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Myc and Max Homologs in Drosophila
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The proteins encoded by the myc proto-oncogene family are involved in cell proliferation,
apoptosis, differentiation, and neoplasia. Myc acts through dimerization with Max to bind
DNA and activate transcription. Homologs of the myc and max genes were cloned from
the fruit fly Drosophila melanogaster and their protein products (dMyc and dMax) were
shown to heterodimerize, recognize the same DNA sequence as their vertebrate ho-
mologs, and activate transcription. The dMyc protein is likely encoded by the Drosophila
gene diminutive (dm), a mutation in which results in small body size and female sterility
caused by degeneration of the ovaries. These findings indicate a potential role for Myc
in germ ceIJ development and set the stage for genetic analysis of Myc and Max.

The transcriptional regulatory proteins en-
coded by the myc proto-oncogene family
have been linked to multiple aspects of
eukaryotic cell function, including cell cy-
cle progression, differentiation, and apopto-
sis (I). In addition, genetic alterations in
the c-, N-, and L-myc family members are
found in a wide range of tumors. These
alterations result in deregulation of myc ex-
pression, which .is normally under both
transcriptional and posttranscriptional con-
trol (I, 2). In general, myc family genes are
expressed in proliferating cells in embryonic
and adult tissues. Targeted deletion of ei-
ther c-myc or N-myc in mice results in
embryonic lethality during organogenesis,
underscoring the importance of these genes
in development (3).

The products of the myc family are short-
lived phosphoproteins that are localized
predominantly in the nucleus. They possess
a tripartite NH,-terminal activation region
and a COOH-terminal dimerization and
DNA binding domain comprising a basic
helix-loop-helix-zipper (bHLHZip) motif
(I). Myc proteins homodimerize and bind
DNA poorly, but readily form stable se-
quence-specific DNA binding heterodimers
with another bHLHZip protein, Max (4, 5).
Myc-Max heterodimers recognize the E-box
sequence CACGTG and activate transcrip-
tion of artificial reporter genes as well as
endogenous target genes containing this
binding site (6, 7). Interaction with Max
and transcriptional activation are essential
for the biological functions of Myc (6, 8).

The physiological roles of Myc and Max,
and the pathways through which they func-
tion, are poorly understood. Although myc
genes are highly conserved in all vertebrates
and in echinoderms (9), no myc homologs
have been detected in yeast, Drosophila, or

Division of Basic Sciences, Fred Hutchinson Cancer Re-
search Center, 1124 Columbia Street, Seattle WA
98104, USA.

*To whom correspondence should be addressed.

the nematode Caenorhabditis elegans, there-
by precluding genetic approaches to func-
tion. We reasoned that, while nucleotide
sequences are likely to have diverged con-
siderably over time, a putative Drosophila
Myc may have retained the ability to rec-
ognize its heterodimeric partner Max, even
from evolutionarily distant organisms. We
therefore used human Max to screen a two-
hybrid library prepared from Drosophila
cDNAs. This approach yielded seven par-
tial cDNAs, all encoding the same strongly
interacting protein, and we subsequently
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isolated cDNAs covering a complete open
reading frame (ORF) (10). We designated
the encoded protein dMyc because, as de-
scribed below, both sequence analysis and
biochemical data strongly suggest that this
protein is a Drosophila Myc homolog.

The dMyc protein is only 26% identical
to human c-Myc over its entire amino acid
sequence, but a computer search of the
protein database using the dMyc sequence
repeatedly identified vertebrate Myc family
proteins with a high degree of homology
(11). Indeed, several critical functional re-
gions of c-Myc are conserved in dMyc (Fig.
1A): (i) an NH,-terminal region with 57%
identity to human c-Myc box II, which
contains the conserved sequence DCMW,
mutations in which abrogate Myc activity
(12); (ii) a centrally located acidic region
with 57% identity to the “acidic region” of
vertebrate c-Myc; (iii) a COOH-terminal
segment with 40% identity to the human
c-Myc bHLHZip domain. Other hallmarks
of vertebrate Myc proteins such as Myc-box
[ may also be present in dMyc, but their
sequence is less conserved (Fig. 1A).

The putative bHLHZip domain of dMyc
is likely to mediate its interaction with
human Max in the two-hybrid screen, as all
dMyc clones isolated from the screen en-

coded this domain. Within bHLHZip, the

Fig. 1. Deduced sequences
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Acidic region contact DNA (74) are indicat-
dMyc 323 DSPPTTGSDS...//.. [ETPSDSDEEIDVVE] 417 ed by asterisks. Identical res-
sl (N idues are indicated by verti-
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basic region of dMyc is more similar to its
counterpart in human c-Myc (69% identi-
ty) than to other human and Drosophila
bHLH proteins (11). Notably, all but one of
the basic region residues predicted to con-
tact DNA (13, 14) are identical to those in
human c-Myc. The HLH region of dMyc is
more divergent (35% identity to human
c-Myc). Interestingly, dMyc resembles all
known Myc proteins in that the Myc-box I
is NH,-terminal, whereas the bHLHZip re-
gion is at the extreme COOH-terminus.

Furthermore, the dmyc gene is comprised of
three exons with the protein-coding region
spanning exons 2 and 3 as in mammalian
myc. The positions of the exon-intron junc-
tions are also similar to those in vertebrate
myc (1, 15).

In a directed yeast interaction assay, the
bHLHZip region of dMyc showed no de-
tectable association with the bHLH do-
mains of the Drosophila proteins E(spl)m3,
Da, Hairy, and Emc, nor did dMyc form
homodimers (15). We therefore hypothe-

Fig. 2. Biochemical proper- dMyc dMax competitor
ties of dMyc and dMax. (A) o =1 5 %1 wild-type mutant
In vitro association was as- 7 2 §§ 5% B 5 50 500x 5 50 500x
sayed by incubation of bac- 2283 B8543 M P e T e
terially expressed histidine- Lol R e A

tagged dMyc and dMax 290~ g

bound to a nickel resin (His- 122: H | I -

dMyc; His-dMax) with the s 25

[5S]methionine-labeled in 44~ iy

vitro—translated proteins in- 29-| & - Y8

dicated at the top (17). As- ¥ - = i

terisks indicate the positions 19-18 T =- i

of dMyc (left) and dMax

(right). Molecular size standards are noted on the left. (B) DNA

binding properties of dMyc and dMax. Purified His-dMyc and
His-dMax were incubated with radiolabeled CM-1 oligonucleo-
tide probe containing the sequence CACGTG. Where indicated,
unlabeled competitor oligonucleotide was added; wild-type, un-
labeled CM-1; mutant, B1/B2 oligonuclectide containing a

MyoD binding site CACCTG. DNA binding
was analyzed as in (18) (C) Activation of
transcription by dMyc and dMax. Plasmids
encoding dMyc or dMax were transfected
into 293 cells together with the pGL2M4
reporter. pGL2M4 contains a fourfold reiter-
ation of the CACGTG binding site located
proximal to a minimal SV40 promoter driv-
ing expression of the luciferase gene. Lucif-
erase activity produced by reporter plasmid
was determined from cell lysates 48 hours
later (79). Duplicate samples from two inde-
pendent experiments are shown. Samples
were normalized for expression from a
B-galactosidase expression vector. Results
are presented as mean = SEM.

c

Relative luciferase units

Fig. 3. Expression of dmyc and dmax
during Drosophila development. Poly(A)*
RNA was prepared from Oregon R flies at
the indicated stages and analyzed by
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long exposure

15

10 1

0

dMyc (ng) - 1 3 - - 1.1 3 3
dMax (ug) - - - 1 3 1 3 18

Northern  blotting. The radiolabeled
probes indicated at the left were used
successively on the two blots shown (20).
The dras mRNA served as a loading con-
trol because it is expressed at nearly con-
stant levels throughout Drosophila devel-
opment (28); note that several lanes are
underloaded. The numbers above the
lanes indicate days after egg-laying; each
sample represents a successive 24-hour
period.
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sized that Drosophila may encode a Max-
related dimerization partner for dMyc. To
identify this protein, we performed a second
yeast two-hybrid screen using the bBHLHZip
of dMyc as bait. These experiments yielded
a Drosophila bHLHZip protein related to
vertebrate Max, which we called dMax (10)
(Fig. 1B). The clones contained a complete
161 amino acid ORF for dMax preceded by
several in-frame stop codons. A computer
search of the protein database with the
dMax OREF identified vertebrate Max pro-
teins as the most closely related (11). The
greatest sequence similarity is within the
bHLHZip domain, which shows 67% iden-
tity (52% overall identity in the alignment
shown in Fig. 1B). Importantly, all residues
contacting DNA are conserved. Further-
more, the NH,-termini of dMax and human
Max are highly conserved (52% identity)
and include two casein kinase Il phospho-
rylation sites that negatively regulate DNA
binding (16) (Fig. 1B).

We next assessed the interaction of
dMyc and dMax in vitro by incubating
histidine-tagged dMyc or dMax (His-dMyc
or His-dMax), linked to a nickel-agarose
resin, with in vitro—translated [**S]methi-
onine-labeled proteins. Labeled proteins
bound to the resin after detergent washes
were detected by SDS-polyacrylamide gel
electrophoresis (PAGE) and autoradiogra-
phy (17). His-dMax interacted strongly
with dMyc and dMax, whereas His-dMyc
associated with dMax but not dMyc (Fig.
2A). These binding properties are consis-
tent with those of vertebrate Myc and Max
(4, 5).

To determine whether the bBHLHZip do-
mains of dMyc and dMax exhibit E box
binding specificity, we used bacterially ex-
pressed proteins in electrophoretic mobility
shift assays (EMSA) with a labeled oligo-
nucleotide probe (CM-1) containing one
copy of the CACGTG site (18). The dMyc
protein alone did not bind CM-1 even at
relatively high concentrations of protein,
whereas dMax alone bound the probe weak-
ly only at high protein concentrations (Fig.
2B). By contrast, dMyc and dMax together
generated a strong band shift with CM-1
under conditions in which neither protein
alone bound. The specificity of dMyc-
dMax binding to CACGTG was demon-
strated by competition experiments. A five-
fold and 50-fold excess of unlabeled CM-1
reduced dMyc-dMax binding to the labeled
CM-1 probe by two- and eightfold, respec-
tively. However, unlabeled B1/B2 oligonu-
cleotide containing a MyoD E-box binding
site CACCTG (18) reduced binding to la-
beled CM-1 only when present at a 500-
fold excess over labeled CM-1. We then
examined whether dMyc-dMax het-
erodimers could transactivate a CACGTG-



containing reporter gene in mammalian
cells (19). A cytomegalovirus (CMV) vec-
tor encoding dMyc stimulated the reporter
gene in a concentration-dependent manner
(Fig. 2C). Expression of dMax alone pro-
duced no transactivation over background
levels; however, cotransfection of dMax
with higher concentrations of dMyc vector
significantly enhanced the transactivation
potential of dMyc. These findings demon-
strate that the ability of Max and Myc to
recognize the CACGTG sequence and ac-
tivate transcription has been conserved be-
tween vertebrates and invertebrates.

We examined the temporal and spatial
patterns of dmyc and dmax expression dur-
ing development. As shown by Northern
blot analysis (20) (Fig. 3), dmax is expressed
as a single ~1.2-kb transcript at essentially
constant levels throughout development. In
contrast, a_ dmyc transcript of ~6 kb is
expressed at the highest levels during early
embryogenesis and in adult females. It is
barely detectable during the larval and pu-
pal stages. In addition, early embryos and
adult females contain smaller dmyc tran-
scripts that appear to differ primarily in
their untranslated regions (15).

The spatial distribution of dmyc and
dmax transcripts was examined in early em-
bryos by in situ hybridization (21). The
dmyc transcripts, presumably maternal in
origin, can be detected ubiquitously from
the earliest stages (Fig. 4). Later the zygot-
ically derived transcripts accumulate in a
dynamic pattern in various tissues through-
out embryogenesis. In preblastoderm em-
bryos, dmyc transcripts are present through-
out the embryo, with highest levels at an-
terior and posterior termini, but are absent
from the pole cells. In early gastrulation,
additional dmyc staining can be detected in
the presumptive mesoderm along the ven-
tral midline. This mesodermal staining in-
tensifies during germband extension and
remains until late embryogenesis. The ter-
minally located dmyc expression follows the
posterior and anterior midgut primordia
during the germband extended stages. Ad-
ditional intense dmyc staining is found tran-
siently in structures presumably correspond-
ing to salivary placodes. These results indi-
cate that dmyc is expressed in endoreplicat-
ing as well as in mitotically dividing tissues.
The dmax transcript is less abundant than
dmyc, particularly during the earliest stages.
In addition, dmax is expressed in tissues
with undetectable levels of dmyc, such as
the developing central nervous system.
Hence, whereas tissues containing the high-
est levels of dmyc and dmax transcripts are
undergoing DNA replication, not all ac-
tively proliferating tissues have detectable
levels of dmyc.

By means of chromosome in situ hybrid-

ization, we localized the dmyc gene to the X
chromosome at polytene band 3D5 (15).
Preliminary experiments with existing mu-
tations in the region (15) pointed to dimin-
utive (dm) as a strong candidate for dmyc.
The dm gene has not yet been cloned, but
dm! is thought to be a hypomorphic muta-
tion resulting from insertion of a gypsy
transposable element. This supposition is
based on a genetic interaction of dm! with
su(Hw), as well as hybridization of a gypsy
probe to the polytene band 3D5 of the dm!,
but not the dm™, chromosome (22, 23).
Phenotypically, dm! homozygous flies are

REPORTS

viable but of smaller body size, and dm!
females are sterile as a result of defective
oogenesis. Defects are observed in both
germ cell nuclei and follicle cells, which fail
to migrate and undergo the transition to
columnar epithelium (23). This phenotype
suggests dysfunction in follicle or nurse
cells, or in communication between these
two cell types.

To determine whether dmyc and dm are
related, we analyzed the dmyc genes in Or-
egon R wild-type flies and in flies heterozy-
gous for the dm!' mutation. In chromosomes
bearing the dm! mutation, the dmyc gene

A

Fig. 4. Expression of dmyc and
dmax during embryogenesis. In
situ hybridization of dmyc (A to
F) and dmax (G to L) transcripts
in wild-type embryos. Embryo

stages are as follows: (A) stage
2; (B) stage 5; (C) stage 6; (D)
stage 11; (E) stage 12; (F) stage
16; (G) stage 2; (H) stage 4; ()
stage 7; (J) stage 10; (K) stage
11; (L) stage 14. See text for

details.

am'/dm!

m
++

| dm'/+
++

-6.0 kb

|-5.0 kb

d
s -4.5 kb

-2.8kb

-1.6 kb

Fig. 5. Analysis of dmyc expression in wild-type and dm' Dro-
sophila. (A to D) Expression of dmyc and dmax in ovaries from
wild-type and homozygous dm’ females. In situ hybridization of
dmyc (A and B) and dmax (C and D) transcripts in ovaries from

dras

wild-type (A and C) and homozygous dm' (B and D) females. Arrowheads indicate germarium and
arrows indicate egg chambers. See text for details. (E) Northern blot analysis of dmyc expression in
dm/+,dm’/dm’, and wild-type (+/+) female Drosophila. Polyadenylated RNA was analyzed as in (20).

Molecular size markers are indicated on the right.
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contains a gypsy transposon insertion in the
first intron, 418 nucleotides upstream of the
translation initiation site (15). The gypsy
insertion occurs within a six-nucleotide se-
quence identical to other known gypsy in-
tegration sites (24). The location of this
element within the dmyc coding region
strongly supports the hypothesis that dm
codes for dMyc.

Because homozygous dm' flies exhibit
female sterility due to defective ovarian de-
velopment (23), we analyzed the expression
pattern of dmyc by RNA in situ hybridiza-
tion of ovaries (Fig. 5, A to D) (25). The
dmyc gene shows a dynamic expression pat-
tern. At early stages, high levels of dmyc
transcripts accumulate in the germarium
(Fig. 5A, arrowhead), with lower levels in
stage 1 or stage 2 egg chambers (Fig. 5A,
arrow). By stage 3, dmyc transcripts can be
detected in all cell types of the chamber:
the nurse cells, oocyte, and follicle cells.
This expression pattern is maintained
throughout oogenesis. In contrast, in ova-
ries isolated from females homozygous for
dm!, dmyc expression is undetectable in the
germarium (Fig. 5B, arrowhead). The dmyc
transcripts are present from stage 3 onward
in dm! ovaries, as in wild-type flies, but at a
lower level. The expression of dmyc is not
maintained throughout oogenesis in dm'
ovaries. The dm' ovaries are morphological-
ly normal until stage 8, but dmyc expression
is not detected beyond stage 6 (Fig. 5B,
arrow). The absence of dmyc transcripts in
stage 8 egg chambers ‘is not due to degen-
eration of the ovaries, as dmax expression
can still be detected in dm! ovaries at these
later stages (Fig. 5D, arrow). Hence, dmyc
expression ceases prior to the onset of ovar-
ian degeneration in dm mutant ovaries.
Analysis of dmyc expression in embryos de-
rived from crosses between dm'/Y males and
dm!/+ females (15) revealed few embryos
with an altered pattern of dmyc staining.
However, Northem blot analysis of mRNA
isolated from dm!'/dm! flies revealed sub-
stantially reduced levels of the major dmyc
transcript as well as additional dmyc-derived
transcripts.  Smaller transcripts are also
present in dm'/+ females but not in wild-
type females (Fig. 5E).

Our results suggest that the altered ex-
pression of dmyc in the dm! mutant flies is
caused by insertion of the gypsy element
into the dmyc gene. It is formally possible
that the gypsy insertion influences expres-
sion of other genes; however, the location
of the insertion and the alterations in dmyc
expression argue strongly that dmyc is the
critical target gene. Interestingly, the de-
generation of the egg chamber in dm!/dm!
females occurs at about stage 8, when cell
division does not occur. In the mutant ova-
ries, the follicle cells lining the egg chamber
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grow abnormally and degenerate before
their transition to columnar epithelium sur-
rounding the oocyte. We speculate that a
stage-specific downregulation of dmyc ex-
pression in dm' due to the gypsy insertion
results in a loss of the capacity of the follicle
cells to grow and migrate. A possibly related
effect has been observed in mice, where a
hypomorphic N-myc mutation resulted in a
lethal loss of induction of tissue-specific
differentiation (26). In both cases dimin-
ished Myc expression in progenitor cells
may result in their inability to respond to
inductive signals. In addition, the smaller
size of the dm!/dm! flies (23) may also result
from partial loss of dMyc function in other
tissues. Recent studies in mice demonstrate
that alterations in cell cycle regulatory
genes can significantly influence overall
body size (27). It will clearly be of interest
to determine the phenotypes of flies carry-
ing null mutations in dm(dmyc) or that
ectopically overexpress dm(dmyc).
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Association of Anxiety-Related Traits with a
Polymorphism in the Serotonin Transporter
Gene Regulatory Region
Klaus-Peter Lesch,” Dietmar Bengel, Armin Heils, Sue Z. Sabol,

Benjamin D. Greenberg, Susanne Petri, Jonathan Benjamin,
Clemens R. Mliller, Dean H. Hamer, Dennis L. Murphy

Transporter-facilitated uptake of serotonin (5-hydroxytryptamine or 5-HT) has been
implicated in anxiety in humans and animal models and is the site of action of widely used
uptake-inhibiting antidepressant and antianxiety drugs. Human 5-HT transporter (5-
HTT) gene transcription is modulated by a common polymorphism in its upstream
regulatory region. The short variant of the polymorphism reduces the transcriptional
efficiency of the 5-HTT gene promoter, resulting in decreased 5-HTT expression and
5-HT uptake in lymphoblasts. Association studies in two independent samples totaling
505 individuals revealed that the 5-HT T polymorphism accounts for 3 to 4 percent of total
variation and 7 to 9 percent of inherited variance in anxiety-related personality traits in

individuals as well as sibships.

Anxiety-related traits are fundamental, en-
during, and continuously distributed dimen-
sions of normal human personality (1-3).
Although twin studies have indicated that
individual variation in measures of anxiety-
related personality traits is 40 to 60% her-
itable (4), none of the relevant genes has
yet been identified. Variance in personality
traits, including those related to anxiety, is
thought to be generated by a complex in-
teraction of environmental and experiential
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factors with a number of gene products
involving distinct brain systems such as the
midbrain raphe serotonin (5-HT) system
(4). Neurotransmission mediated by 5-HT
contributes to many physiologic functions
such as motor activity, food intake, sleep,
and reproductive activity, as well as to cog-
nition and emotional states including mood
and anxiety (5). By regulating the magni-
tude and duration of serotonergic responses,
the 5-HT transporter (5-HTT) is central to
the fine-tuning of brain serotonergic neuro-
transmission and of the peripheral actions
of 5-HT. In the brain, 5-HTT expression is
particularly abundant in cortical and limbic
areas involved in emotional aspects of be-
havior (5). The human 5-HTT is encoded
by a single gene (SLC6A4) on chromosome
17q12 (6-8). Although 5-HTT has long
been suspected to play a role in behavioral
and psychiatric disorders, previous studies
did not reveal any common, replicated

-HTT gene sequence variation in either
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neuropsychiatric patients or healthy indi-
viduals (9).

Recently, we reported a polymorphism in
the transcriptional control region upstream
of the 5-HTT coding sequence (10). Initial
experiments demonstrated that the long and
short variants of this 5-HTT gene-linked
polymorphic region (5-HTTLPR) had differ-
ent transcriptional efficiencies when fused to
a reporter gene and transfected into human
placental choriocarcinoma (JAR) cells (10).
The 5-HTTLPR is located ~1 kb upstream
of the 5-HTT gene transcription initiation
site and is composed of 16 repeat elements.
The polymorphism consists of a 44-base pair
(bp) insertion or deletion involving repeat
elements 6 to 8§ (Fig. 1A). In the present
study, polymerase chain reaction (PCR)-
based genotype analysis of 505 subjects re-
vealed allele frequencies of 57% for the long
(1) and 43% for the short (s) allele (11). The
5-HTTLPR genotypes were distributed ac-
cording to Hardy-Weinberg equilibrium:
32% /I, 49% Ifs, and 19% s/s.

Because appropriate cell models for human
serotonergic neurons do not exist and JAR
cells are monozygotic for the 5- HTTLPR, we
studied 5-HTT gene expression in human
lymphoblastoid cell lines. Like 5-HT neurons
and JAR cells, lymphoblasts constitutively ex-
press functional 5-HTT and exhibit adeno-
sine 3',5'-monophosphate  (cAMP)—depen-
dent and protein kinase C (PKC)-dependent
5-HTT gene regulation, but they do not ex-
press dopamine or norepinephrine transport-
ers (12). Cell lines with the complete range of
different 5-HTTLPR genotypes can readily be
obtained (13).

Lymphoblast cell lines with different ge-
notypes were first transfected with con-
structs in which a luciferase reporter gene
was fused to ~1.4 kb of the 5'-flanking
promoter sequence containing the [ or s
form of the 5-HTTLPR (11, 13, 14). The
basal activity of the [ variant was more than
twice that of the s form of the 5-HTT gene
promoter (Fig. 1B). Stimulation of PKC by
phorbol 12-myristate 13-acetate (PMA) or
activation of adenylyl cyclase with forsko-
lin-induced transcriptional activity was ob-
served in both the [ and s promoter variants,
but the dose-dependent increases remained
proportionally smaller in the s variant (Fig.
1B).

Although transfection experiments with
reporter gene constructs are useful in assay-
ing the transcriptional competence of a pro-
moter sequence, they could conceivably
give spurious results because of the absence
of distant control elements or chromatin
effects. Therefore, we next studied the ex-
pression of the native 5-HTT gene in lym-
phoblast cell lines cultured from subjects
with different 5-HTTLPR genotypes (15).
Cells homozygous for the | form of the
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