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ABSTRACT We recently found that inhibition of MYB
protein synthesis in human peripheral blood mononuclear cells
(PBMC) exposed to human c-myb (designated MYB) antisense
oligodeoxynucleotides prevents entry into S phase and cell
proliferation. To determine the mechn(s) by which down-
regulation ofhuman c-myb protein (MYB) synthesis interferes
with DNA synthesis, we analyzed mRNA levels of DNA poly-
merase a and proliferating cell nuclear antigen (PCNA),
transcripts of two genes required for DNA synthesis, in normal
and leukemic T lymphocytes exposed to MYB antisense oli-
godeoxynucleotides. Expression of DNA polymerase a was
inhibited both in normal T lymphocytes progressing from Go to
S phase and in exponentially growing CCRF-CEM leukemic
cells, whereas expression of PCNA was inhibited only in
mitogen-stimulated PBMC and remained essentially unaf-
fected in the leukemia T-cell line. The functional link between
expression of MYB and DNA polymerase a mRNAs was
further demonstrated by analyzing DNA polymerase a mRNA
levels in a temperature-sensitive (ts) fibroblast cell line
(TK-ts13; TK is thymidine kinase) constitutively expressing
human MYB mRNA driven by the simian virus 40 (SV40)
promoter. In the MYB-expressing TK-ts13 cells, DNA poly-
merase a mRNA levels were unaffected following shift to the
nonpermissive temperature of 39.6C, whereas in the parental
line, DNA polymerase a mRNA levels were readily down-
regulated. These findings indicate that the expression of MYB
is related to that ofDNA polymerase a in cells expressing MYB
at high levels and suggest that there is a functional link between
c-myb and DNA polymerase a mRNA expression during cell
cycle progression of normal T lymphocytes.

The protooncogene c-myb has long been implicated as a
regulator of T-lymphocyte proliferation. Until recently, the
evidence was only indirect and based on the observation that
the transcription of c-myb and steady-state mRNA and
protein levels increase in response to phytohemagglutinin
(PHA) and interleukin 2 and peak in S phase (1-5); the finding
that c-myb mRNA levels fluctuate in cycling lymphoid cells,
with highest expression during S phase (6), further empha-
sized the importance of this gene in T-lymphocyte prolifer-
ation.
We showed previously that, in human peripheral blood

mononuclear cells (PBMC) cultured with PHA in the pres-
ence ofa human c-myb (designated MYB) antisense oligomer,
c-myb protein (MYB) synthesis and lymphocyte proliferation
are substantially inhibited (7). Inhibition of MYB protein
synthesis did not affect early events in T-lymphocyte acti-
vation such as expression of the interleukin 2 receptor and
MYC but appeared to specifically inhibit the G1/S transition

as indicated by down-regulation of the S-phase marker gene
encoding histone H3 (8).

Recently, v-myb and c-myb proteins were shown to encode
a transactivating domain that up-regulates the expression of
reporter genes linked to binding sites of DNA binding do-
mains (9-11). The possibility that c-myb might have a similar
role in vivo has prompted the search for cellular genes
regulated by c-myb. Our previous studies indicated, in both
the hematopoietic and lymphoid systems, that the expression
and function of c-myb is tightly linked to the cellular entry
into S phase and DNA synthesis (7, 12, 13). We therefore
focused the present analysis on two genes of the DNA-
synthesizing machinery, genes for PCNA and DNA poly-
merase a (14-17), and the effects of inhibition of MYB
protein synthesis on their expression. DNA polymerase a
plays a key role in the replication of the eukaryotic genome
(18-20), while PCNA gene appears to be needed for in vitro
simian virus 40 (SV40) DNA replication and cell cycle
progression of mammalian cells (21, 22). The steady-state
mRNA levels of DNA polymerase a and PCNA increase
sharply during the G0-S transition, whereas in cycling cells,
the levels remain essentially constant in different phases of
the cell cycle (14, 17). Our studies indicate a tight link
between inhibition of MYB protein synthesis and down-
regulation of DNA polymerase a expression in normal T
lymphocytes progressing from Go to S phase and in expo-
nentially growing leukemic T lymphocytes; in contrast,
PCNA expression is down-regulated in normal T lympho-
cytes and unaffected in the leukemic cell line.

MATERIALS AND METHODS
Cells and Culture Conditions. PBMC were isolated from 50

ml of venous blood from a healthy donor. Upon isolation, the
cells were comprised of 70% T lymphocytes, 10% B lym-
phocytes, and 20%o monocytes as determined by flow cyto-
metric analysis. Cells were cultured at 370C in a humidified
5% C02/95% air atmosphere at 5 x 105 cells per ml in 24-well
microtiter plates (Costar) in RPMI 1640 medium containing
10%o (vol/vol) fetal bovine serum, antibiotics, and 5 pug of
PHA per ml. After 30 hr of incubation, some wells were
supplemented with either MYB sense (14 AuM) or antisense
(14 .uM) oligodeoxynucleotides corresponding to or comple-
mentary to codons 2-7 of human MYB mRNA (7, 23).
CCRF-CEM cells (24) (a cell line established from a child
with T-cell leukemia) were grown in suspension culture in
RPMI 1640 medium containing 10% fetal bovine serum at 1
x 106 per ml in 24-well microtiter plates in the presence of 14
AM of eitherMYB sense or antisense oligodeoxynucleotides.

Abbreviations: PHA, phytohemagglutinin; PBMC, peripheral blood
mononuclear cells; ts, temperature sensitive; TK, thymidine kinase;
PCR, polymerase chain reaction; RT, reverse transcriptase; hnRNA,
heterogeneous nuclear RNA; SV40, simian virus 40.
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Cells were harvested at various time points, and RNA was
extracted as described (25).
RNA Phenotyping in Normal and Leukemic T Lymphocytes

by Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR) Analysis. mRNA levels of MYB, PCNA, DNA poly-
merase a, and (32-microglobulin in normal and malignant T
lymphocytes were analyzed as follows. Cells seeded at 1 x
106 per ml were collected at the end of the culture period, and
total RNA was extracted in the presence of 20 pg of Esch-
erichia coli ribosomal RNA as described (25). RNA was then
reverse-transcribed by using 400 units of Moloney murine
leukemia virus RT and 0.2 ,ug of oligo(dT) as primer for 1 hr
at 370C. The resulting cDNA fragments were amplified with
5 units of Thermus aquaticus (Taq) polymerase as described
(26) in the presence of synthetic primers specific for each
mRNA. Each specific primer was selected according to the
published nucleotide sequence of human MYB (23), PCNA
(14), DNA polymerase a (16), and /2-microglobulin cDNAs
(27). Table 1 lists the location of each primer in the corre-
sponding cDNA sequence. Twenty microliters of the 100-.ul
PCR reaction was separated in a 4% NuSieve agarose gel and
transferred to a nitrocellulose filter. The resulting blots were
hybridized with synthetic 50-base oligodeoxynucleotide
probes complementary to the amplified mRNA. The syn-
thetic oligomers were end-labeled with [y-32P]ATP and poly-
nucleotide kinase as described (28).
To measure the steady-state levels of PCNA mRNA pre-

cursor [PCNA heterogeneous nuclear RNA (hnRNA)] in
oligodeoxynucleotide-treated cultures, we utilized the tech-
nique recently described by Lipson and Baserga (29) to detect
the thymidine kinase (TK) pre-mRNA in human fibroblasts
(WI-38 cells). The 5' PCNA primer corresponds to nucleo-
tides 244-265 in the first exon, and the 3' primer corresponds
to nucleotides 574-595 in the first intron. The amplification
products were transferred to a nitrocellulose filter and hy-
bridized to an end-labeled synthetic oligomer corresponding
to nucleotides 457-490 in intron 1. The nucleotide designa-
tion is based on the published sequence of the human PCNA
gene (30).
PCNA and DNA Polymerase a mRNA Stability in CCRF-

CEM Cells. The half-life of PCNA and DNA polymerase a
mRNAs was determined in 2 x 107 CCRF-CEM cells ex-
posed to 2.5 Ag of actinomycin D per ml for 0, 1, 2, 4, and 8
hr; cells were collected, and RNA was extracted as described
(31). mRNA stability was measured by RNA blot-
hybridization (Northern) analysis of actinomycin D-treated
RNA with PCNA and DNA polymerase a cDNA inserts
32P-labeled by the random priming method (32).
DNA Polymerase at mRNA Levels in MYB-Expressing

TK-ts13 Cells at the Restrictive Temperature of 39.6PC. DNA
polymerase a mRNA levels were determined in the temper-
ature sensitive (ts) parental cell line TK-ts13 and in a
derivative cell line, SVmybTK-tsl3 containing human TK
cDNA and human MYB cDNA driven by the early SV40
promoter, after shifting at the nonpermissive temperature of
39.60C. Cells were collected at 0, 2, 4, and 8 hr, and RNA was
extracted from 1 x 106 cells at each time point; a fifth of the
extracted RNA was used for RT-PCR analysis at each point.

Table 1. Synthetic primers used for mRNA phenotyping in
normal and leukemic T lymphocytes

Inclusive nucleotide positions in genes

Primer MYB PCNA pola p2-Microglobulin

RESULTS
Expression of MYB mRNA in PHA-Stimulated PBMC Ex-

posed toMYB Sense and Antisense Oligodeoxynucleotides. We
recently showed that exposure of PBMC to MYB antisense
oligodeoxynucleotides determines down-regulation of MYB
mRNA expression (7). To analyze the kinetics of MYB
mRNA expression in PBMC and thereby determine the
exposure time required to observe down-regulation ofMYB
mRNA expression, PBMC were exposed to PHA for 30 hr
and then to MYB sense or antisense oligodeoxynucleotides
for an additional 8 hr. After this 8-hr period, cells were
collected at 0, 4, 8, 12, and 24 hr, RNA was extracted, and
expression ofMYB was analyzed by the RT-PCR technique.
MYB mRNA was detectable at 8, 12, and 24 hr in the

sense-treated culture and at much lower levels in the an-

tisense-treated cultures (Fig. 1). The kinetics ofMYB mRNA
expression revealed by the RT-PCR technique closely mim-
ics that reported from standard Northern blot analysis (1-3).
Based on the decreasing intensity of the bands with time, we
conclude that there is specific MYB mRNA degradation in
antisense-treated culture at each time point in which MYB
mRNA molecules are detected by PCR-RT amplification; in
addition, a 12-hr exposure of PBMC to MYB antisense
oligodeoxynucleotides is apparently sufficient to drastically
reduce MYB mRNA levels.

Expression of PCNA and DNA Polymerase a mRNAs.
Expression in PHA-stimulatedPBMC exposed toMYB sense

and antisense oligodeoxynucleotides. To determine whether
inhibition of MYB expression affects expression of genes
directly involved in DNA synthesis, we studied PCNA and
DNA polymerase amRNA levels in PBMC treated with PHA
for 30 hr and subsequently exposed to MYB sense and
antisense oligodeoxynucleotides. Inhibition of MYB gene
function by exposure to antisense oligodeoxynucleotides was
accompanied by a significant decrease in the accumulation of
PCNA mRNA detected in MYB sense-treated cultures (Fig.
2) and in the culture treated with PHA alone (not shown).
Similarly, DNA polymerase a expression was also decreased
when MYB expression was inhibited; by contrast, expression
of (32-microglobulin gene was essentially unaffected (Fig. 3).
These results suggest that c-myb mRNA down-regulation is
accompanied by a specific effect on PCNA and DNA poly-
merase a mRNA levels.
Expression in exponentially growing leukemic cells

(CCRF-CEM) exposed to MYB sense and antisense oligode-
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FIG. 1. Kinetics of MYB mRNA expression in PHA-stimulated
PBMC in the presence ofMYB sense or antisense oligodeoxynucle-
otides. Total RNA was isolated from PBMC and reverse-transcribed,
amplified, and hybridized to a synthetic 30-base MYB cDNA frag-
ment localized in the amplified sequence as described (7). Numbers
indicate the times (hr) at which PBMC were collected and RNA was

extracted after PHA stimulation for 30 hr; exposure to MYB sense
(lanes +) or antisense (lanes -) oligonucleotides was for an addi-
tional 8 hr. After the 8-hr incubation with MYB oligodeoxynucle-
otides, the medium was not changed, so that total exposure time to
the oligomers was 8 hr plus 4, 8, 12, or 24 hr.

5' 2258-2279 244-265 3969-3990 280-301
3' 2466-2487 404 425 4187-4208 510-531

pola, DNA polymerase a.
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FIG. 2. Expression of PCNA mRNA in PBMC stimulated with

PHA in the presence of MYB sense or antisense oligodeoxynucle-
otides. The experimental conditions were as described in the legend
to Fig. 1 except that PCNA-specific primers were used for the
amplification ofPCNA mRNA and a PCNA synthetic fragment was
used as the hybridization probe.

oxynucleotides. To determine whether MYB inhibition also
coincided with decreased expression of PCNA and DNA
polymerase a mRNAs in exponentially growing cells, CCRF-
CEM leukemia cells were exposed to MYB sense and an-
tisense oligodeoxynucleotides, and mRNA levels of c-myb,
PCNA, and DNA polymerase a were analyzed. In CCRF-
CEM cells exposed to MYB antisense oligodeoxynucleotides
for 12-24 hr, MYB mRNA levels were down-regulated,
whereas these levels were unaffected during the initial 8 hr of
exposure (Fig. 4). DNA polymerase a mRNA levels were
also decreased at 12 and 24 hr (Fig. 4). By contrast, the
expression of PCNA mRNA remained relatively constant in
MYB sense- and antisense-treated cells from 0 to 24 hr (Fig.
4).

Half-life of PCNA and DNA polymerase a mRNAs in
CCRF-CEM cells. To determine whether the differential
effect on the expression of PCNA and DNA polymerase a
mRNAs in exponentially growing CCRF-CEM cells was due
in part to different stabilities ofPCNA and DNA polymerase
a mRNAs, the half-life of these mRNAs was measured.

Exponentially growing CCRF-CEM cells were exposed to
2.5 ,ug of actinomycin D per ml, and total RNA was isolated
at time 0 and at 1, 2, 4, and 8 hr after addition of actinomycin
D. The hybridization signal obtained with the DNA polymer-
ase a cDNA probe is virtually undetectable in CCRF-CEM
cells exposed to actinomycin D for 2 hr. indicating that the
half-life of DNA polymerase a mRNA is less than 2 hr; in
marked contrast, PCNA steady-state mRNA levels were still
readily detectable at 8 hr (Fig. 5); the modest decrement in
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FIG. 3. Expression of DNA polymerase a (pola) and P2-
microglobulin (82) mRNAs in PBMC stimulated with PHA in the
presence of MYB sense or antisense oligodeoxynucleotides. The
experimental conditions were as described in the legend to Fig. 1
except that (i) DNA polymerase a- and 02-microglobulin-specific
primers were used for amplification ofthe respective mRNAs and (ii)
DNA polymerase a and 82-microglobulin synthetic fragments were
used as hybridization probes.
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FIG. 4. Expression of MYB, DNA polymerase a (pola), and
PCNA mRNAs in exponentially growing CCRF-CEM cells treated
with MYB sense and antisense oligodeoxynucleotides. Numbers
indicate the times (hr) at which CCRF-CEM cells were collected and
RNA was extracted after exposure to MYB sense (lanes +) or
antisense (lanes -) oligodeoxynucleotides.

PCNA mRNA levels at 4 and 8 hr compared with the
untreated cultures indicates that the half-life ofPCNAmRNA
is much longer than that of DNA polymerase a in CCRF-
CEM cells.

Expression of PCNA hnRNA in Exponentially Growing
Leukemic Cells (CCRF-CEM) Exposed to MYB Sense and
Antisense Oligodeoxynucleotides. The much longer half-life of
PCNA mRNA compared with that of DNA polymerase a
(Fig. 6) raises the possibility that inhibition of MYB protein
synthesis might still affect PCNA expression at the transcrip-
tional level, and yet the effect was not observed by measuring
PCNA steady-state mRNA levels. To test this hypothesis,
PCNA steady-state pre-mRNA levels were measured in
exponentially growing CCRF-CEM cells exposed to MYB
sense or antisense oligodeoxynucleotides for as long as 24 hr.
A 370-base-pair (bp) segment extending from the first exon

into the first intron of PCNA hnRNA was amplified by the
RT-PCR technique and detected by hybridization with an
intron 1-specific probe. The steady-state hnRNA levels of
PCNA were essentially unaffected in the MYB antisense-
treated cultures in comparison with the MYB sense-treated
cultures (Fig. 6). These findings indicate that the inhibition of
MYB protein synthesis does not affect PCNA expression in
exponentially growing leukemia cells.

0 1 2 4 8

poIc(- *e
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FIG. 5. Half-life ofDNA polymerase a (pola) and PCNA mRNAs
in exponentially growing CCRF-CEM cells. Exponentially growing
cells (25 x 107 in 50 ml of medium) were exposed to actinomycin D
at a final concentration of 2.5 Ag/ml for 0, 1, 2, 4, and 8 hr; at each
time point, cells were collected and total RNA was isolated by the
procedure as described (31). Total RNA (15 j±g) for each time point
was electrophoresed in 1.2% agarose/formaldehyde gel and trans-
ferred to nitrocellulose as described by Thomas (33). Hybridization
was carried out first with a DNA polymerase a cDNA (16) and
subsequently with a PCNA cDNA (15) as described (34).

Cell Biology: Venturelli et al.
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FIG. 6. PCNA hnRNA expression in exponent
CCRF-CEM cells treated with MYB sense and antiser
ynucleotides. Exponentially growing cells (5 x 105 in 1
were exposed to MYB sense (lanes +) or antisen
oligodeoxynucleotides for 8, 12, and 24 hr; at each culti
were collected and total RNA was isolated as descr
Total RNA was reverse-transcribed with PCNA hn
primers, amplified, and hybridized to a synthetic 44
intron 1 fragment; 352 indicates the amplified PCNA s

DNA Polymerase a mRNA Levels in TK-ts13
Constitutively Expressing Human MYB mRNA. t
derived from Syrian baby hamster kidney (BH.
were originally described by Talavera and Basilic
have a ts mutation that stops cell cycle progressi
phase at the restrictive temperature of 39.60C. T
were cotransfected with a human c-myb cDNA d
early SV40 promoter (36) and a human TK cDN
colonies were selected in hypoxanthine/ar
thymidine (HAT) medium; total RNA and pr
extracted from mixed cell populations and foun
high levels of MYB mRNA and protein (Fig. 7,
asked whether MYB would up-regulate the e)
DNA polymerase a mRNA when TK-ts13 cells
at the restrictive temperature of 39.60C. Since th
DNA polymerase a mRNA is relatively short
expect an early decline ofDNA polymerase a af
parental TK-ts13 cells; in contrast, DNA polyme
levels should not be down-regulated in TK-ts
pressing high levels of MYB mRNA. Cells e.
growing at the permissive temperature were p
fetal bovine serum for 12 hr and then shifted to th
temperature of 39.6°C; cells were collected for I
tion 0, 2, 4, and 8 hr later; DNA polymerase a ex;
analyzed in the parental cell line and in the cell lin
the hurhan MYB cDNA driven by the SV40 r
RT-PCR analysis. It is rather obvious that the e
DNA polymerase mRNA is readily down-r
TK-ts13 parental cells and is undetectable 8
temperature shift (Fig. 7B Left), while DNA pi

A
a b c d B TK-tsl3

c-rnyb- J' po(X- *9

0 248

FIG. 7. Expression of myb and DNA polymer
mRNAs in TK-ts13 cells and human MYB-expressing
at the restrictive temperature of 39.60C. (A) MYB mRN
levels were determined by Northern and Western blot
TK-ts13 cells (lanes a and b) and in SVmybTK-tsl3
and d). (B) DNA polymerase a mRNA levels were d
RT-PCR technique as described in the legends to Fig

mRNA levels are not affected by the temperature shift in
TK-ts13 expressing the human MYB cDNA driven by the
SV40 promoter (Fig. 7B Right). These findings further indi-
cate that there is a close functional link between the expres-
sion of MYB and that of DNA polymerase a gene.

DISCUSSION
The recent demonstration that the inhibition ofMYB expres-
sion interferes with G1/S transition and cell proliferation in
PHA-stimulated PBMC (7) and with DNA synthesis in mu-

Lially growing rine cytolytic T-lymphocyte clones (38) underlines the im-
ise oligodeox- portance of investigating the molecular mechanisms utilized
.ml of culture) by MYB to regulate T-lymphocyte proliferation.
ise (lanes -) Recently, it has been shown that MYB protein, in addition
ure time, cells to the DNA-binding domain, encodes a trans-activating do-
ibed (25, 29). main. It appeared reasonable to ask whether MYB is in-
RNA-specific volved in the regulation of genes of the DNA-synthesizing
0-base PCNA machinery that are coordinately expressed at the onset of S
egment in bp. phase.

iFibroblasts In the present studies we investigated the relationshipI clls between inhibition of MYB function and the expression of
s13 cells are PCNA andDNA polymerase a genes. We showed previously
K) cells and that PBMC preincubated with MYB antisense oligodeoxynu-
:o (35). They cleotides before PHA stimulation and supplemented with
ion in the G1 equal amounts of antisense oligodeoxynucleotides at 0, 24,
K-ts13 cells and 48 hr after PHA stimulation do not synthesize DNA and
Iriven by the do not proliferate (7). Under these conditions, the expression
A (37). TK+ of DNA polymerase a is completely abrogated (not shown).
minopterin/ In the present experiments we added MYB sense and an-
-oteins were tisense oligodeoxynucleotides to PBMC cultures 28-30 hr
id to contain after PHA addition; we also determined that down-regulation
A). We then of MYB mRNA expression in antisense-treated cultures
xpression of becomes evident at 12 hr after treatment. Thus, our experi-
were shifted ments were designed to inhibit MYB protein synthesis in late
ie half-life of G1, 36-40 hr after PHA stimulation, shortly before the entry
t, we would into S phase, which normally begins 48 hr after PHA stim-
iRNA in the ulation. Under these conditions, we detected inhibition of
.rase mRNA DNA synthesis and T-cell proliferation to the same extent as
;13 cells ex- that observed in PBMC preincubated with MYB antisense
xponentially oligodeoxynucleotides and supplemented with them at 0, 24,
laced in 1% and 48 hr after PHA addition. Equally important, in this
ie restrictive experimental setting, is the down-regulation of PCNA and
RNA extrac- DNA polymerase a gene expression at each time point in
pression was MYB antisense-treated cultures compared with MYB sense-
ie containing treated cultures.
promoter by We next asked whether inhibition of MYB protein synthe-
xpression of sis in exponentially growing leukemic cells also affected
*egulated in PCNA and DNA polymerase a mRNA levels. Unlike cells
hr after the progressing from Go to S phase, exponentially growing cells
olymerase a show little change in PCNA and DNA polymerase a mRNA

levels throughout different phases of the cell cycle (17, 39).
S~mybTW-t- s Thus, the down-regulation of DNA polymerase a mRNAS8mybTKt 3 5expression in the presence of MYB antisense oligodeoxynu-

cleotides, with kinetics similar to that of MYB (Fig. 4),
significantly strengthened our hypothesis thatMYB andDNA
polymerase a gene are functionally linked. In contrast,
PCNA mRNA levels were essentially unmodified in MYB
sense- or antisense-treated cultures (Fig. 4). The differential
expression of these two genes under conditions of MYB
inhibition might reflect a different stability of their mRNAs;
in CCRF-CEM cells the half-life of PCNA mRNA appeared

0 ' 4 8 to be much longer than that of DNA polymerase a mRNA
- , " (Fig. 5). Alternatively, it is possible that MYB acts directly to

TK-ts13 cells regulate expression ofDNA polymerase a gene, whereas the
IA and protein effect on PCNA gene, as observed during Gr-S transition in
:techniques in PHA-stimulated PBMC, is only indirect. To further address
1cells (lanes c this question, we measured the steady-state levels of PCNA
letermined by nuclear pre-mRNA in CCRF-CEM cells exposed to MYB
rs. 1-4. sense or antisense oligodeoxynucleotides for 8, 12, and 24 hr.
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Our results indicate that the transcription ofPCNA gene from
the first to the second exon is essentially unaffected by
inhibition of MYB protein synthesis (Fig. 6). Finally, con-
stitutive expression of a human MYB cDNA in a ts fibroblast
line maintains DNA polymerase a gene expression at the
nonpermissive temperature, whereas DNA polymerase a
mRNA levels are readily down-regulated in the parental line
not expressing MYB mRNA at detectable levels (Fig. 7).
Taken together, our results indicate that there is a func-

tional link between the expression of a nuclear protoonco-
gene and a key factor for DNA synthesis; specifically, it
appears that down-regulation ofDNA polymerase a expres-
sion and inhibition ofMYB protein synthesis are tightly, and
perhaps directly, linked in PBMC progressing from Go to S
phase and exponentially growing CCRF-CEM cells exposed
to MYB antisense oligodeoxynucleotides. A proof that MYB
directly regulates DNA polymerase a gene expression awaits
the demonstration ofa direct interaction ofMYB protein with
the DNA polymerase a gene promoter. No matter what the
results of that analysis will be, our studies establish that there
is an interesting functional link between MYB and DNA
polymerase a gene expression.

We thank Drs. R. Baserga, A. Gewirtz, and K. Lipson for critical
reading of the manuscript and J. K. deRiel for synthesis of the
oligodeoxynucleotides. This work was supported by Grants
CA46782 and CH-455 from the National Cancer Institute and Amer-
ican Cancer Society, respectively. D.V. was supported by National
Institutes of Health Training Grant CA 09485, and B.C. is a scholar
of the Leukemia Society of America.

1. Torelli, G., Selleri, L., Donelli, A., Ferrari, S., Emilia, D.,
Venturelli, D., Moretti, L. & Torelli, U. (1985) Mol. Cell. Biol.
5, 2874-2877.

2. Stem, J. B. & Smith, K. A. (1986) Science 233, 203-206.
3. Reed, J. C., Alpers, J. D., Nowell, P. C. & Hoover, R. C.

(1986) Proc. Natl. Acad. Sci. USA 83, 3982-3986.
4. Lipsick, J. S. & Boyle, W. J. (1987) Mol. Cell. Biol. 7, 3358-

3360.
5. Pouza, D. C. (1989) Mol. Cell. Biol. 7, 342-348.
6. Thompson, C. B., Challoner, P. B., Neiman, P. E. & Groud-

ine, M. (1986) Nature (London) 319, 374-380.
7. Gewirtz, A., Anfossi, G., Venturelli, D., Valpreda, S., Sims, R.

& Calabretta, B. (1989) Science 245, 180-183.
8. Plumb, M., Stein, J. & Stein, G. (1983) Nucleic Acids Res. 11,

2391-2410.
9. Nishima, Y., Nakagoshi, H., Imamoto, F., Gonda, T. J. &

Ishii, S. (1989) Nucleic Acids Res. 17, 107-117.
10. Sakawa, H., Ishii, C. K., Nagase, T., Nakagoshi, H., Gonda,

T. J. & Ishii, S. (1989) Proc. Natl. Acad. Sci. USA 86,
5758-5762.

11. Weston, K. & Bishop, J. M. (1989) Cell 58, 85-93.
12. Gewirtz, A. M. & Calabretta, B. (1988) Science 242, 1303-

1306.
13. Caracciolo, D., Venturelli, D., Valtieri, M., Peschle, C.,

Gewirtz, A. M. & Calabretta, B. (1990) J. Clin. Invest. 85,
55-61.

14. Almendral, J. M., Huebsch, D., Blundell, P. A., MacDonald-
Bravo, H. & Bravo, R. (1987) Proc. Natl. Acad. Sci. USA 84,
1575-1579.

15. Jaskulski, D., Gatti, C., Travali, S., Calabretta, B. & Baserga,
R. J. Biol. Chem. 263, 10175-10179.

16. Wong, S. W., Wahl, A. F., Yuan, P.-M., Arai, N., Pearson,
B. E., Arai, K., Korn, D., Hunkapillar, M. W. & Wang,
T. S. F. (1988) EMBO J. 7, 3767-3771.

17. Wahl, A. F., Geis, A. M., Spain, B. H., Wong, S. W., Korn,
D. & Wang, T. S. F. (1988) Mol. Cell. Biol. 8, 5016-5025.

18. Miller, M. R., Ullrich, R. G., Wang, T. S.-F. & Korn, D. (1985)
J. Biol. Chem. 260, 134-138.

19. Kaczmarek, L., Miller, M. R., Hammond, R. A. & Mercer,
W. E. (1986) J. Biol. Chem. 261, 10802-10807.

20. Fry, M. & Loeb, L. A. (1986) in Animal CellDNA Polymerases
(CRC, Boca Raton, FL), pp. 13-60.

21. Prelich, G., Kostura, M., Marashak, D. R., Mathews, M. B. &
Stillman, B. (1987) Nature (London) 326, 471-475.

22. Jaskulski, D., de Riel, J. K., Mercer, W. E., Calabretta, B. &
Baserga, R. (1988) Science 240, 1544-1546.

23. Majello, B., Kenyon, L. C. & Dalla-Favera, R. (1986) Proc.
Natl. Acad. Sci. USA 83, 9636-9640.

24. Kaplan, J., Shope, T. C. & Peterson, W. D. (1974) J. Exp.
Med. 189, 1070-1076.

25. Rappollee, D. A., Mark, D., Benda, M. J. & Werb, Z. (1988)
Science 241, 708-712.

26. Saiki, R. K., Gelfand, D. H., Stoffel, S., Schart, S. J., Higuchi,
R., Horn, G. T., Mullis, K. B. & Erlich, H. A. (1988) Science
239, 487-491.

27. Suggs, S. V., Wallace, R. B., Hirose, T., Kawashima, E. H. &
Itakura, K. (1981) Proc. Natl. Acad. Sci. USA 78, 6613-6617.

28. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY).

29. Lipson, K. E. & Baserga, R. (1989) Proc. Natl. Acad. Sci. USA
86, 9774-9777.

30. Travali, S., Ku, D.-H., Rizzo, M. G., Ottavio, L., Baserga, R.
& Calabretta, B. (1989) J. Biol. Chem. 264, 7466-7472.

31. Chomzynski, P. & Sacchi, N. (1987) Anal. Biochem. 162,
156-159.

32. Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biochem. 132,
6-13.

33. Thomas, P. S. (1980) Proc. Natl. Acad. Sci. USA 77, 5201-
5205.

34. Wahl, G. M., Stein, M. & Stark, G. R. (1979) Proc. Natl. Acad.
Sci. USA 76, 3683-3687.

35. Talavera, A. & Basilico, C. (1977) J. Cell Physiol. 92, 425-436.
36. Clarke, M. D., Kukowska-Latallo, J. F., Westin, E., Smith,

M. & Prochnownick, E. V. (1988) Mol. Cell. Biol. 8, 884-892.
37. Bradshaw, H. D. & Deininger, P. L. (1984) Mol. Cell. Biol. 4,

2316-2320.
38. Churilla, A. M., Braciale, T. J. & Braciale, V. L. (1989) J. Exp.

Med. 170, 105-121.
39. Shipman, P. M., Sabath, D. E., Fisher, A. H., Comber, P. G.,

Sullivan, K., Tan, E. M. & Prystowsky, M. B. (1988) J. Cell.
Biochem. 38, 189-198.

Cell Biology: Venturelli et al.


