replicate
cultures of lymphocytes were incubated with 0.1% (vol/vol) Staphylo-
coccus aureus Cowan I strain (SAC)' (Pansorbin; Calbiochem-Behring
Corp., LaJolla, CA) 0.1% vol/vol phytohemagglutinin-P (PHA-P) (Difco
Laboratories Inc., Detroit, MI), 10 ng/ml phorbol myristic acetate (PMA)
(Chemicals for Cancer Research, Inc., Chanhassen, MN), 15-20 jsg cy-
cloheximide (CHX) (Sigma Chemical Co., St. Louis, MO), 5 Mg/ml ac-
tinomycin D (Sigma Chemical Co.), or various combinations of these
reagents. After various times, cells were recovered from cultures by cen-
trifugation for RNAisolation and nuclear transcription assays.

Lymphocyte proliferation assay. Lymphocyte proliferation was in-
directly assessed by measuring relative levels of DNAsynthesis as de-
scribed previously (18). Briefly, 200 Ml aliquots of lymphocyte cultures
were added in triplicate to 96-well flat-bottom microtiter plates (Linbro,
Flow Laboratories, Hamden, CT; Costar, Data Packaging Corp., Cam-
bridge, MA). 8 h before termination of cultures, wells were pulsed with
0.5 uCi of [3H]thymidine (New England Nuclear, Boston, MA; sp act
5-10 Ci/mmol) and harvested onto fiberglass filters. Dried filters were
counted in a liquid scintillation counter and the data expressed as mean
counts per minute of triplicate cultures.

RNA blot analysis. Relative levels of accumulated mRNAswere
measured by Northern blot analysis exactly as described (1 1, 12). Briefly,
total cellular RNAwas isolated from lymphocytes by a guanidium iso-
thiocyanate method with cesium chloride modification, and equal
amounts of RNA(10 Mg/lane) were size-fractionated by electrophoresis
through formaldehyde-containing 1%agarose gels. Before transfer to ny-
lon membranes (Gene Screen Plus, DuPont Co., Diagnostic & Bio-
Research Systems, Wilmington, DE), ethiudium-stained gels were vi-
sualized under ultraviolet illumination to determine the positions of 28S
and 18S ribosomal RNA(rRNA) bands, to assess integrity of RNA, and
to verify equal amounts of RNAwere loaded. Membranes were then
hybridized under high-stringency conditions (50% formamide, I MNaCI;
42°C) with various 32P-labeled DNAprobes (- 109 cpm/ug) including
pRYC7.4 (human c-myc), He7 control probe (pHe7), and pAl (chicken
fl-actin) (19-21). After 24 h, membranes were washed as described pre-
viously (final washes in 15 mMNaCl, 1.5 mMsodium citrate, and 0.1%
sodium dodecyl sulfate [SDS] at 50°C) and exposed to Kodak XARfilm
at -70°C with intensifying screens. Relative intensities of bands on au-
toradiograms were quantified by scanning densitometry using an ultrascan
(LKB Instruments, Inc., Gaithersburg, MD).

Nuclear transcription assays. Measurements of relative rates of c-
myc gene transcription were conducted by nuclear transcription ("run
off") assays essentially as described (22). After stimulation of lymphocytes
for various times, nuclei were isolated by incubating cells for 5 min on
ice in lysing solution (0.3 Msucrose, 60 mMKC1, 15 mMHepes [pH

1. Abbreviations used in this paper: CHX, cycloheximide; PHA-P, phy-
tohemagglutinin-P; pHe7, 32P-labeled He7 control probe; SAC, Staph-
ylococcus aureus Cowan strain I; UTP, uridine triphosphate.

7.5],2 mMEDTA, 0.5 mMEGTA, 0.15 mMspermine, 0.5 mMsper-
midine, and 14 mM2-mercaptoethanol) containing 0.5% Nonidet Plu-
ronic 40 detergent and then layering the lysate onto a cushion of 30%
sucrose (same as lysing solution except for adjustment of sucrose con-
centration) for centrifugation at 3,000 rpm for 10 min. The resultant
nuclei pellets were resuspended in storage buffer (50% glycerol, 20 mM
Tris [pH 7.9], 75 mMNaCi, 0.5 mMEDTA, 0.85 mMdithiothreitol
(DTT) 0.125 mMpara-methysulfonic acid, and 100 U/mi RNasin [Pro-
mega Biotec, Madison, WI]) and were frozen at -70'C.

Transcription reactions were conducted at 26-280C with 25 X 106_
50 X 106 freshly thawed nuclei resuspended in 100 M1 of a solution con-
taining 0.3 M(NH4)2SO4, 100 mMTris (pH 7.9), 4 mMMgCl2, 4 mM
MnCl2, 0.2 MNaCI, 0.4 mMEDTA, 0.1 mMpara-methysulfonic acid,
1.2 mMDTT, 10 mMcreatine phosphate, 20 U/ml RNasin, 1 mMeach
of GTP, ATP, and CTP(Boeringer Manneheim Diagnostics, Inc., Hous-
ton, TX), 29% glycerol, and [a-32PI uridine triphosphate (UTP) (> 600
Ci/mM; New England Nuclear). After 25-30 min (the minimum time
necessary for sufficient incorporation of ['2P]UTP into c-myc transcripts
for detection), reactions were stopped by two sequential 10 min incu-
bations with 100 Mg/ml DNase I (RNase-free; Bethesda Research Lab-
oratories, Gaithersburg, MD).

After adjustment to 10 mMTris (pH 7.9), 10 mMEDTA, 0.5% SDS,
incubation for 30 min at 42°C with 200 ,ug/ml proteinase K (Bethesda
Research Laboratories), and extraction twice with (1:1) chloroform/phe-
nol, samples were passed through 1-ml Sephadex G50 columns (Phar-
macia Fine Chemicals, Div. of Pharmacia Inc., Piscataway, NJ), treated
for 20 min on ice with 0.2 MNaOH, neutralized with 1 MHepes, and
ethanol-precipitated in the presence of 1 mMUTP. The resultant pre-
cipitates were washed in 80% ethanol, dried, and resuspended in hy-
bridization solution (50 mMHepes [pH 7.0], 0.75 MNaCl, 50% [vol/
vol] formamide, 0.5% SDS, 2 mMEDTA, 0.2% Ficoll, 0.2% polyvinyl-
pyrrolidone, 0.2% bovine serum albumin, 20 Mg/ml polyadenylate
[Pharmacia Fine Chemicals, Div. of Pharmacia Inc.], and 500 Mg/ml
denatured salmon sperm DNA). Subjecting an aliquot of samples to
agarose gel electrophoresis verified the absence of contaminating DNA
in these preparations.

Volumes of transcription reaction products containing equal amounts
of radioactivity (based on scintillation counting of an aliquot) were then
brought to 3 ml in hybridization solution, heated at 80°C for 7 min,
cooled on ice for 1 min, and incubated at 42°C with prehybridized ni-
trocellulose filters into which various linearized plasmid DNAs (2.7 Mg
pRYC7.4 [human c-myc], 5.5 gg pHe7 [positive control], 5.5 ug pBR322
[negative control] [23], and 1.8 Mg Al [28S rRNA] [24]) had been im-
mobilized with the use of a slot-blot apparatus (Bethesda Research Lab-
oratories) in amounts equivalent to 0.4 Mg of insert DNA(Preliminary
experiments indicated that these amounts of DNAwere in excess of
['2P]RNA derived from these transcription reactions.). After hybridization
for 2-3 d, filters were washed three times for 20 min in 2X standard
saline citrate (SSC) (300 mMNaCl, 30 mMsodium citrate) and 0.1%
SDSat room temperature, followed by two washes for 30 min in 0.1 X
SSC and 0.1% SDS at 50°C. Filters were then dried and exposed to
Kodak XARfilm with intensifying screens at -70°C for 1 wk.

Quantification of the data was performed by scanning densitometry
wherein background hybridization to pBR322 was subtracted from all
values and then the data corrected for slight inequalities in the amounts
of [12P]RNA added to filters by normalization relative to the 28S rRNA
signal. Rates of c-myc gene transcription were then calculated relative
to a constitutively transcribed control gene (He7) by dividing the corrected
c-myc value by the corrected He7 value.

Results

Time courses of c-myc mRNAaccumulation in mitogen-stimu-
lated B- and T-lymphocytes. For investigating the regulation of
c-myc gene expression in normal lymphocytes, we first deter-
mined the steady state levels of accumulated c-myc mRNAby
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standard Northern blot analysis (1 1, 12) in mitogen-stimulated
B- and T-lymphocytes. For these experiments, we obtained lym-
phocytes from freshly isolated human tonsils and enriched for
either B or T cells by standard techniques. Maximal proliferation
of these lymphocytes (determined in preliminary experiments)
was then induced by culturing B and T cells, respectively, with
10 ng/ml PMA(a phorbol ester) and either 0.1% (vol/vol) for-
malin-fixed SAC (a B cell-specific mitogen) or 0.1% (Vol/vol)
PHA-P (a relatively T cell-specific mitogen). Total cellular RNA
was isolated from B and T cells at various times (0, 1, 8, 24, or
48 h) after stimulation. Because levels of rRNA increase after
mitogenic stimulation of lymphocytes (25), we compared equal
amounts of total RNA (10 gg/lane) rather than RNA from
equivalent numbers of cells. The small amounts of RNApresent
in these freshly isolated lymphocytes (- 0.2 ug total RNAper
106 resting cells) precluded routine use of purified polyadenylated
mRNA.

As shown in Fig. 1 (top and middle), stimulation of either
B cells with SAC and PMAor T cells with PHA-P and PMA
produced similar time courses of c-myc mRNAaccumulation.
In both cases, steady state levels of a 12.4-kb (kilobase) c-myc
mRNArose typically 20-fold (range 10-40-fold, based on scan-
ning densitometry) within 1-6 h after stimulation, then gradually
declined, reaching baseline unstimulated levels by - 48 h. Elut-
ing [32P]c-myc probe from this RNAblot and rehybridizing with
a control probe pHe7 demonstrated the specificity of the mi-
togen-induced changes in c-myc mRNAlevels and verified
equivalent loading and transfer of RNAs for each sample.

Several other mRNAswere examined as controls, including
those for ,B-actin, phosphoglycerate kinase, and class I human
leukocyte antigen, but none of these was maintained at levels
as constant as He7. (These mRNAstypically underwent gradual
and transient three to fivefold increases in their steady state levels
after stimulation with mitogens.) Thus He7 was used as a control
for many of the experiments described herein.

Comparison of the time course of c-myc mRNAaccumu-
lation with that of DNAsynthesis (Fig. 1, bottom) in mitogen-
stimulated lymphocytes revealed that steady state levels of ac-
cumulated c-myc mRNApeaked 1 d before the onset of DNA
synthesis and declined toward baseline coincident with maximal
DNAsynthesis in these cultures. These results thus agree well
with previous reports in lymphocytes and other types of cells
(9-13).

Regulation of c-myc mRNAdegradation in normal B- and
T-lymphocytes. As a first step towards delineating the mecha-
nisms that account for the changes in steady state levels of ac-
cumulated c-myc mRNAobserved in mitogen-stimulated lym-
phocytes, we determined the rate of degradation of c-myc mRNA
in the presence and absence of the protein synthesis inhibitor
CHX. Previous reports have demonstrated that treatment of
resting lymphocytes with CHXresults in increased accumulation
of c-myc mRNA(9, 11, 12). This finding has been taken as
putative evidence for a labile protein (or proteins) that negatively
regulates the accumulation of c-myc mRNA.

Further evidence that labile proteins contribute to the reg-
ulation of c-myc mRNAlevels in normal B and T cells is pro-
vided by the data in Fig. 2 A. As shown, addition of 15-20 ,Ag/
ml CHX(sufficient to diminish [35S]methionine incorporation
by 2 95%) to cultures of enriched B or T cells produced marked
increases in the levels of c-myc mRNA.Though cells were treated
for 6-8 h with CHXin the experiment, the results of which are
shown in Fig. 2 A, increased accumulation of c-myc mRNAwas
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Figure 1. Course of time for c-myc mRNAaccumulation in mitogen-
stimulated normal human lymphocytes. Enriched populations of B
cells and T cells were stimulated with 10 ng/ml PMAand either 0.1%
SACor 0.1% PHA-P, respectively, for either 0, 1, 8, 24, or 48 h before
isolating total cellular RNAand determining relative levels of c-myc
or He7 (control) mRNAsas described (1 1, 12). The top figures show
typical data wherein an RNAblot was first hybridized with [32P]c-myc
probe (pRYC7.4) before eluting probe from the filter (1 h incubation
in 10 mMTris [pH 7.4] and 0.2% SDSat 850C) and rehybridizing
with pHe7. Autoradiograms represent overnight exposures at -70'C
using Kodak XARfilm with intensifying screens. Differences in the
scales of the autoradiograms shown here for c- myc and for He7
mRNAswere created during photographing of original data that were
derived from the same RNAblot. Data from autoradiograms (top)
were quantified by scanning densitometry (middle) and the relative
levels of c-myc (.) and He7 (o) mRNAsexpressed relative to unstimu-
lated cells (time 0 h). Note the difference of scale for the abscissae for
B and T cell data. Though mitogen-stimulated B cells accumulated
higher levels of c-myc mRNAthan T cells in the particular experi-
ment shown, this was not a general finding. For the data in the bot-
tom figures, enriched populations of B and T cells were cultured as de-
scribed above at 2 X 10' cells per flat-bottom microtiter well and 8 h
before termination of 1, 2, or 3 d cultures, 0.5 ,Ci of [3H]thymidine
was added to individual wells, and relative levels of DNAsynthesis
were determined by scintillation counting. Data points represent
means of triplicate samples (standard deviations . 15% of means).

detectable within 1 h after blocking protein synthesis in resting
lymphocytes with CHX(not shown).

To determine the rate of c-myc mRNAdegradation in mi-
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Figure 2. Degradation rate of c-myc mRNAin mitogen-stimulated
lymphocytes. (A) enriched populations of tonsillar B and T cells were

treated (+) or not treated (-) for 6-8 h with 15-20 Ag/ml of CHXbe-
fore isolating total cellular RNA(10 ag/lane) and measuring relative
levels of accumulated c-myc mRNAby RNAblot analysis (11, 12).
Rehybridization of these blots with pHe7 probe verified equivalent
amnounts of RNAin all lanes (not shown). (B) B (left) and T (right)
cells were stimulated for 8 h with 10 ng/ml PMAand either 0.1% SAC
or 0.1% PHA-P, respectively, before adding 5 gg/ml actinomycin D
and harvesting RNAfrom aliquots of cells 0, 45, or 90 min later. Du-
plicate cultures were treated (+) or not treated (-) with 15-20 Ag/ml
CHX0.5 h before addition of actinomycin D. Cell viability was rou-

tinely 2.90% for all culture conditions. Some lanes in autoradiograms
from RNAblot analysis were reordered for clarity of presentation. (C)
Scanning densitometry quantification of data shown in (B) are repre-

sented. In addition to c-myc, data are also shown for jl-actin mRNA
wherein the RNAblot in (B) was incubated in 0.2% SDSand 10 mM
Tris (pH 7.4) at 850C for 1 h to elute [32P]pRYC7.4 probe before re-

hybridizing with [32P]pAl (P-actin) DNA. Densitometry data are ex-

pressed as a percentage of 0 h mRNAlevels for lymphocytes treated
(o) or not treated (.) with CHX.

isolated from aliquots of cells at various times thereafter (0, 45,
and 90 min; see Figs. 2 B and C). Determination of the relative
levels of c-myc mRNAbefore and at various times after acti-
nomycin D, allowed us to estimate the rate of degradation of
mature c-myc messages. Where indicated in Fig. 2, CHXwas
added to cultures of mitogen-stimulated lymphocytes 0.5 h before
treatment with actinomycin D.

As demonstrated in Figs. 2 B and C, steady state levels of c-
myc mRNAdeclined rapidly upon inhibition of further RNA
synthesis in mitogen-stimulated B and T cells. The t1/2 of c-myc

mRNAunder these conditions was estimated at - 45 min for
both B and T cells. Addition of CHXto cultures markedly pro-
longed the t1/2 of mature c-myc mRNAby two- to fourfold (t1/2
was 150 min by extrapolation). In contrast to c-myc mRNA,

levels of f3-actin mRNA(examined here as a control) declined
more slowly after treatment of cells with actinomycin D and
were influenced to a lesser extent by CHXthroughout the course

of these experiments (Fig. 2 C).

The data in Fig. 2 indicate that c-myc mRNAundergoes
rapid turnover in mitogen-stimulated lymphocytes and provide
presumptive evidence that CHX augments levels of c-myc

mRNA, at least in part, by diminishing its rate of degradation.
Though CHXmay have some nonspecific stabilizing effects on

mRNAt1/2 (see actin data on Fig. 2 Cand [26]), this seems an
inadequate explanation for the marked increase in the t1/2 of
c-myc mRNAin CHX-treated cells.

Analysis of c-myc gene transcription in mitogen-stimulated
B- and T-lymphocytes. Because steady state levels of accumulated
mRNAreflect the net of RNAsynthesis and RNAdegradation,
we next examined directly relative rates of c-myc gene transcrip-
tion with the use of nuclear (run off) transcription assays (22).
For these experiments (Fig. 3), nuclei were isolated from B and
T cells after treatment with mitogens, CHX, or various com-

binations of these reagents, and nascent transcripts were elon-
gated in vitro in the presence of [32P]TTP. The resultant 32p-
transcripts were then hybridized to nitrocellulose filters onto
which various plasmid DNAs(pRYC7.4 [human c-myc], pHe7,
Al [28S rRNA]) has been immobilized by using a slot-blot ap-

paratus.
Fig. 3 shows transcription data derived from B and T cflls

stimulated for 0, 1, 6, or 24 h with appropriate mitogens before
isolation of nuclei. As shown, transcription of the c-myc gene

was barely detectable in resting lymphocytes. After treatment
with mitogens, relative rates of c-myc transcription increased
approximately threefold, becoming maximal between 1 and 6
h and declining toward baseline levels by 24 h. Unlike experi-
ments that measured steady state levels of mRNA(Fig. 2), CHX
had little effect on the rate of c-myc gene transcription in mitogen-
stimulated lymphocytes (Fig. 3) and in resting lymphocytes (not
shown). Thus, the CHX-sensitive mechanisms that regulate levels
of c-myc mRNAin normal lymphocytes appear to operate post-
transcriptionally.

Discussion

togen-stimulated B and T cells in the presence or absence of
CHX, we first stimulated lymphocytes with appropriate mitogens
for several hours, thereby inducing accumulation of c-myc

mRNA.Actinomycin Dwas then added at concentrations suf-
ficient to block all further RNA synthesis (determined by
[13HUTP incorporation; not shown) and RNAwas subsequently
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Here we have investigated the fundamental mechanisms that
regulate the levels of c-myc mRNAin normal human B- and
T-lymphocytes. Given that steady state levels of c-myc mRNA
rose 20-40-fold in mitogen-stimulated lymphocytes (Fig. 1),
whereas relative rates of c-myc transcription increased only about
threefold (Fig. 3), our findings corroborate previous reports sug-
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Figure 3. Relative rates of c-myc gene transcription in mitogen-stimu-
lated lymphocytes. Nuclear transcription assays (22) were performed
with nuclei isolated from lymphocytes at various times after culture in

medium alone (U, unstimulated) or medium with mitogens (M) or

with mitogens plus CHX(M + CHX). CHXwas added 0.5 h before
addition of mitogens, either 10 ng/ml PMAand 0.1% (vol/vql) SAC
for B cells or 10 ng/ml PMAand 0.1% (vol/vol) PHA-P for T cells.
Typical autoradiograms (left) are shown for B cells (top) stimulated for
1 h or for T cells (bottom) stimulated for 6 h. Plasmid DNAsslot-
blotted onto nitrocellulose filters included pRYC7.4 (human c-myc

[19]), pHe7 (positive control [20]), pBR322 (negative control [23]),
and Al (28S rRNA [24]). In some cases, slots were reordered for clar-
ity of presentation. In preliminary experiments (not shown), adding 2
ug/ml a-amanitin to transcription reactions, specifically impaired
transcription of genes for c-myc and He7 but not for 28S rRNA. Scan-
ning densitometric quantification of nuclear transcription data are

shown (right) for B cells (top) and T cells (bottom) stimulated for 0, 1,
6, or 24 h with appropriate mitogens. Data are expressed as the ratio
of c-myc to He7 after subtraction of background hybridization
(pBR322) and normalization to the 28S rRNA signal.

gesting that c-myc mRNAaccumulation is regulated primarily
through posttranscriptional mechanisms in normal cells (27-
31). It should be noted, however, that our results with primary
cultured human B- and T-lymphocytes differ from several pre-
vious investigations that used long-term cultured cells. In those
studies, relatively high rates of c-myc transcription were present
in resting cells and little or no increase above the baseline rate
of transcription was detected in BALB/c mouse 3T3 fibroblast
cells treated with serum, platelet-derived growth factor, or PMA
(28); in CCL39 Chinese hamster lung fibroblast cells stimulated
with thrombin and insulin (31); and in MSB-l-transformed
avian T-lymphocytes released from density arrest (29). In con-

trast to these studies in fibroblasts and transformed T cells, our

transcription data are similar to those showing an increase in c-

myc transcription in primary cultures of mitogen-stimulated
human T-lymphocytes (32) and in long-term cultured CT6 cells,
a cloned murine T cells, stimulated with IL-2 (33). Thus, in-
creased transcription may play a greater role in the regulation
of c-myc mRNAlevels in normal lymphocytes than in some

other types of cultured cells after induction of their proliferation.

Probe selection must be considered when comparing c-myc
transcription data since recent reports have demonstrated a re-
gulatable block in the elongation of transcripts from this gene
between exons 1 and 2 (22, 34). Wepurposely avoided measuring
prematurely terminated transcripts by selecting a complementary
DNAprobe (pRYC7.4), encoding only the second and third
exons of the c-myc gene (19). Though a variety of c-myc probes
were used in the above mentioned studies of long-term cultured
cells (27-31), in at least one of these reports (31) the same
pRYC7.4 probe was employed. Thus, differences in the probes
selected for transcription studies cannot fully account for the
discrepancy between findings in normal lymphocytes and in
other types of cells.

Our investigations of the effects of CHXon relative rates of
c-myc transcription in normal human Band T cells demonstrated
that synthesis of new proteins is not required for mitogen-induced
increases in the transcription of this proto-oncogene (see Fig.
3). These findings (Fig. 3) are consistent with reports in other
types of cells (28, 29, 31, 32) and indicate that the activity of
preexisting regulators of c-myc gene transcription in normal
lymphocytes is controlled through protein synthesis-independent
mechanisms.

In contrast to its actions on c-myc transcription, CHX
markedly decreased the turnover of mature c-myc mRNAsin
B- and T- lymphocytes (see Fig. 2). Steady state levels of accu-
mulated c-myc mRNAtherefore appear to be regulated, at least
in part, through posttranscriptional mechanisms in normal
lymphocytes. Previous investigations in a variety of cells have
suggested an important role for posttranscriptional mechanisms
in the control of c-myc mRNAlevels (27-31). For example,
induction of differentiation of Daudi cells (Burkitt's lymphoma
cell line) with gammainterferon produces decreases in the levels
of accumulated c-myc mRNAthat are associated with dimin-
ished c-myc mRNAstability without a change in the rate of
c-myc transcription (30). With regard to investigations in Daudi
cells, normal lymphocytes, and other cells, however, it should
be noted that regulation at additional posttranscriptional steps,
such as processing, cannot be excluded.

Though the mechanisms that influence the degradation of
c-myc mRNAremain to be elucidated fully, the ability of CHX
to augment levels of c-myc mRNAin resting lymphocytes (Fig'
2 A) suggests that c-myc degradation is regulated by a labile
protein that is constitutively present in lymphocytes, rather than
by a protein whose synthesis is induced after stimulation with
mitogens. Use of preexisting proteins to regulate c-myc expres-
sion would be expected to allow for more rapid alterations in
the levels of c-myc mRNAthan if new protein synthesis were
required.

In summary, our findings here demonstrate that levels of
c-myc mRNAare regulated similarly in normal B- and T-lym-
phocytes and that both transcriptional and posttranscriptional
mechanisms are involved. Though many details remain un-
known, these studies begin to define the molecular events that
control the expression of the c-myc proto-oncogene in normal
human lymphocytes.

Acknowledgments

Wethank K. Marcu and A. Nepveu for supplying nuclear transcription
protocols, W. Fore and M. J. Larsen for photographic artwork, and L.
Delpino for manuscript preparation.

c-myc Regulation in Normal HumanLymphocytes 105

M
+

U M CHX

*1 40

M..

M
+

U M CHX

U..
4i F i

t9r7 v

_

C-MYC
He7

rRNA
pBR322

C-MYC
He7

rRNA

pBR322
6



This work was supported in part by National Institutes of Health
grant CA-42232.

References

1. Perrson, H., and P. Leder. 1984. Nuclear localization and DNA
binding properties of a protein expressed by human c-myc oncogene.
Science (Wash. DC). 225:718-720.

2. Nowell, P. C., and C. M. Croce. 1986. Chromosomes, genes, and
cancer. Am. J. Pathol. 125:8-15.

3. Erikson, J., L. Finger, L. Sun, A. ar-Rushdi, K. Nishikura, J. Mi-
nowada, J. Finan, B. S. Emanuel? P. C. Nowell, and C. M. Croce. 1986.
Deregulation of c-myc by translocation of the alpha-locus of the T cell
receptor in T cell leukemias. Science (Wash. DC). 232:884-886.

4. Hayward, W., B. G. Neel, and S. M. Astrin. 1984. Activation of
a cellular onc gene by promoter insertion in ALV-induced lymphoid
leukosis. Nature (Lond.). 290:475-480.

5. Corcoran, L. M., J. M. Adams, A. R. Dunn, and S. Cory. 1984.
Murine T lymphomas in which the cellular myc oncogene has been
activated by retroviral insertion. Cell. 37:113-122.

6. Dalla Favera, R., F. Wong-Staal, and R. C. Gallo. 1982. Onc gene
amplification in promyelocytic leukaemia cell line HL60 and primary
leukaemic cells of the same patient. Nature (Lond.). 299:61-63.

7. Schwab, M., G. Ramsay, K. Alitalo, H. E. Jarma, J. M. Bishop,
T. Martinsson, G. Levan, and A. Levan. 1985. Amplification and en-
4anced expression of the c-myc oncogene in mouse SEWAtumour cells.
Nature (Lond.). 315:345-347.

8. Nepveu, A., P. D. Fahrlander, J.-Q. Yang, and K. B. Marcu. 1985.
Amplification and altered expression of the c-myc oncogene in A-MuLV
transformed fibroblasts. Nature (Lond.). 317:440-443.

9. Kelly, K., B. H. Cochran, C. D. Stiles, and P. Leder. 1983. Cell-
specific regulation of the c-mycgene by lymphocyte mitogens and platelet-
derived growth factor. Cell. 35:603-610.

10. Lacy, J., Sarkar, S. N., and W. C. Summers. 1986. Induction of
c-myc expression in human B lymphocytes by B cell growth factor and
anti-immuoglobulin. Proc. Natl. Acad. Sci. USA. 83:1458-1462.

11. Reed, J. C., J. D. Alpers, P. C. Nowell, and R. G. Hoover. 1986.
Sequential expression of proto-oncogenes during lectin-stimulated mi-
togenesis of normal human lymphocytes. Proc. Natl. Acad. Sci. USA.
83-3982-3986.

12. Reed, J. C., D. E. Sabath, R. G. Hoover, and M. B. Prystowsky.
1985. Recombinant interleukin 2 regulates levels of c-myc mRNAin a
cloned murine T lymphocyte. Mol. Cell. Biol. 5:3361-3368.

13. Goyette, M., C. J. Petropoulous, P. R. Shink, and N. Fausto.
1984. Regulated transcription of c-Ki-ras and c-myc during compensatory
growth of rat liver. Mol. Cell. Biol. 4:1493-1498.

14. Armelin, H. A., M. C. S. Armelin, K. Kelly, T. Stewart, P. Leder,
B. H. Cochran, and C. D. Stiles. 1984. A functional role for c-myc in
the mitogenic response to platelet-derived growth factor. Nature (Lond.).
310:655-660.

15. Kaczmarek, L., J. K. Hyland, R. Watt, M. Rosenberg, and R.
Baserga. 1985. Microinjected c-myc as a competence factor. Science
(Wash. DC). 228:1313-1315.

16. Studzinski, G. P., Brelvi, Z. S., Feldman, S. C., and Watt, R. A.
1986. Participation of c-myc protein in DNAsynthesis of human cells.
Science (Wash. DC). 234:467-470.

17. Hannam-Harris, A. C., D. S. Taylor, and P. C. Nowell. 1985.
Cyclosporin A directly inhibits human B cell proliferation by more than
a single mechanism. J. Leukocyte Biol. 38:231-239.

18. Reed, J. C., W. Tadmori, M. Kamoun, and P. C. Nowell. 1985.
Suppression of interleukin 2 receptor acquisition by monoclonal anti-
bodies recognizing the 50 kd protein associated with the sheep erythrocyte
receptor on human T lymphocyte. J. Immunol. 134:1631-1639.

19. ar-Rushdi, A., K. Nishikura, J. Erikson, R. Watt, G. Rovera, and
C. M. Croce. 1983. Differential expression of the translocated and the
untranslocated c-myc oncogene in Burkitt lymphoma. Science (Wash.
DC). 222:390-393.

20. Kao, H.-T., and J. R. Nevins. 1983. Transcriptional activation
and subsequent control of the human heat shock gene during adenovirus
infection. Mo. Cell. Bio. 3:2058-2065.

21. Cleveland, D. W., M. A. Lopata, R. J. MacDonald, W. J. Cowan,
W. J. Rutter, and M. W. Kirschner. 1980. Number and evolutionary
conservation of alpha- and beta-tubulin and cytoplasmic beta- and
gamma-actin genes using specific cloned cDNAprobes. Cell. 20:95-105.

22. Nepveu, A., and K. B. Marcu. 1986. Intragenic pausing and anti-
sense transcription within the murine c-myc locus. EMBO(Eur. Mol.
Biol. Organ.) J. 5:2859-2865.

23. Bolivar, F., and K. Backman. 1979. Plasmids of Escherichia coli
as cloning vectors. Methods Enzymol. 68:245-259.

24. Gonzalez, I. L., J. L. Gorski, T. J. Campen, D. J. Dorney, J. M.
Erikson, J. E. Sylvester, and R. D. Schmickel. 1985. Variation among
human 28S ribosomal RNAgenes. Proc. Natl. Acad. Sci. USA. 82:7666-
7690.

25. Darzykiewicz, Z., F. Traganos, T. Sharpless, and M. R. Melamed.
1976. Lymphocyte stimulation: A rapid multiparameter analysis. Proc.
Natl. Acad. Sci. USA. 78:2881-2884.

26. Meister, R. K., S. E. Hulman, and L. F. Johnson. 1979. Rapid
changes in poly(AX+) mRNAcontent in growth stimulated fibroblasts
following perturbations in protein synthesis. J. Cell Physiol. 100:531-
538.

27. Piechaczyk, M., J.-Q. Yang, J.-M. Blanchard, P. Jeanteur, and
K. B. Marcu. 1985. Post-transcriptional mechanisms are responsible for
accumulation of truncated c-myc mRNAsin murine plasma cell tumors.
Cell. 42:589-597.

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

29. Thompson, C. B., P. B. Challoner, P. S. Neiman, and M. Grou-
dine. 1986. Expression of the c-myb proto-oncogene during cellular pro-
liferation. Nature (Lond.). 319:374-380.

30. Knight, J. R., E. D. Anton, D. Fahey, B. K. Friedland, and
G. J. Jonak. 1985. Interferon regulates c-myc gene expression in Daudi
cells at the post-transcriptional level. Proc. Natl. Acad. Sci. USA. 82:
1151-1154.

31. Blanchard, J. M., M. Piechaczyk, C. Dani, J. C. Chambard, A.
Franchi, J. Pouyssegur, and P. Jeanteur. 1985. C-myc gene transcribed
at high rate in GO-arrested fibroblasts is post-transcriptionally regulated
in response to growth factors. Nature (Lond.). 317:443-445.

32. Kronke, M., W. J. Leonard, J. M. Depper, and W. C. Greene.
1985. Sequential expression of genes involved in human T lymphocyte
growth and differentiation. J. Exp. Med. 161:1593-1996.

33. Farrar, W. L., S. W. Evan, F. W. Ruscetti, E. Bonvinni, H. A.
Young, and B. M. Sparks. 1986. Biochemical mechanisms of interleukin
2 regulation of lymphocyte growth. Prog. Leukocyte Biol. 5:75-778.

34. Bentley, D. L., and M. Groudine. 1986. A block to elongation
is largely responsible for decreased transcription of c-my in differentiated
HL60 cells. Nature (Lond.). 321:702-706.

106 J. C. Reed, J. D. Alpers, and P. C. Nowell


