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TRANSACTIVATION OF THE HUMAN C-MYC GENE BY C-MYB
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Summary: We analyse the contribution of six Myb-binding sites in the upstream c-myc
sequences to transactivation by co-transfection assays. Surprisingly, deletion of the six
Myb-binding sites did not influence the transactivation of c-myc by c-Myb protein. Instead,
the strongest transactivation was observed with a c-myc reporter plasmid which contains
only 450 bp of exon 1 including the c-myc promoter P2. An exchange of the DNA binding
domain of ¢c-Myb by that of GAL4 led only to small transactivation effects indicating that
the DNA binding domain of c-Myb is essential for transactivation of the c-myc gene. These
results suggest either an indirect transactivation mechanism of the c-myc gene by c-Myb
proteins or a role of the DNA binding domain for additional effects than DNA binding.

© 1992 Academic Press, Inc.

The protooncogene products c-Myb and c-Myc are expressed in immature cells whereby
expression of c-myc is more ubiquitous than that of ¢-myb which is restricted to cells of
lymphoid, erythroid and myeloid lineages (1,2,3) and a number of other tissues (4). Both,
the expression of c-Myc and c-Myb is coupled to the proliferation and differentiation state
of eucaryotic cells (5-10). Direct evidence that c-myc expression is influenced by c-Myb
came from the result, that an overexpression of exogenous c-Myb in certain leukemic
CTLL-2 cells led to an increase of endogenous ¢c-myc expression (11).

Investigations of c-myc regulation have shown previously that transcription of this gene is
regulated both, by positive and negative elements located upstream and downstream of the
main c-myc promoters but only a few transcription factors have been identified so far (for
review see 12).

Both v-Myb and c-Myb are transcriptional activators containing an acidic transactivation
domain (13,14,15). The v-Myb protein is able to bind specifically the DNA sequence
PyAACT/GG (16). In a previous study (17) we have shown that the c-Myb protein binds
the sequences AACVGTT or AACGTT (V: A, C, G or T). Recently the Myb-binding
sequence has been extended to CPyAACVGPyCPu using a sensitive PCR method in which
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DNA oligomers with a random nucleotide core were used (18). Both, ¢- and v-Myb
proteins, transactivate artificial promoter constructs containing multimers of this Myb-
binding site (14,19-22). Moreover, the promoter region of the first identified v-Myb-
regulated gene, mim-1, contains three Myb-binding sites (20), indicating that Myb
transactivates the mim-1 gene.

We have described various Myb-binding sites in the regulatory region of the human ¢c-myc
gene and have shown that the human c-Myb protein is able to transactivate the c-myc gene
in cells in culture (17). In order to define the contribution of the Myb-binding sites to this
transactivation effect we constructed a series of mutated c-myc promoter regions linked to
the chloramphenicol acetyl transferase (CAT) gene. Co-transfections of these reporter
plasmids with Myb-expressing effector plasmids into COS recipient cells revealed, that the
transactivation of c-myc transcription by c-Myb is independent of the presence of high-
affinity Myb-binding sites in the 5' flanking sequence of the c-myc gene. Nevertheless the
transactivation effect requires the presence of the DNA binding domain of the c-Myb
protein,

MATERIALS AND METHODS

Effector plasmids. As effector plasmids the plasmid pHMI1, expressing the full-length
human c-Myb protein p75, the plasmid pHMS, expressing the carboxy-terminally deleted
human c-Myb protein p42 (amino acid residues 1-358) (17) and the plasmid pGMS,
expressing a GAL4-c-Myb fusion protein, in which the DNA binding domain of p42 ¢-Myb
was exchanged by the DNA binding domain of GAL4 (amino acid residues 1-83 of GAL4
fused to amino acid residues 201-358 of c-Myb) (15) were used. The SV40 derived
expression vector pECE (23) without any insert served as negative control.

Reporter plasmids. Internally deleted mutants of the plasmid p2.3mycCAT (24), containing
the upstream regulatory sequences of hu-c-myc, were created by restriction of the
appropriate fragments. Both ends were filled in with T4 DNA polymerase and ligated. For
construction of the plasmid p2.3PAmycCAT the SV40 poly A-sequence derived from the
plasmid pECE was inserted into the Smal site of p2.3mycCAT upstream of the c-myc
promoter P1. Mutations of the Myb-binding site between promoter P2 and the TATA box
were obtained by using the PCR technique. A BIOMED thermocycler and Tag-polymerase
from Promega were used according to the instructions of the manufacturers. The
nucleotides G, +144 and C, +145 (numbered relative to the transcription start of P1) were
mutated to C and A by using primers creating a DNA fragment that included the TATA box
and part of the exon 1 up to the RsrlI site, whereby one primer contains the mutations. The
first PCR product was used as primer in a second PCR together with a primer binding near
the Xhol site upstream of the TATA box. The second PCR product was restricted with
XhoI and Rsrll and inserted into the RsriI-Xhol deleted plasmid pl.2mycCAT. The
resulting plasmid pl.2m™mycCAT was controlled by sequencing and Clal-Xhol-deleted to
create the plasmid pAP1MtmycCAT.

DNA _transfection. DNA transfection was performed by calcium phosphate precipitation
(25) into COS-7 recipient cells which were about 50% confluent. Effector and reporter
plasmids were transfected in relative amounts of 19 to 1 (19 ug and 1 ug of DNA,
respectively, per 5 x 105 cells). Cells were harvested 48 h after transfection and CAT
activity was measured by determination of butyrylated [14C]chloramp_henicol
(chloramphenicol 40-60 mCi/mmol, 0.05 »Ci per assay) after phase extraction with two
volumes of a 2:1 mixture of tetramethylpentadecane (TMPD) and xylene (26). Radioactivity
was measured by liquid scintillation counting. CAT assay was performed in all cases with
60 pg cellular lysate incubated for 60 minutes.
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RESULTS

The regulatory region of the human c-myc gene contains a number of Myb-binding sites. In
a previous study (17) we showed that c-Myb binds these sites in vitro using partially
purified bacterially expressed ¢- and v-Myb proteins in gel retardation assays and DNAasel
footprinting experiments. Fig.1A schematically shows the positions of six Myb-binding
sites on the 5' flanking sequences of the c-myc gene. Furthermore, the c-myc sequences
protected by ¢-Myb proteins in DNAasel footprinting experiments are listed and the binding
affinities of the c-Myb proteins to these six Myb-binding sites are indicated as published
previously (17, Fig.1B). .

To investigate the functional significance of the six Myb-binding sites for c-myc expression,
transactivation studies were performed. Based on the reporter plasmid p2.3mycCAT (24),
that contains 2.3 kbp of the 5' flanking sequences of the human c-myc gene, including exon
1, fused upstream of a chloramphenicol acetyl transferase (CAT) gene we prepared mutant
plasmids with internal deletions, insertions or mutations affecting Myb-binding sites
(Fig.2A). In order to determine the basal transactivation of each reporter plasmid co-
transfections with pECE, an SV40-derived expression vector without insert (23) were
performed. The reporter plasmids were co-transfected into COS recipient cells with pECE
derived effector plasmids expressing either the full-length c-Myb protein p75 c-Myb
(pHML1), a carboxy-terminally deleted c-Myb protein p42 c-Myb (pHMS) (17) or a GAL4-

P1 P2

rs-!rts{-n ME:/;, FI?H T@A Exon 1

C M Rs T H
+1
B
¢-Myb-binding site Sequence Binding affinity
Fs-L GAATTGTGCAGTGCATCGGATTTGGAAG +1-
F5-H AAACTCAACGGGTAATAA
Fa-H GAATACACGTTTGCGGGTTACA +
F4-L AGAAAAAATTIGTGAGTCAGTG +/-
F3-L GAATTAAACGGTCCGGTT +
F3-H AGAGTTAACGGTTITTTT o+

Fig.1. (A) The positions of six Myb-binding sites on the 5’ flanking sequences of the
human c-myc gene are indicated by boxes. Previously published Myb-binding sites are
designated as F5-H, F5-L, F4-H, F4-L, F3-H and F3-L whereby L indicates low and H
high affinity binding sites (17). Restriction sites are abbreviated as follows, C: Clal, M:
Mvnl, Rs: Rsal, T: Taql, B: Bgll, H: Hinfl, S: Sstl. P1, P2, c-myc promoters. Start of
transcription of P1 is indicated by +1. (B) The sequences of the six Myb-binding sites are
derived from DNAasel footprinting experiments and the relative binding affinities (4++ +:
high; +: intermediate; +/-: low) have been determined previously in comparative gel
retardation assays (17). Nucleotides corresponding to the c-Myb-consensus sequence
TAACVGTT or TAACGTT (17) are underlined. Nucleotides corresponding to the Myb-
consensus sequence CPyAACVGPyCPu (18) are indicated by bold letters.
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Myb fusion protein (pGMS), consisting of a p42 c-Myb protein which DNA binding
domain had been replaced by the DNA binding domain of the GAL4 protein (15). Fold
activation refers to the basal transactivation activities of the reporter plasmids.

In comparison to the basal activities of the reporter plasmids strong positive transactivation
effects were generated by the c-Myb expressing constructs (Fig.2B). The full-length
reporter plasmid p2.3mycCAT generated strong positive transactivation effects with pHM1
and pHMS but only a small transactivation effect with pGMS. Deletions of the Myb-binding
sites F5-H, F5-L, F4-H and F4-L resulted in the reporter plasmid pl.2mycCAT (Fig.2B).
Co-transfection of this plasmid with pHMS5 resulted in a slightly lower transactivation effect
than that obtained with p2.3mycCAT, indicating that the deleted Myb-binding sites
contribute to the transactivation of c-myc. Surprisingly, deletion of the two Myb-binding
sites F3-H and F3-L with high and intermediate affinities (reporter plasmid p1.0mycCAT)
led to a transactivation similar to that obtained with the full-length p2.3mycCAT. Further
deletions of the 5' flanking sequences (reporter plasmids p0.3mycCAT and p0.1mycCAT)
resulted in further increase of the transactivation effects. The highest transactivation effect
(44 fold) was obtained with the reporter plasmid pAP1mycCAT, containing only the c-myc
promoter P2 and 100 bp upstream plus downstream sequences.

We noticed in addition to the six published Myb-binding sites potential other sites in exon 1
downstream of P2 between the Rsrll and Aval restriction sites (CAACCCTT,
AAACTTTG, GAACTTAC) (indicated by boxes in Fig.2A) and between the TATA box
and the transcription start of P2 (GCCGGTTT) (indicated by box next P2 in Fig.2A). In gel
retardation assays and DNAasel footprinting experiments binding with low and intermediate
affinities of c-Myb proteins to these sequences have been observed (data not shown).
Deletion of the Myb-binding sites downstream of P2 inside exon 1 (pAP1ARAmycCAT)
had no significant effect on transactivation. Since the Myb-binding site between the TATA
box and P2 is located in an important regulatory region, where binding of general
transcription factors like TATA factors takes place, it seemed possible that binding of
¢-Myb at this site caused the transactivation effects of the various c-myc reporter plasmids
with Myb-expressing constructs. Therefore, point mutations of this Myb-binding site

Fig.2. (A) Map of the c-myc reporter plasmids used for transactivation studies. The names
of the plasmids are indicated on the right site. Deleted sequences are indicated by recessed
lines. P1, P2: c-myc promoters; open boxes: Myb-binding sites; hatched boxes, mutated
Myb-binding site; PA: inserted poly A-sequence; C: Clal, K: Kpnl, S: Smal, Sc: Scal, X:
Xhol, R: Rsrll, A: Aval. (B) Diagram of the transactivation effects of the Myb-expressing
effector plasmids with the c-myc reporter plasmids. Co-transfections and CAT assays were
performed in the case of p2.3mycCAT with the control plasmid pECE, that expressed no
protein, the effector plasmids pHM1, pHMS5 (expressing p75 c-Myb and p42 c-Myb,
respectively; AA: amino acid residues) (17) and pGM5, a construct in which the DNA-
binding domain of p42 c-Myb was replaced by the DNA-binding domain of GAL4 (15). All
other reporter plasmids are co-transfected with pECE and pHMS in parallel. Conversion of
chloramphenicol is derived from solubilized butyrylated forms as described in Materials and
methods. The transactivation effects are given as fold transactivation based on the basal
activity of each reporter plasmid determined in co-transfections and CAT assays of each
reporter plasmid in parallel with the control plasmid pECE. The Figure shows the result of
one representative experiment, in which all reporter plasmids were tested in parallel. Each
reporter plasmid had been tested with the appropiate controls in more than four independent
experiments.
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(reporter plasmids p1.2™mycCAT and pAP1™*mycCAT) were performed. They resulted
in transactivation effects that were comparable to these obtained with the respective reporter
plasmids without mutations (compare pl.2mycCAT with pl.2MitmycCAT and
pAP1ImycCAT with pAP1™mycCAT). These results indicate that the region between
TATA box and P2 is not responsible for the transactivation effects of c-Myb proteins on
c-myc.

In order to exclude that there were transcription start sites outside the c-myc sequences, a
poly A-tail derived from SV40 was inserted into the full-length c-myc upstream region. The
resulting plasmid p2.3PAmycCAT showed only a slight reduction of the transactivation
effect compared to its control p2.3mycCAT. Therefore this possibility was excluded.
Finally we deleted the c-myc promoters P2 and both, Pl plus P2, from the full-length
upstream regulatory region of c-myc (p2.3AP2mycCAT and p2.3AP1AP2mycCAT) and
tested these in co-transfection assays. They revealed that P2 was essential for the
transactivation effect of the c-Myb proteins on c-myc because transactivation was
completely abolished (Fig.2B).

Furthermore, we deleted a large fragment from the upstream regulatory region of c-myc
(p2.3AKXmycCAT) leading in turn to a strong transactivation of 36fold. This phenomenon
can be most easily explained by the assumption that negative regulatory sequences are
located at the deleted fragment (24,27).

Co-transfections of the effector plasmid pGMS5, expressing the GAL4-Myb fusion protein
with all of these reporter plasmids led to weak transactivation effects. Since these co-
transfections resulted in nearly the same transactivation effects with all of the c-myc
reporter plasmids, only the data of p2.3mycCAT is shown in Fig.2B as a representative
result. This result proves that the DNA binding domain of the c-Myb protein is essential for
transactivation of c-myc.

DISCUSSION

The transactivation analysis of various c-myc reporter plasmids shown here indicates that
expression of c-myc can be enhanced by c-Myb proteins with intact DNA binding domains.
This transactivation effect does not depend on the presence of Myb-binding sites upstream
of the ¢c-myc promoter region since deletions and mutations of these Myb-binding sites did
not diminish the effect. Thus, positive transactivation depends on the presence of sequences
surrounding the c-myc promoter P2 located in exon 1.

It has been shown that the region upstream of P2 (and including P2) is responsible for the
main transcriptional activity of the c-myc gene (28). A few proteins have been identified so
far which bind to the region upstream of P2, for example MElal and MEla2 (29) and E2F
(30). Especially the binding site of E2F is essential for c-myc transcription (31). One
possibility for the mechanism of the c-myc transactivation by c-Myb proteins could
therefore be, that the c-Myb protein acts indirect by enhancing the expression of one of the
transcription factors which bind at the region upstream of P2, e.g. E2F.

In the case of the hsp70 promoter Klempnauer et al. (19) have shown that the DNA binding
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domain of v-Myb is dispensable for transactivation. As c-myc can only be significantly
transactivated by a Myb protein which contains its DNA binding domain, it can be
concluded that c-myc is transactivated by c-Myb proteins in a way unlike the hsp70
promoter. One recently described v-Myb-regulated gene, a ribonuclease A-related gene
(32), is another example for a v-Myb-regulated gene which can be transactivated by v-Myb
without the invoivement of Myb-specific DNA binding sequences. In that case it is not
known whether or not the DNA binding domain of the v-Myb protein was dispensable for
transactivation.

It is obvious that the ability of Myb proteins to transactivate depends on properties of the
respective promoter. The HIV-LTR contains some Myb-binding sites and can be
transactivated by Myb proteins (33), whereas the MMTV-LTR shows no fransactivation by
Myb in spite of containing strong Myb-binding sites (Kalkbrenner et al., unpublished
observations). In the case of the SV40 promoter strong transactivation effects are only
detectable when multimerized Myb-binding sites are inserted upstream of this promoter
(34). These differences between various promoters with regard to their transactivation by
Myb proteins could be due to the specific transcription factors binding near the respective
promoter, creating Myb sensitive or insensitive promoters. The differences between the
transactivation effects of the various c-myc reporter plasmids described here could thus be
explained on the basis of the composition of the factors on each promoter fragment.

In addition it can be speculated that the DNA binding domain of c¢-Myb may have other
functions than binding to DNA, e.g. it may be involved in interaction with other
transcription factors (35). This interaction may be similarly important for gene regulation
by ¢-Myb as direct Myb-DNA interaction. This model raises the possibility that c-myc
could be transactivated by an interaction of the DNA-binding domain of ¢c-Myb with the
transcription factors which bind in the region upstream of the promoter P2.
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