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The first exon of the c-myc proto-oncogene contains a novel

positive control element
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We have identified a positive modulator within the c-myc first
exon downstream of the gene’s transcription initiation sites,
P, and P,. We introduced myc-CAT (chloramphenicol
acetyltransferase) hybrid genes into three cell lines (BJAB,
COS and HelLa) and measured their expression by either CAT
enzymatic activity, S1 nuclease protection or by a nuclear
‘run-on’ transcription assay. Removal of 46 bp from the 3’
end of the first exon results in a decrease of myc—CAT ex-
pression and P, activity. A 438-bp exon 1 segment, lacking
the normal myc promoters, efficiently drives the expression
of SV40 early promoters. We find that this first exon segment
efficiently functions as a positive modulator only in its sense
orientation, 3’ of a nearby promoter. The positive effects of
the myc first exon and the SV40 enhancer are complementary.
Key words: c-myc gene/first exon positive modulator/S1 nuclease
mapping/CAT assays/nuclear run-on

Introduction

The c-myc proto-oncogene is highly conserved in vertebrate
evolution (Colby et al., 1983; Stanton et al., 1983; Watt et al.,
1983; Battey et al., 1983; Bernard et al., 1983; Gazin et al.,
1984). The mammalian c-myc gene contains three exons, the first
of which is a large non-coding sequence (Stanton ez al., 1983,
1984; Battey et al., 1983; Bernard et al., 1983; Watt et al., 1983).
Myc mRNAs are normally initiated from two promoters (P, and
P;) (Leder et al., 1983; Stewart et al., 1984a; Yang et al., 1984,
1985) and are known to be highly unstable (Dani ez al., 1984).
The function(s) of the c-myc gene product remains unknown
though c-myc has been implicated in cellular proliferation (Kelley
et al., 1983; Campisi et al., 1984; Armelin et al., 1984; Kacz-
marek et al., 1985; Persson et al., 1985), cellular transforma-
tion (Land et al., 1983; Mougneau ef al., 1984; Vennstrom et
al., 1984; Keath et al., 1984; Bechade et al., 1985; Lee et al.,
1985; Zerlin et al., 1986) and in the development of a variety
of neoplasms (Bishop, 1983; Marcu et al., 1984; Klein and Klein,
1985, Stewart et al., 1984b; Adams et al., 1985).

Myc expression is affected by a host of environmental
phenomena in different cell types. The c-myc gene is activated
in response to mitogenic stimuli (Kelley ez al., 1983; Reed et
al., 1985; Persson et al., 1985; Dean et al., 1986b), inducers
of protein kinase C (Coughlin ez al., 1985) and double-stranded
RNAs (Zullo et al., 1985). Radical fluctuations in c-myc mRNA
levels have also been noted in a murine B lymphoma treated with
anti-IgM antibodies (McCormack et al., 1984). Alterations in
c-myc RNA levels have also been noted in HL-60 leukemia cells
treated with vitamin D analogues (Reitsma et al., 1983; Grosso
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and Pitot, 1985) and in mouse erythroleukemia cells treated with
differentiation inducers (Lachman et al., 1985). The c-myc gene
is expressed at the RNA and protein levels throughout the cell
cycle, though c-myc activity would seem to reflect the competency
of cells to enter and progress through the cycle (Thompson et
al., 1985; Hann et al., 1985; Kaczmarek et al., 1985).

Myc expression is regulated at the transcriptional and post-
transcriptional levels. The induction of c-myc expression in
fibroblastic cells by growth factors has been documented to in-
volve transcriptional and post-transcriptional phenomena though
their relative contributions remain somewhat controversial
(Greenberg and Ziff, 1984; Blanchard et al., 1985; Greenberg
et al., 1986; Dean et al., 1986b). Expression of c-myc is down-
regulated at the post-transcriptional level in interferon-treated
Daudi-Burkitt lymphoma cells (Jonak and Knight, 1984; Knight
et al., 1985; Dani et al., 1985) and in F9 teratocarcinoma cells
induced to differentiate with retinoic acid (Dony et al., 1985;
Dean et al., 1986a), while a block in transcriptional elongation
is mostly responsible for c-myc repression in differentiating HL60
cells (Bentley and Groudine, 1986). Post-transcriptional
mechanisms contribute to the high level of rearranged myc RNAs
expressed by broken myc genes in plasmacytomas (Piechaczyk
et al., 1985) and Burkitt lymphomas (Eick et al., 1985; Rab-
bitts et al., 1985). The normal c-myc gene (unrearranged allele)
is not expressed in plasma cell tumors (Adams et al., 1983; Stan-
ton et al., 1983; Bernard et al., 1983; Fahrlander ez al., 1985)
and in Burkitt lymphomas (Nishikura ez al., 1983; Taub et al.,
1984; Denny et al.,, 1985) which contain myc-involved
chromosome translocations (Klein and Klein, 1985). Endogenous
c-myc expression is also extinguished in B lymphomas of myc
transgenic mice (Adams ez al., 1985) and in myeloid cell lines
transformed by murine retroviruses expressing a v-myc gene
(Rapp et al., 1985). The repression of c-myc in these malignant
cells has been proposed to be an autoregulatory phenomenon
which may be mediated by a repressor at the level of the first
exon (Leder et al., 1983; Dunnick et al., 1983; Rabbitts et al.,
1984). The expression of c-myc can also be potentiated by pro-
tein synthesis inhibitors suggesting that c-myc is controlled by
labile negative factors (Kelley et al., 1983; Dani et al., 1984;
Greenberg et al., 1986; Dean et al., 1986b). We have recently
identified a cis-acting negative control element upstream of the
murine c-myc first exon which inhibits myc promoter and SV40
enhancer-driven gene expression at a distance (Remmers et al.,
1986).

In spite of the large volume of information available on altera-
tions in the quality and quantity of c-myc expression in cell
growth, differentiation and malignant transformation, the
molecular mechanisms of normal c-myc regulation remain largely
unknown. In this report, we have begun to elucidate the molecular
requirements for c-myc positive control. By employing
myc—CAT (chloramphenicolacetyltransferase) hybrid gene vec-
tors, we show that the c-myc first exon contains a novel positive
modulator of gene expression.
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Fig. 1. The myc sequences inserted into pCAT(AEP) (an enhancer—
promoter negative derivative of pSV2CAT) were derived from a plasmid
subclone of a 10.5-kb c-myc Kpnl fragment derived from a N\ phage
genomic clone of a BALB/c embryo c-myc gene (Battey et al., 1983).
Details of vector constructions are described in Materials and methods. The
stippled boxes in pSV2CAT and pCAT(AEP) correspond to SV40 sequences
(Gorman et al., 1982). Restriction enzyme sites are labeled as follows: Ac,
Accl; Bm, BamHI; Bg, Bglll; Hd, HindlIl; RI, EcoRI; Sm, Smal; Ss, Sstl;
Xh, Xhol.

Results

Efficient expression of myc— CAT genes requires an intact myc
first exon

Different segments of the murine c-myc gene were attached to
the CAT gene (Gorman et al., 1982) to provide us with a con-
venient, sensitive assay for regulatory elements. The enhancer
and promoter sequences of the pSV2CAT expression vector (Gor-
man et al., 1982) were replaced by different segments of the c-
myc locus. The first series of such myc—CAT hybrid genes are
shown in Figure 1. pMBgCAT, the largest myc—CAT vector,
contains ~ 1.14-kb of 5’-flanking myc sequences, an intact first
exon and the 5’ 14 bp of intron 1. The remainder of the
myc—CAT vectors contain different portions of the 1.71 kb myc
gene segment in pMBgCAT. CAT transfections were perform-
ed by either the DEAE —dextran (BJAB) or calcium phosphate
(HeLa) techniques in triplicate with a constant number of cells
and DNA to control for variations in transfection efficiencies (see
data analysis in Table I). These data demonstrate that: (i) effi-
cient expression of myc—CAT hybrid genes requires a c-myc
first exon with an intact 3’ end, and (ii) 1.14 kb of c-myc
5'-flanking DNA including the first promoter, P;, are insuffi-
cient for myc—CAT gene activity. These results suggest that a
positive regulatory element(s) resides within the first exon
downstream of the P; initiation site.

The diminished activity of pMBgCAT compared with
pMSmBgCAT in BJAB cells is due to a negative element within
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Table I. Comparative activities of myc—CAT hybrid genes in BJAB and HeLa
cells

Rel. CAT activity®

CAT vector HeLa BJAB
pSV2CAT 100 100

pCAT(AEP) 1.4 1.0
pMBgCAT 18.0 9.0
pMBgXhCAT 23 1.8
pMSmBgCAT 20.5 22.0
pMSmSsCAT 4.4 1.2
pMBgBmCAT 0.7 3.2
pMSmBmCAT 3.5 32

3CAT activities are expressed relative to pSV2CAT and are the average of
at least three independent transfections with results differing by no more
than 25%. Variations in transfection efficiencies were also controlled for in
some experiments by quantitation of plasmid DNAs in Hirt lysates (Hirt,
1967) of transfected cells.

the upstream 716-bp Bg/II—Smal segment (Remmers et al.,
1986). The negative effect of this upstream segment has also been
observed in other B lymphoid cell lines but is not apparent in
NIH3T3 and Hela cells (E.F.Remmers and K.B.Marcu, un-
published results) (Table I).

Active myc—CAT genes employ the major myc promoter, P,

The transcriptional start sites utilized by pMBgCAT and
pMSmBgCAT were first determined with stable transformed lines
of HeLa cells which were prepared by co-transfection of
myc—CAT genes and pSV2NEO (Southern and Berg, 1982)
followed by selection in media supplemented with G-418
(Geneticin, GIBCO). The results of S1 nuclease protection assays
with a uniformly labeled mouse exon 1 probe, mpR*S10, and
RNAs isolated from mixtures of stably transfected HeLa cells
are shown in Figure 2A. S1 nuclease assays performed with
mpR*S10 detect expression only from the transfected myc—CAT
gene due to the divergence of the murine and human myc exon
1 sequences (Bernard et al., 1983). pMSmBgCATP and
pMBgCATP are mixtures of 20 —30 independent stable transfor-
mants. As shown in Figure 2, the major normal myc promoter,
P,, is the predominant transcription start site employed by cells
expressing pMBgCAT and pMSmBgCAT. The P, promoter
would be expected to be preferentially used in HeLa cells in an
analogous fashion as shown for the NIH3T3 control which has
a P;:P, usage ratio of ~0.3 (Nepveu et al., 1985). The preferen-
tial usage of P, over P, in PC3741 reflects abnormal expression
of c-myc in this plasma cell tumor line which is presumably caus-
ed by a 12;15 chromosome translocation (Yang et al., 1985).
S1-protected bands corresponding to myc P, are not apparent in
any of these transfected lines. The absence of significant P, ac-
tivity suggests that these promoters are independently regulated.
Several additional minor start sites, which are less prominent than
P,, are present 5’ of Py and 3’ of P,. It is interesting to note
that several of these minor start sites are also observed in longer
exposures of the endogenous myc transcripts expressed in
NIH3T3 and PC3741 cells implying that these are not simply
a consequence of gene transfer.

We next compared the activities of pMSmBgCAT and
pMSmSsCAT in transiently transfected HeLa cells by S1 nuclease
mapping of total cellular RNAs. The removal of the 3'-terminal
60 bp of myc sequences from pMSmBgCAT results in the loss
of P,-initiated transcripts (Figure 2B) and a commensurate drop
in the level of CAT RNAs (Figure 2C). A rabbit 3 globin gene
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Fig. 2. S1 nuclease protection analysis of CAT RNAs expressed by HeLa cells stably and transiently transfected with myc—CAT vectors. S1 mapping of the
indicated samples in panels A and B was performed with a uniformly labeled, single-stranded myc exon 1 probe, mp-R*S10 (Yang er al., 1985). 1X and 5X
are 1 and 5 day exposures with intensifier screens, respectively. Samples denoted with a P are stably transformed populations of 20—30 clones. PC3741

is a murine plasmacytoma which displays preferential usage of the 5' myc promoter Py (Yang et al., 1985). Panels B and C are the results of S1 mapping
assays on total cell RNAs prepared 48 h after transfection of HeLa cells (2 X 10° cells seeded on 15 cm plates the day before the transfection) with 25 pg of
the indicated CAT vectors. S1 mapping of CAT RNAs in panel C was performed with a 5’ end-labeled CAT probe. A plasmid (5 ug) containing a rabbit 3
globin gene regulated by the cytomegalovirus enhancer (pBHC41) (Boshart et al., 1985) was co-transfected as a reference standard. 8 globin RNAs were
detected with a 5’ end-labeled rabbit 3 globin probe prepared from the pSV28G vector (see Materials and methods). The major SI-protected band corresponds
to the 5’ end of the 3 globin sequences in the pSV23G probe and the minor one is due to a cryptic start site within the 8 globin 5’ non-coding sequence
(Boshart et al., 1985). CAT S1 analysis in panel C was exposed to X-ray film with an intensifier screen for 5 days and 8 globin for 16 h without a screen.

regulated by the strong cytomegalovirus enhancer (Boshart et al.,
1985) was co-transfected with each of these myc—CAT genes
as a reference control. These results demonstrate that the lower
CAT activities of myc—CAT vectors, which lack an intact myc
first exon, are mostly a consequence of reduced P, activity. In
the remainder of this report, we characterize the properties of
this positive element within the myc first exon.

Positive effect of the myc first exon exhibits a strong position and
orientation dependence

We prepared a second set of myc—CAT hybrid genes that con-
tain the SV40 early promoter region in place of the normal myc
promoters. As shown in Figure 3, the SVMyc—CAT vector series
was prepared by inserting a 438-bp HindIIl — Bg/Il myc segment,
which contains most of exon 1 but lacks the P, and P, promoter
regions, in either orientation in each of three different positions
within pSV2CAT(AE) (an enhancer deletion derivative of
pSV2CAT). Vectors containing the sense orientation of this
438-bp fragment are denoted with an R and those with the anti-

sense orientation by an O subscript (see Figure 3). The results
of CAT assays performed with cellular extracts of BJAB and
HeLa cells transiently transfected with the SVMyc—CAT vec-
tors are shown in Table II. The 438-bp HindIIl —Bg/II fragment
efficiently drives CAT expression in its sense orientation,
downstream of the transcription initiation sites of the SV40 ear-
ly promoters in pSVM(H)RCAT. This positive effect is not
observed in its anti-sense orientation nor when positioned in either
orientation at a distance (3.2 kb 5’ and 1.7 kb 3’) from the SV40
early promoters [see pSVM(B)CAT vectors in Figure 3]. It is
a weak stimulator of CAT activity in HeLa cells when position-
ed in its sense orientation 5’ of the SV40 promoters [compare
activities of pPSVM(H)RCAT and pSVM(N)RCAT in HeLa cells
in Table IT]. However, this latter effect is more apparent in HeLa
cells where the intact first exon is more active.

The SVMyc—CAT vectors require an intact 438-bp
Hindlll - Bglll myc segment to efficiently drive CAT expression.
pSVMH)RAXhBgCAT and pSVM(H)RAHAXhCAT are
derivatives of pPSVM(H)RCAT that only contain the 5’ 378 and
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Fig. 3. SVMyc-CAT hybrid gene constructions. The indicated 438-bp
Hindlll - Bglll myc fragment was inserted in either orientation in three dif-
ferent sites (Ndel, Hindlll, BamHI) within pSV2CAT(AE) as described in
Materials and methods. Deleted derivatives of pSVM(H)RCAT are indicated.
The HindIII-Bg/Il segment was also inserted in its sense orientation into
the HindIll site of pSV2CAT. R and O subscripts designate sense and anti-
sense orientations. Restriction enzyme sites are labeled as follows: Ac, Accl;
Bm, BamHI; Bg, Bglll; Hd, HindIll; Nd, Ndel; RI, EcoRI; Xh, Xhol.

Table II. Comparative activities of SVmyc—CAT hybrid genes in HeLa and
BJAB cells

Rel. CAT activity?

CAT vector HeLa BJAB
pSV2CAT 100 100

pSV2CAT(AE) 3.8 34
pSVM(B)RCAT 5.0 2.3
pSVM(B)oCAT 3.8 2.3
pSVM(N)RCAT 13.0 5.8
pSVM(N)RAXhBgCAT 8.0 4.7
pSVM(N)oCAT 3.8 1.1
pSVM(H)RCAT 46.0 25.0
pSVM(H)RAXhBgCAT 14.0 7.1
pSVM(H)RAHdXhCAT 8.0 4.7
pSVM(H)CAT 2.5 4.7
pSV2M(H)RCAT ND 214

3CAT activities are expressed relative to pSV2CAT and represent the
average of at least three independent transfections with results differing by
no more than 25%. Variations in transfection efficiencies were also controll-
ed for in some experiments by quantitation of plasmid DNAs in Hirt lysates
(Hirt, 1967) of transfected cells.

ND = Not determined.

3’ 60-bp of the HindIII—Bglll myc fragment, respectively (see
Figure 3). As shown in Table II, these two vectors produce weak
CAT activity compared with pSVM(H)RCAT. pSVM(N)RCAT
activity in HeLa cells is also reduced upon removal of the 60 bp
XhBg fragment [see pSVM(N)RAXhBgCAT in Table II].

To determine if these CAT activities are indicative of RNA
levels, S1 nuclease protection experiments were performed with
a [y-3P]-5’ end-labeled CAT DNA probe and total cellular RNAs
isolated 48 h after transfection of COS cells with SVMyc—CAT
vectors (Figure 4). The presence of an SV40 replication origin
in the SVMyc—CAT vectors results in their amplification in COS
cells thereby enhancing the sensitivity of S1 nuclease assays. An
SV40 promoter-driven rabbit 3 globin gene (pSV2AG) (Mulligan
et al., 1979) was co-transfected along with each SVMyc—CAT
vector as a reference control for transfection efficiency and RNA
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Fig. 4. Quantitative comparisons of CAT RNAs in COS cells transfected
with pSV2CAT, pSV2CAT(AE) and various SVMyc-CAT vectors. (A)

50 pug of total cellular RNAs from each transfected cell population was an-
nealed to 2 X 10° c.p.m. of a 4-32P 5’ end-labeled DNA probe that con-
tains 252 bases of CAT coding sequence. Minor S1-protected bands of
slightly higher mol. wt than 252 bases are partial S1 digestion products. An-
nealing and S1 digestion conditions are described in Materials and methods.
Each sample was also analyzed for the expression of rabbit 3 globin RNAs
from pSV28G, a co-transfected pSV2 3 globin reference vector, with a 5'
end-labeled 3 globin probe. The 8 globin RNAs are expressed from the two
SV40 early promoters. The autoradiographic exposure times for the CAT
and globin RNAs were 5 days and 18 h with intensifier screens, respective-
ly. (B) pSV2CAT and pSV2M(H)RCAT expression were compared in an in-
dependent COS cell transfection. CAT and 3 globin autoradiographs in
panel B were exposed for 48 and 18 h with intensifier screens, respectively.

integrity. pPSVM(H)RCAT is almost as active as the pSV2CAT
positive control (Table IIT). However, SVMyc—CAT genes con-
taining the 5’ 378 bp or the 3’ 60 bp of the myc sequences in
pPSVM(H)RCAT are only ~2-fold more active than a pSV2CAT
(AE) background control. A vector containing the complete
438-bp exon 1 sequence in its anti-sense orientation,
pSVM(H)oCAT, is inactive. For the most part, these observa-
tions agree fairly well with CAT assay data in other cell lines.
However, CAT RNA levels in COS cells transfected with
pSV2CAT(AE) and SVMyc—CAT vectors are ~2- to 4-fold
higher than expected from CAT enzymatic assays with transfected
HeLa and BJAB cells (Table II). This discrepancy could be caus-
ed by a background level of plasmid read-through transcription
which is more apparent in COS cells due to vector replication.
The low level of SV40 promoter usage in COS cells transfected
with pSV2CAT(AE) supports this explanation (see Figure 7B and
Table III).

SV40 early promoters are differentially activated by the myc first
exon

S1 mapping experiments performed on total cell RNAs isolated
48 h after transfection of COS cells with various CAT vectors
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Fig. 5. S1 nuclease mapping of total cell RNAs isolated 48 h after transfection of COS cells with pSVM(H),CAT and pSV2CAT. (A) S1 mapping with a
uniformly labeled pSVM(H)RCAT probe. (B) and (C) S1 mapping with 5’ end-labeled pSVM(H)RCAT and pSV2CAT probes, respectively. The origins of the
Sl-protected bands in panels A—C are indicated below the restriction maps of the probes (see text for discussion). Restriction site designations are the same

as in Figures 1 and 4.

are presented in Figures S—7. The usage of both SV40 early
promoters (E2 and E1) are comparable in pSV2CAT transfected
cells (Figures 5C and 7B). The SVE, site is somewhat
heterogeneous but this has also been noted by others (Benoist
and Chambon, 1981; Ghosh et al., 1981; Buchman ez al., 1984).
S1 nuclease assays on RNAs of pSVM(H)RCAT-transfected
COS cells were performed with uniformly labeled (Figure 5A)
and 5’ end-labeled DNA probes (Figures 5B and 6). No
S1-protected band corresponding to the myc P, site is evident.
The myc HindIll—-Bg/ll fragment in pSVM(H)RCAT contains
24 bp 5’ of the P, initiation site but lacks the TATA box posi-
tioned 28 —32 bp 5’ of this start site (Stanton ez al., 1983, 1984).
The lack of P, activity in pPSVM(H)rRCAT-transfected cells sug-
gests that the usage of this transcription initiation site requires
>24 bp of 5'-flanking sequences in addition to a downstream
element within the exon. The results in Figures 5—7 confirm
that the dual SV40 early promoters SVE, and SVE; (also refer-
red to as Eup and E,,) (Benoist and Chambon, 1981; Ghosh and

Lebowitz, 1981; Ghosh er al., 1981; Buchman et al., 1984) are
utilized in pSVM(H)RCAT-transfected cells with a strong
preference for SVE,. The 3’-terminal 60-bp segment of the
438-bp HindIll - BgllI exon I segment also drives the expres-
sion of the SV40 early promoters with a strong preference for
SVE, [see pSVM(H)RAHdXhCAT construct in Figure 3 and S1
analysis in Figure 7A]. The SV40 early promoters are much more
active in cells transfected with pSVM(H)R AHdXhCAT in com-
parison to the original pSV2CAT(AE) vector (Figure 7, Table
IIT). Similar results were obtained with pSVM(H)R AXhBgCAT
which only contains the 5’ 378 bp of the first exon (data not
shown, Table III). However, a comparison of Figures 6 and 7A
(after correcting for differences in transfection efficiencies
detected by SV2( globin reference controls in Table III) reveals
that pSVM(H);AHdXhCAT is less active in driving the SV40
promoters than the pPSVM(H)RCAT construct which contains the
intact 438-bp exon 1 fragment (Table III). A number of cryptic
start sites within the myc first exon are also apparent in
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Fig. 6. Comparisons of SV40 early promoter usage in COS 1 cells
transfected with pSVM(H)RCAT and pSV2M(H)RCAT vectors. S1 mapping
with a 5’ end-labeled SVMyc probe (Sp-Xh*) reveals the relative contribu-
tions of the SVE, and SVE,; start sites for CAT expression in
pSVM(H)RCAT and pSVM(H)RCAT transfected cells. Exposure times were
1 and 5 days with intensifier screens from the 1X and 5X lanes, respective-
ly, Sl-protected bands corresponding to rabbit 8 globin transcripts expressed
by the co-transfected pSV2 3 globin reference control, are indicated.

pSVM(H)RCAT-transfected cells. The usage of these cryptic
start sites may be a consequence of removing the normal myc
promoters.

A set of smaller S1-protected bands can be seen with a uniform-
ly labeled pSVM(H)RCAT probe [denoted CAT (—) in Figure
5A] which are not detected with a 5’ end-labeled probe (Figure
5B). The larger and smaller groups of bands in Figure SA ex-
hibit similar migration patterns with the higher mol. wt set being
~250 nucleotides larger. As expected, RNA from pSV2CAT-
transfected cells protects only the 252-nucleotide CAT segment
at the 3’ end of the uniformly labeled pSVM(H)RCAT probe
(Figure 5A). These findings are interpreted in Figure SA to repre-
sent two alternative splicing pathways of the myc—CAT
transcripts since the CAT coding region is 3’ of the myc exon
1/intron 1 splice donor signal in pPSVM(H)RCAT. Densitometric
analyses of the autoradiographs in Figure 5A reveal that ~35%
of the myc transcripts utilize the myc splice donor signal which
would remove the CAT coding region from these mature
transcripts. This result indicates that some of our CAT assays
have somewhat underestimated the level of transcription obtain-
ed with myc—CAT vectors which retain the myc splice donor
signal within the 60 bp XhBg segment [pMBgCAT,
pMSmBgCAT, pSV2M(H)RCAT, pSVM(H)RCAT and
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Fig. 7. Activation of the SV40 early promoters by a 60-bp exon 1/intron 1
junction segment. Transcription initiation sites employed by
pSVM(H)RAHdXhCAT, pSV2CAT(AE) and pSV2CAT were determined by
S1 nuclease mapping with the indicated DNA probes. The pSV28G vector
was co-transfected as an internal reference control. 1X and 5X exposures
are for 1 and 5 days, respectively.

pSVM(H)RAHAXhCAT]. It would also follow that the utiliza-
tion of this myc splice donor site could not enhance the stability
of myc—CAT hybrid transcripts since such processed RNAs
would lack CAT coding sequences.

Positive effects of the myc first exon and the SV40 enhancer are
complementary

SVMyc—CAT hybrid genes which retain the SV40 enhancer are

considerably more active than CAT vectors that only contain the
myc exon or the SV40 enhancer. The 438-bp HindIll —Bg/ll myc
segment was also inserted into the HindIII site of pSV2CAT to
generate pSV2M(H)RCAT (see Figure 3). Experiments perform-

ed with BJAB cells demonstrate that pSV2M(H)RCAT is con-

siderably more active than either pSV2CAT or pSVM(H)RCAT

(Table II). This result is also confirmed by S1 nuclease mapping’
of CAT RNAs expressed in pSV2M(H)RCAT-transfected COS

cells (see Figures 4B and 6 and Table III). In addition to these

quantitative increases in promoter activities, a shift from SVE,

to SVE; usage is evident in COS cells transfected with

pSV2M(H)RCAT compared with pPSVM(H)RCAT (Figure 6).

SVE,; usage is also stronger in the pSV2M(H)RCAT-transfected

cells compared with pSV2CAT (Figures 6 and 7B).



Table III. Transcriptional activities of SVMyc—CAT vectors in COS cells

CAT vector SV40 Total Transcription
promoter CAT RNA activity®
activity? level®

pSV2CAT 1.00 1.00 1.00

PSVM(H)RCAT 0.75¢ 0.85¢ 1.10

PSVM(H)oCAT ND 0.05 0.20

PSVM(H)RAHdXhCAT 0.15¢ 0.40¢ 0.45

pSVM(H)RAXhBgCAT 0.25 0.38 0.40

pSV2M(H)RCAT 3.00¢ 2.07¢ 2.20

pSV2CAT(AE) 0.03 0.15 0.20

3The combined activities of the two SV40 early promoters (SVE; and SVE,)
were determined from densitometric scans of the results in Figures 6 and 7
and from another independent experiment which also included

PSVM(H)R AXhBgCAT. Variations in transfection efficiencies were cor-
rected by comparisons with SV globin reference standards and the data are
expressed relative to pSV2CAT.

bActivities of CAT vectors were determined from densitometric scans of the
S1 nuclease-resistant CAT bands in Figure 4. Variations in transfection effi-
ciencies were controlled for by analyzing SV28 globin reference standards.
CAT RNAs are expressed relative to the level in pSV2CAT-transfected
cells. Some of these determinations are averages of two independent ex-
periments [pSV2CAT, pSVM(H)RCAT and pSVZM(H)RCAT].
“Transcriptional activities were determined from densitometric scans of the
in vitro nuclear ‘run-on’ assay shown in Figure 8. CAT transcription ac-
tivities were corrected for variations in transfection efficiency by comparison
with SV24 globin reference controls and were then expressed relative to the
activity obtained with pSV2CAT.

dValues have been corrected for the fraction of transcripts (35%) which lost
CAT sequences due to the usage of the myc exon 1/intron 1 splice donor
signal (see Figure 5 and Discussion in text).

Positive effect of the myc first exon is at the transcriptional level

Nuclear ‘run-on’ transcription assays were performed with nuclei
prepared 48 h after transfection of COS cells with various CAT
vectors. The results of this experiment are presented in Figure
8 and Table III and are summarized as follows: (i) pSV2CAT
and pSVM(H)RCAT have comparable transcriptional activities;
(ii) pSVMH)RAHAXhCAT and pSVM(H)RAXhBgCAT have
low activity; (iii) pSVM(H)oCAT is comparable with the
background control pSV2CAT(AE); and (iv) pPSV2ZM(H)RCAT,
which contains the SV40 enhancer and the intact 438-bp exon
1 sequence, has the highest transcriptional activity. We conclude
from this analysis that the relative activities of SVmyc—CAT vec-
tors as determined by CAT enzymatic assays and quantitative
S1 nuclease analyses of accumulated CAT RNAs are a good in-
dication of their relative transcriptional activities (Table III).
These results also demonstrate that the 438-bp myc sequence con-
tains one or more cis-acting positive elements which function at
the transcriptional level.

Discussion

Negative functions ascribed to the c-myc first exon

The c-myc first exon has been hypothesized to contribute to the
extreme instability of c-myc RNAs (Dani et al., 1984; Blanchard
et al., 1985). Two recent observations support this suggestion:
(i) truncated myc transcripts, in murine plasma cell tumors and
human Burkitt lymphomas with broken myc genes, lack the first
exon and accumulate to higher levels (Piechaczyk et al., 1985;
Eick et al., 1985; Rabbitts et al., 1985); (ii) a long terminal repeat
(LTR) driven human c-myc expression vector, which lacks the
first exon, produces 2- to 3-fold higher steady-state levels of myc
transcripts in COS cells (Butnick et al., 1985). It is important
to note that the c-myc expression vector in the latter study ex-
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Fig. 8. Comparative transcriptional activities of various CAT vectors deter-
mined by nuclear ‘run-on’. 2 X 10 COS cells were transfected with 20 and
10 ug of CAT and pSV28G DNAs, respectively. Nuclei were

prepared 48 h after transfection essentially as described (Schibler ez al.,
1983). Nuclear ‘run-on’ was performed with 1 X 107 nuclei. Approximately
1.5 X 107 c.p.m. [a-*2P]JUTP-labeled transcripts were hybridized to
nitrocellulose filters previously spotted with 300 ng of purified restriction
fragments of CAT [551-bp Bg/ll—Ncol fragment from 5’ end of CAT gene
in pCAT(AEP), Figure 1] (Gorman et al., 1982; Alton and Vapnek, 1979)
and rabbit 8 globin (437-bp HindIII—BglIl fragment containing the first and
part of the second exon of a rabbit B8 globin cDNA clone) (Mulligan et al.,
1979). An equivalent amount of HindIII-digested A\ DNA (BRL) was also
included to assess the degree of non-specific hybridization. Autoradiography
was performed with an intensifier screen for 1 and 4 days for 8 globin and
CAT, respectively.

pressed authentic mRNAs in contrast to the myc—CAT vectors
in the present study which only contained the myc first exon.
The potential of the first and second exons to form a stable
stem —loop structure (Saito et al., 1984) may have some relevance
for the possible role of the first exon in c-myc mRNA turnover.
This secondary structure was originally proposed to modulate
myc expression at the translational level (Saito et al., 1984) and
there now exists evidence for (Darveau ez al., 1985) and against
(Butnick et al., 1985) this suggestion. The myc first exon was
also proposed to contain the binding site of a repressor (Leder
et al., 1983; Dunnick et al., 1983; Rabbitts et al., 1984) to ac-
count for the absence of normal c-myc expression in plasma cell
tumors and Burkitt lymphomas (Adams et al., 1983; Stanton et
al., 1983; Bernard et al., 1983; Taub et al., 1984; Nishikura
et al., 1983; Denny et al., 1985; Fahrlander et al., 1985). The
data presented here do not address this latter hypothesis. Two
recent reports have shown that sequence elements within the first
exon or near the exon 1—intron 1 boundary are involved in the
premature termination or pausing of myc transcription in differen-
tiating and proliferating cells (Bentley and Groudine, 1986;
Nepveu and Marcu, 1986). In this study, we provide strong
evidence that this large non-coding exon also contains a positive
control element.

Properties of a positive modulator within the c-myc first exon
A positive transcriptional modulator resides within the c-myc first
exon, downstream of the gene’s transcription initiation sites. A
myc—CAT hybrid gene construct with 1.0 kb of c-myc sequences
(including 423 bp of 5’-flanking DNA, the 563-bp first exon and
the first 14 bp of intron 1) requires its 3’-terminal 60 bp for ef-
ficient usage of the major myc promoter, P,. However, Py, the
5' c-myc promoter is not activated by the gene’s first exon nor
by 1.14 kb of 5'-flanking sequences, suggesting that P, and P,
are regulated by independent control elements. We have localized
a positive element (or elements) within a 438-bp HindIIl —Bg/ll
segment that encompasses the 3’ 424 bp of exon 1 and the 5’
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14 bp of intron 1. This intragenic positive modulator is necessary
but not sufficient for the activity of the c-myc P, promoter since
sequences 5’ of P, are also required for its activity. The 438-bp
sequence efficiently drives gene expression only when position-
ed in its sense orientation, 3’ of a nearby promoter. It preferen-
tially activates the SV40 upstream early promoter (SVE,) over
the downstream early promoter (SVE,;) providing additional
evidence that this c-myc positive element possesses some degree
of promoter selectivity. We divided the 438-bp sequence into two
segments (5’ 378 bp and 3’ 60 bp) and found that each has a
weak positive effect on a nearby 5’ promoter. We can suggest
two explanations for this phenomenon: (i) a single positive ele-
ment with multiple domains resides within the exon and (ii) there
are multiple positive elements which have synergistic effects. Fur-
thermore, we observe that the intact 438-bp myc segment does
not appear to act as a conventional enhancer since it has different
though complementary positive effects as the SV40 enhancer on
the SV40 early promoters. Actinomycin D chase experiments
indicate that the myc first exon does not significantly alter the
stability of CAT transcripts (Piechaczyk et al., 1986).
Intragenic positive modulators have been described for other
genes transcribed by RNA polymerase II. Functionally rearranged
immunoglobulin genes contain tissue-specific enhancers in their
introns (reviewed in Calame, 1985) and possibly other positive
elements within or nearby their heavy chain constant region gene
segments (Grosschedl and Baltimore, 1985). The 3 globin (Char-
nay et al., 1984) and chicken thymidine kinase genes (Merrill
et al., 1984) are also regulated in part by intragenic sequences.
In addition to an enhancer element upstream of its promoter, the
bovine leukemia virus (BLV) LTR also contains a second positive
modulator downstream of its transcription initiation site (Derse
and Casey, 1986). In analogy to the c-myc first exon positive
effector, the latter BLV LTR positive element efficiently func-
tions only downstream of a transcription initiation site. However,
unlike the myc element, the BLV LTR sequence functions in both
orientations. It remains to be determined whether this second BLV
LTR positive element functions at the transcriptional or post-

transcriptional level. Positive transcriptional elements have also .

recently been identified immediately downstream of the transcrip-
tion start site of the Drosophila hsp22 heat-shock gene (Hultmark
et al., 1986) and the adenovirus major late promoter (Mansour
et al., 1986).

A computer-assisted search of the 438-bp HindIIl—Bglll myc
segment for enhancer- and promoter-like sequences did not reveal
striking matches. An octamer sequence (GTTGGAAA), located
6—14 bp 5’ of the exon 1/intron 1 junction (Stanton ez al., 1983,
1984), bears some resemblance to an enhancer core motif
(GTGG,T7G) (Khoury and Gruss, 1983); and several GC-rich
sequence motifs that have some similarities with the binding site
of the Sp1 transcription factor (Dynan and Tjian, 1983) are also
present. However, the strong position and orientation dependence
of this myc positive element are not in keeping with the proper-
ties of the Spl transcription factor (Dynan and Tjian, 1983;
Gidoni et al., 1985). Future experiments will determine the
precise molecular requirements of this myc first exon positive
effector. It will be interesting to determine whether other ‘house-
keeping’ genes that possess a large non-coding leader exon (like
HMG-COA reductase) (Reynolds et al., 1984) contain analogous
positive modulators.

Materials and methods

Cell lines, transfections and RNA isolations

Myc-CAT vectors were introduced into COS 1 (Gluzman, 1981) and HeLa cells
by the calcium phosphate procedure (Graham and Van der Eb, 1973; Remmers
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et al., 1986) while the DEAE —dextran technique (Mosthof ez al., 1985) was
used for BJAB cells (Zech et al., 1976). For CAT assays, 10 ug of DNA was
applied to a 10 cm plate seeded with 5 X 10° HeLa cells on the day before the
transfection while 5 X 10° cells were used for BJAB. Preparative transfections
for RNA isolations and subsequent S1 nuclease analyses were performed in
duplicate with 25 and 5 pg, respectively of CAT and 8 globin DNAs applied
to 2 X 108 cells seeded in a 15 cm plate on the day before transfection for HeLa
and COS 1 cells. CAT lysates and total cell RNAs were prepared 48 h after
transfection. Total cellular RNAs were prepared by lysing cells in 4 M guanidinium
thiocyanate followed by phenol/chloroform extraction and ethanol precipitation
(Chirgwin et al., 1979; Maniatis er al., 1982).

CAT enzyme assays

To quantitate CAT activity, 20 ul of each cell lysate was employed to acetylate
[1C]chloramphenicol (Lopata et al., 1984). Labeled chloramphenicol and its resul-
tant acetylated derivatives were separated by ascending silica gel chromatography
(CHCly:methanol, 95:1) and detected by autoradiography. Reactions were quan-
titated by cutting out the radioactive spots and counting them in a scintillation
counter.

Vector constructions

Myc— CAT series. The SV40 enhancer and early promoter were removed from
pSV2CAT (Gorman et al., 1982) by double digestion with Accl and HindIII follow-
ed by Klenow polymerase treatment and insertion of a BglII linker to generate
pCAT(AEP). The largest myc—CAT vector, pMBgCAT, contains a 1.71-kb myc
Bglll fragment which encompasses 1.14 kb of 5'-flanking c-myc sequence, the
entire first exon and the 5' 14 bp of intron 1. pMSmBgCAT was prepared by
deleting the 5’ 716-bp Bg/ll—Smal segment in pMBgCAT. pMBgXhCAT and
pMSmSsCAT were generated by deleting the 3'-terminal Xhol—Bg/Il and
SstI—Bglll fragments from pMBgCAT and pMSmBgCAT, respectively.
pMBgBmCAT was prepared by inserting the 5’ 1.3-kb myc Bglll—BamHI frag-
ment directly into pPCAT(AEP). pMSmBmMCAT was prepared from pMBgBmCAT
by deleting the 5'-flanking 716-bp Bg/Il —Smal fragment. Deletions were reseal-
ed by Klenow polymerase treatment and blunt end ligated unless otherwise
indicated.

SVMyc— CAT series. The SV40 enhancer region was removed from pSV2CAT
by Accl—Sphl double digestion followed by sequential Klenow and T4 DNA
polymerase treatments then blunt end ligation to generate pSV2CAT(AE). This
leaves the entire SV40 early promoter region intact including the 21-bp repeats.
A 438-bp HindIII—Bglll myc sequence (containing the 3’ 424 bp of exon 1 and
the 5’ 14 bp of intron 1) was inserted in both orientations (designated by an R
for sense and an O for anti-sense) into each of three sites within pSV2CAT(AE).
PSVM(N)RgoCAT were prepared by converting the Ndel site 5’ of the SV40
promoter to BglII followed by insertion of the 438-bp HindIIl —Bglll fragment
after converting its ends to Bg/Il. pSVM(H)ggoCAT were constructed by con-
verting the ends of the myc HindIll - Bg/ll fragment to HindIIl followed by in-
sertion into the HindIII site between the SV40 promoter and the CAT gene in
pSV2CAT(AE). pSVM(B)RgoCAT were generated by converting the ends of
the myc HindIII—BglII fragment to Bg/II followed by its insertion into the BamHI
site 3’ of the poly (A) addition site in pSV2CAT(AE). Deleted derivatives of
some of these vectors [pPSVM(N)R AXhBgCAT, pSVM(H)RAHdXhCAT and
pSVM(H)RAXhBgCAT] were prepared essentially as described for the above
myc—CAT series. Finally, pSV2M(H)RCAT was generated by insertion of the
HindIll-converted myc HindIIl—Bg/II fragment into the HindIIl site of pSV2CAT.

pSV2BG was prepared by replacing the CAT gene in pSV2CAT with a rabbit
B globin cDNA derived from the vector pU3R —III3 that was kindly provided
by Dr Craig Rosen (Rosen et al., 1985).

S1 nuclease protection assays

S1 mapping (Berk and Sharp, 1977) of murine myc—CAT RNAs in stably
transfected HeLa cells was performed with an a-32P uniformly labeled myc exon
1 probe mp-R*S10, (see Figure 2) (Yang ez al., 1985). Annealing and S1 nuclease
digestions were performed as previously described (Yang et al., 1985).
Uniformly labeled and 5’ end-labeled CAT probes were employed to measure
the expression of pSV2CAT and SVMyc—CAT vectors in transfected COS cells.
SVMyc—CAT hybrid RNAs were detected with a uniformly labeled SVMyc—CAT
probe prepared from an 886-nucleotide SphI-RI fragment of pSV2M(H)RCAT
cloned into M13 as previously described (Stanton ez al., 1983) (see Figure 5A).
SVMyc—CAT RNAs were also analyzed with the same 886-nucleotide probe
from pSV2M(H)RCAT that was 5’ end-labeled at the RI site within the CAT gene
(Figure 5B) and with a smaller 5’ end-labeled probe derived from
PSVZM(H)RCAT (Sp-Xh* probe in Figure 6) to determine the relative usage of
the SV40 early promoters. The expression of all CAT vectors was also deter-
mined in some experiments with a CAT gene probe that was 5’ end-labeled at
the RI site of a 312-bp Nde-RI CAT fragment of pCAT(AEP) (Figure 4).
pSV2CAT RNAs were measured with a 5' end-labeled, 452-nucleotide SphI-RI
probe (Figure 5C). 5’ end labeling was performed with polynucleotide kinase
and [y-3P]ATP (Maxam and Gilbert, 1980). 50 g of total cellular RNAs from



transfected COS cells was annealed to 2 X 10° c.p.m. of each of the probes at
42°C for 4 h in 80% formamide (Fluka), 0.4 M NaCl, 0.4 M Pipes pH 6.4,
1 mM EDTA except for the Sp-Xh* pSVM(H)RCAT probe which was anneal-
ed at 56°C for 5.5 h followed by slow cooling to 42°C for 10 h. Digestion of
the resultant RNA:DNA hybrids was performed with 100 units of S1 nuclease
(BRL) for 60 min at room temperature.

S1 mapping of rabbit 3 globin RNAs was performed with a 5’ end-labeled
561-nucleotide Sphl —BamHI* fragment derived from pSV23G. Annealing was
performed with 40 pg of total cell RNA from transfected COS cells at 56°C for
15 h.

Nuclear ‘run-on’ assays

Nuclear ‘run-on’ transcription assays were performed essentially as described
(Schibler ez al., 1983) with minor modifications. Completed reactions were treated
with 200 pg/ml of proteinase K for 30 min at 42°C. Nascent transcripts were
precipitated in 10% trichloroacetic acid (TCA) and the precipitates washed in
5% TCA. 1.5 X 107 c.p.m. of [a-*2P]JUTP-labeled, purified nuclear transcripts
were hybridized to nitrocellulose strips containing 300 ng of purified DNA
fragments. Pre-hybridizations and hybridizations were carried out for 24 and 48 h,
respectively at 42°C in 50% formamide buffer as described (Schibler ez al., 1983).
Filters were washed in 0.1 X SSC, 0.1% SDS for 1.5 h with six changes at
65°C prior to autoradiography.
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