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Monoamine oxidase A and B (MAO A and B) play important
roles in the metabolism of biogenic and dietary amines and
are encoded by two genes derived from a common ancestral
gene. The promoter regions for human MAO A and B genes
have been characterized using a series of 5' flanking se-
quences linked to a human growth hormone reporter gene.
When these constructs were transfected into NIH3T3, SHSY-
5Y, and COS7 cells, the maximal promoter activity for MAO
A was found in a 0.14 kilobase (kb) Pvuli/Drall fragment
(A0.14) and in a 0.15 kb Psti/Nael fragment (B0.15) for MAO
B. Both fragments are GC-rich, contain potential Sp1 binding
sites, and are in the region where the MAO A and B 5’ flanking
sequences share the highest identity (approximately 60%).
However, the organization of the transcription elements is
distinctly different between these two promoters. Fragment
A0.14 consists of three Sp1 elements, all in reversed ori-
entations, and lacks a TATA box. Two of the Sp1 sites are
located within the downstream 90 base pair (bp) direct re-
peat, and the third is located at the 3’ end of the upstream
90 bp direct repeat. Fragment B0.15 contains an Sp1-CACCC-
Sp1-TATA structure; deletion of any of these elements re-
duced promoter activity. Additional Sp1 sites, CACCC ele-
ments, CCAAT boxes, and direct repeats (four 30 bp direct
repeats in MAO A and two 29 bp direct repeats in MAO B)
are found in farther-upstream sequences of both genes (1.27
kb for MAO A and mostly in 0.2 kb for MAO B). Inclusion of
these sequences decreased promoter activity. The different
promoter organization of MAO A and B genes provides the
basis for their different tissue- and cell-specific expression.

Monoamine oxidase A and B (MAO A and MAO B, respec-
tively; deaminating, flavin-containing amine : oxygen oxidore-
ductase, EC 1.4.3.4) catalyze the oxidative deamination of both
endogenous amines, including neuroactive and vasoactive amines
(von Korff, 1979), and exogenous amines, like dictary amines
and the parkinsonism-producing neurotoxin 1-methyl-4-phen-
yl-1,2,3,6-tetrahydropyridine (Chiba et al., 1984; Fritz et al,,
1985). MAO A preferentially oxidizes the biogenic amines such
as 5-HT and is irreversibly inactivated by low concentrations
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of acetylenic inhibitor clorgyline (Johnston, 1968). MAO B pref-
erentially oxidizes phenylethylamine and benzylamine and is
inactivated by the irreversible inhibitors pargyline and deprenyl
(Knoll and Magyar, 1972). Dopamine, tyramine, and trypt-
amine are common substrates for both forms of MAO. Both A
and B are mitochondrial outer membrane enzymes (Greenawalt
and Schnaitman, 1970).

The cloning of the cDNAs for MAO A and B unambiguously
demonstrates that these two proteins are coded by separate genes
(Bach et al., 1988; Hsu et al., 1988; Ito et al., 1988; Kuwahara
et al., 1990). The deduced amino acid sequences of the human
liver MAO A and B share 70% identity. Moreover, the genes
for MAO A and B have strikingly similar genomic structures:
both consist of 15 exons and exhibit identical exon—intron or-
ganizations, suggesting that MAO A and MAO B are derived
from duplication of a common ancestral gene (Grimsby et al.,
1991). The MAO A and B genes reside closely between bands
Xpl11.23 to Xp22.1 of the X chromosome (Ozelius et al., 1988;
Lan et al., 1989) and are deleted in some Norrie disease patients
(Lan et al., 1989; Sims et al., 1989; for review, see Shih, 1991).

While both MAO A and MAO B can be detected in most
human tissues examined, they are however distributed differ-
ently in certain cells and tissues. For example, human placenta
expresses predominantly MAO A (Egashira and Yamanaka,
1981; Hsu et al., 1988; Grimsby et al., 1990); human platelets
and lymphocytes contain only MAO B (Bond and Cundall, 1977;
Donnelly and Murphy, 1977). The neural distributions of MAO
A and B enzyme activities are different. In human brain, high
levels of MAO B are expressed in astrocytes and serotonergic
neurons, while high levels of MAO A are expressed in cate-
cholaminergic neurons (Fowler et al., 1987; Thorpe et al., 1987).
A similar distribution has been observed in rats (Levitt et al.,
1982) and in monkeys (Westlund et al., 1985). Furthermore,
MAO A and B expression is also different during development.
MAO A activity appears before MAO B activity in fetal brain
(Lewinsohn et al., 1980), whereas MAO B activity is higher than
MAO A in adult human brain (Garrick and Murphy, 1982).
The results of Northern analysis of MAO A and B transcripts
are consistent with the distribution of their catalytic activities
(Grimsby et al., 1990). In order to understand the mechanisms
controlling the expression of these two forms of MAO, it is
essential to characterize the promoter regions of their genes.

Transcription factors activate or depress gene transcription
by interacting with the polymerase complex directly, or with
other transcription factors. Most genes transcribed by DNA
polymerase II contain a special sequence that aids initiation and
specifies the locations where transcription initiation starts, such
as TATA box (Breathnach and Chambon, 1981), Initiator (Inr)
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(Smale et al., 1990), or Housekeeping Initiator Protein 1 (HIP1)
(Means and Farnham, 1990). The other commonly present el-
ement is the CCAAT box (Breathnach and Chambon, 1981),
which binds a series of transcription factors (Santoro et al.,
1988). Some genes, such as housekeeping genes, generally do
not contain TATA or CCAAT boxes. Instead, their promoter
sequences are GC-rich and contain binding sites for another
type of transcription factor called Spl (core binding sequence
GGGCGG; Dynan et al., 1986). Many other cis-elements have
been identified. For example, CACCC is a binding site for a
number of proteins (Gumucio et al., 1988; Schule et al., 1988)
that generally activate transcription by interaction with other
transcription factors. Some binding sites for protein factors are
known to be responsive to external signals. For example, the
AP-1 site (TGACTCA), which binds protein Jun and Fos, is
responsive to growth factors and other cellular constituents
(Curran and Franza, 1988). The sequence TGACGTCA, called
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cAMP response element (Montminy et al., 1986), can activate
transcription when cAMP level is increased.

In this report, we have identified the DNA sequences re-
sponsible for transcription activation of MAO A and B genes.
Our results show that the immediate 5’ flanking sequences of
both MAO A and MAO B gene contain cis-elements needed for
active transcription, but the organizations of these elements are

different.
Materials and Methods

DNA cloning. A 14 kilobase (kb) MAO A genomic DNA (A-35-A8a)
was isolated from an X chromosome-specific library cloned in phage
A-charon 35 (American Type Culture Collection) as previously reported
(Grimsby et al., 1991). From the 14 kb clone, a 5 kb HindIII/SphI
fragment that contains exon 1 and 4.6 kb 5’ flanking sequences was
subcloned into pUCI19. Exon 1 and 1.4 kb 5’ flanking sequences were
determined by an Applied Biosystems model ABI 370a automated DNA
sequencer and manually by the dideoxy chain-termination method
(Sanger et al., 1977) and deposited in GenBank (accession no. M89636).

A A-clone (A\-35-Bla) with a 16 kb genomic DNA fragment containing
MAO B exon 1 and 3.2 kb 5’ and 13.7 kb 3’ flanking sequences was
isolated previously from the same genomic library mentioned above
for MAO A clones (Grimsby et al., 1991). From this clone, a 5.3 kb
Sau3AlI (partial)/EcoRI fragment containing exon 1 and 3.2 kb 5’ flank-
ing sequences was subcloned into pUC19. The sequences of exon 1 and
1.5 kb 5’ flanking region have been determined and deposited in GenBank
(accession no. M89637).

Sequence comparison and repeat search were carried out with Ge-
netics Computer Group and IntelliGenetics-Molecular Biology Software
System programs, respectively.

Primer extension. Primer extension for MAO A was performed ac-
cording to Primer Extension System technical bulletin TB113, Promega
Corp. 32P-labeled oligonucleotide (A59-29) complimentary to bases 59—
29 of the MAO A cDNA sequence (Bach et al., 1988) were annealed
with 12 ug total RNA samples from SHSY-5Y (human neuroblastoma)
cells and HEL (human erythroleukemia) cells for 20 min at 58°C (SHSY-
5Y cells express both MAO A and B; HEL cells express only MAO A).
Yeast tRNA was used as a control. Primer extension for MAO B was
performed according to the method of Sambrook et al. (1989). »2P-
labeled oligonucleotide (B30-1) complimentary to bases 30-1 of the
MAOQ B cDNA sequence (Bach et al., 1988) was annealed to 60 ug total
RNA samples from SHSY-5Y cells for 12 hr at 30°C. Extension products
were analyzed on a sequencing gel. A dideoxy sequencing reaction was
used for determining the size of extension products.

Determination of promoter activity. In order to identify the DNA
sequences important for initiation of transcription, on the basis of
sequence analyses and primer extension, various DNA fragments con-
taining potential transcription factor binding sites were isolated from
the presumed promoter regions of MAO A and MAO B genes [the 5
kb HindIIl/Sphl clone of MAO A and the 5.3 kb Sau3Al (partial)/
EcoRI MAO B clone, respectively]. After modifying their restriction
ends by first cloning into pUC19, these fragments were then cloned into
promoterless transient expression vector pOGH, which contains the

human growth hormone as the reporter gene (Nichols Institute Diag-
nostics) (Selden et al., 1986). Care has been taken not to introduce ATG
translation start codon into pOGH. This was achieved by using a Drall
site in MAO A gene [8 base pair (bp) 3’ of the cDNA start site; see Fig.
2] and a Sau3AI site in the MAO B gene (19 bp 3’ of the cDNA start
site; see Fig. 3) as the 3’ limit of these fragments. These constructs were
then transfected into NIH3T3 cells (mouse fibroblasts), COS7 cells (vi-
rally transformed African green monkey kidney cells), and SHSY-5Y
cells (a human neuroblastoma cell line) using the low pH calcium phos-
phate coprecipitation method (Chen and Okayama, 1987). The human
growth hormone produced was excreted into medium and measured by
aradioimmunoassay using a kit from Nichols Diagnostics. In this assay,
two monoclonal antibodies were used, each specific for a different epi-
tope on hGH molecule. Essentially all hGH molecules are fixed on
biotin-coated beads through the avidin-coupled antibody. The other
antibody is radiolabeled for detection. It can be fixed on the beads only
through the hGH molecules associated with the beads. After the free
radioactive antibody molecules have been washed away, the amount of
the radioactive antibody remaining attached to the beads and measured
as counts per minute will be directly proportional to the number of
hGH molecules in the medium.

All measurements were made with duplicated dishes to minimize
dish-to-dish variation. Each construct was measured at least twice, and
the average was reported. The differences in duplicate measurements
were less than 10%. To monitor the transfection efficiency, plasmid
pXGHS5 (in which mouse metallothionein promoter instead of human
MAO promoter fragments is linked to the human growth hormone gene)
was transfected under the same conditions and the growth hormone
production was determined. Chloramphenicol acetyltransferase (CAT)
plasmid was used as an internal control in cotransfection assays to test
if transfection efficiency varies with the length of DNA inserts. We also
examined the effect of impurities in construct preparations on trans-
fection efficiency. This was done by comparing promoter activity of the
same constructs prepared with different methods, one with two rounds
of CsCl gradient centrifugation and the other with a column (from 5
Prime — 3 Prime, Inc.) that specifically removes genomic DNA. These
tests showed that transfection efficiencies were similar for the constructs

we used. o
MAO activity assay. MAO activity was assayed as previously de-

scribed (Chen et al., 1984). The 1 ml assay mixture contained 50 mm
sodium phosphate buffer (pH 7.4), 100 um “C-serotonin (for MAO A)
or 10 um "“C-phenylethylamine (for MAO B), and cell homogenate of
NIH3T3, COS7, and SHSY-5Y cells. After 20 min incubation at 37°C,
0.1 ml of 6 N HCI was added to terminate the reaction. The reaction
products were extracted with 6 ml of either ethyl acetate/benzene (1:1,
v/v) or toluene when serotonin or phenylethylamine was used as the
substrate, respectively. The tubes were centrifuged at 2000 rpm for 10
min to separate the two phases. Four milliliters of the organic layer was
withdrawn and mixed with S ml of scintillation fluid. The radioactivity
of the reaction product was determined by liquid scintillation spec-
troscopy.

Results

Examination of the sequences in the presumed promoter regions
of MAO A and B revealed that the regions immediately 5’ of
the cDNA start sites of these two genes are both GC-rich. The
first 200 bp 5’ flanking sequences in the MAO A and B genes
contain 68% and 82% GC residues, respectively. Furthermore,
these two regions show 6 1% sequence identity (Fig. 1), suggesting
that the MAO A and B promoters may be derived from a com-
mon ancestral promoter. The sequence similarity between MAO
A and B promoters could be extended at least another 100 bp
farther upstream (Fig. 1). However, none of the potential tran-
scription factor binding sequences are conserved at their cor-
responding positions (Fig. 1), suggesting that these two pro-
moters have functionally diverged during evolution. The
arrangement of cis-elements (represented by symbols) and direct
repeats (arrows) possibly involved in transcription regulation
are shown in Figures 2 and 3 for MAO A and B, respectively.
The potential transcription factor binding sites are numbered
sequentially from 3’ to 5'. The sequence and the location of
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these cis-elements are summarized in Table 1. Parts of these
cis-elements (sites 1-7 of MAO A and sites 1-16 of MAO B)
are also shown in Figure 1 (the MAO A sites are overlined, and
the MAQ B sites are underlined).

No TATA box or CCAAT box was found in the genomic
sequences near the MAO A cDNA start site (—73, marked by
an open arrow in Fig. 1, the A of the ATG codon being taken
as position + 1; Bach et al., 1988). Instead, two 90 bp direct
repeats, with 83% sequence homology, are located immediately
5’ of the cDNA start site (from —80 to —169 and from —170
to —259, respectively; Fig. 1, marked by solid arrows; Fig. 2,
marked by two open arrows). Each repeat contains two potential
Spl binding sites: sites 1 and 2 in the downstream repeat and
sites 3 and 4 in the upstream repeat (Figs. 1, 2). Note that all
these four Spl sites are in reversed form of the core consensus
sequence GGGCGG (Dynan et al., 1986). Ten bp 5' of these
two 90 bp repeats is a TAATAA sequence (at —269, Figs. 1, 2,
site 5). Two CCAAT boxes (Fig. 2, Table 1, sites 8, 11) and four
CACCC elements (sites 6, 7, 9, 10) were found within 300 bp
upstream of this TAATAA sequence.

Additional potential transcription factor binding sites for the

12 promoters. Genomic sequence —427 to
+3 of MAO A gene and —500 to —76
of MAO B gene are aligned to show
sequence homology and to compare lo-
cations of the cis-eclements, the cDNA
start site, and the transcription initia-
tion sites in each gene. The letters A
and B on the left side indicate MAO A
and B sequence, respectively. Nucleo-
tide numbers are marked on the right
=207 side. The A of the translation start co-
6 don ATG of both genes is defined as
+1, and only the ATG of MAO A gene
is shown (in boldface). The sequences
of A0.14 and B0.15 fragments are shown
in boldface. The cis-elements in these
regions are overlined (for MAO A) or
underlined (for MAO B) and sequen-
tially numbered from 3’ to 5'. The site
numbers for MAO A are italic, to dis-
tinguish them from the ones for MAO
B gene. The two 90 bp direct repeats of
MAO A gene are marked by solid ar-
rows. The cDNA start site is indicated
by an open arrow. Transcription initi-
ation sites as determined by primer ex-
tension experiments are marked with
asterisks (*).

-180

-253

-130
AR

MAO A gene have been found in the farther-upstream sequences
(Fig. 2, Table 1), including three possible Sp1 binding sites (sites
14, 17, 18), one CACCC element (site 13), and two CCAAT
boxes (sites 15, 16). A cAMP response element-like sequence,
TGACCTCA (consensus sequence TGACGTCA; Montminy et
al., 1986) was found at —618 (site 12, Fig. 2). In addition, four
direct repeats, each 30 bp long and with 100% homology, are
located in a head-to-tail fashion about 1.1 kb 5’ of the ATG
initiation codon (marked by four solid arrows in Fig. 2). Im-
mediately 3’ to these four direct repeats are the sequences of
the first (5’ end) 12 bp of each 30 bp repeat (indicated with a
short arrow connected to the four arrows). It appears that the
MAO A promoter contains cis-elements distributed over a long
stretch (about 1.4 kb) of DNA.

The MAO B promoter region is quite different from MAO
A. A potential TATA box (TAATATA,; Figs. 1, 3, site 2) has
been found at 146 bp 5’ of the MAO B ATG codon (—146; the
A of the ATG initiation codon in MAO B is defined as +1) and
68 bp 5’ of the MAO B cDNA start site (—78; Bach et al., 1988;
marked by an open arrow in Fig. 1). At 27 bp upstream of this
TATA box (start from —179) are three overlapping potential
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Figure 2. Restriction map of the MAO A promoter region and promoter activity measurements. At the fop is the restriction enzyme map, where
only the sites of the restriction enzymes used for subcloning for promoter activity measurement are marked. The open box on the top line represents
untranslated region, and the solid box represents the coding sequence of MAO exon 1. The potential transcription factor binding sites are numbered
sequentially (/-18) from a 3’ to 5’ direction. The A of the codon ATG is defined as +1 bp. |, a possible TATA box; ¥, Sp! binding site; 7,
CACCC element; >, CCAAT box; 4, cCAMP response element-like sequence. The open arrows are the two 90 bp repeats, and the five short solid
arrows are the four complete and one partial 30 bp repeats. The pOGH constructs containing these DNA fragments are named according to the
size of the inserts (kb). 4 denotes DNA fragments of MAO A gene. The activity of the A0.14 constructs is taken as 100% for each cell line. The
actual counts per minute given in this figure are the average of at least two measurements, with variation less than 10%, and have been subtracted
from background (pOGH without inserts), which was 300 cpm. pXGHS5 (the third line from bottom) represents the plasmid containing mouse
metallothionein promoter instead of the MAO promoter fragments, which was used to monitor the transfection efficiency. The bottom line shows
MAO A enzymatic activity measured in each cell line. The restriction enzymes used were D, Drall; Hp, Hinpl; Ps, PstI; P, Pvull; R, Rsal; and S,

Smal.

Sp1 sites: AGGCGGGCGGGCGGGG (sites 3, 4, 5 in Figs. 1,
3). At 30 bp farther upstream (—226) are two overlapping pos-
sible Spl binding sites: GGGCGGGGGCGGTG (sites 7, 8).
Between these two Spl site clusters (—210) is a CACCC motif
(site 6). More potential transcription factor binding sites were
found in a 200 bp segment 5’ to the possible sites mentioned
above (Figs. 1, 3), including three more potential Spl binding
sites (sites 9, 11, 12), three more CACCC sequences (sites 10,
14, 16), and two CCAAT boxes (sites 13, 15). At 3’ to the TATA
box, immediately 5’ of the cDNA start site (—82), is another
possible Sp1 binding site (site 1). Only three known transcription
factor binding sequences were found in the 1 kb sequences 5’
of —450 (Fig. 3, Table 1), including a single CACCC element
(in the form of GGGTG) located at —709 (site 17), a cAMP
response element-like sequence TGATGTCA (consensus
TGACGTCA,; see above) at —807 (site 18), and an AP-1 binding
sitt TGACTCA at —1340 (site 19). Two 29 bp direct repeats,
with 100% sequence homology, were located from —750 to
—778 and from —779 to —807, respectively (Fig. 3, marked
with two arrows).

Primer extension experiments using total RNA from untrans-
fected SHSY-5Y cells revealed multiple transcription initiation
sites for the MAO A gene (Fig. 4, lane 1), as expected for a
promoter with multiple Sp1 binding sites. All of these initiation
sites are located within the two 90 bp direct repeats, between
Spl sites 1 and 4 (Fig. 1, marked with asterisks). Same extension
bands were obtained with total RNA from HEL (human erythro-
leukemia) cells (data not shown), but not with yeast tRNA,
suggesting that these extension bands very likely represent real
transcription initiation sites. The most upstream initiation site
was at —235, right on site 4, 34 bp 3’ of the TAATAA sequence
and 162 bp 5’ of the cDNA start site (—73, Fig. 1). The other
initiation sites are located at —225, —189, —181, —172, —161,
~142, and —138 (Figs. 1, 4). The primer extension experiment
for MAO B gene using the same SHSY-5Y total RNA also
produced multiple extension bands (Fig. 4, lane 2). The longest,
also the strongest, product (122 bp in Fig. 4) corresponds to the
most upstream transcription initiation site at —169, 91 bp up-
stream of MAO B ¢cDNA start site (—78, Fig. 1). This cap site
lay upstream of the TAATATA sequence (site 2, Fig. 1) and
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Figure 3. Restriction map of the MAO B promoter region and promoter activity measurements. The symbols used in this figure are the same as
in Figure 2. The potential transcription factor binding sites are numbered sequentially (/-19). B, DNA fragments from MAO B gene. The two
arrows represent the 29 bp repeats. pXGHS5 (the third line from bottom) represents the plasmid containing mouse metallothionein promoter instead
of MAO promoter fragments, which was used to monitor the transfection efficiency. The bottom line shows MAO B enzymatic activity measured
in each cell line. The restriction enzymes used were H, Haelll; H3, HindIII; N, Nael; Ps, Pstl; Sy, Styl; Sa, Sau3A; S, Smal; and St, Stul.

downstream of the three overlapping Spl sites 3, 4, and 3,
suggesting TATA-independent initiation. The other bands cor-
respond initiation sites at —150, —142, —139, —132, —128,
—123, —119, and —117 (Figs. 1, 4). All these initiation sites,
except the one at —150, are downstream of the TAATATA
sequence. The initiation site at —123 is 23 bp 3’ of the TAA-
TATA sequence, suggesting also TATA-dependent transcrip-
tion (Fig. 1).

To identify DNA sequences contributing to the promoter ac-
tivity of MAO A and B genes, based on the above sequence
analyses and primer extension data, a number of DNA frag-
ments from their 5’ flanking regions were inserted into the tran-
sient expression vector (pOGH) containing human growth hor-
mone as the reporter gene. The constructs thus obtained were
transfected into NIH3T3, SHSY-5Y, and COS7 cells. NTH3T3
and SHSY-5Y cells contain both MAO A and B enzymatic
activities, but minimum MAO B activity could be detected in
COS7 cells (Figs. 2, 3). After transfection, the human growth
hormone transiently expressed by these cells was determined
by a radioimmunoassay, and the amount measured as counts
per minute (cpm; see Materials and Methods) was used to esti-
mate promoter activities of the inserted DNA fragments.

The highest MAO A promoter activity was observed with the
A0.14 kb Pvull/Drall fragment in SHSY-5Y cells (Fig. 2, col-
umn 3). Since the highest MAO A promoter activity by pPOGH
constructs was observed in SHSY-5Y cells, the most detailed
study on MAO A promoter was performed with this cell line.
The A0.14 fragment contained the entire 3’ 90 bp repeat and
half of the 5’ 90 bp repeat. The measured activity (4356 cpm)
was taken as 100% and was comparable with that of the control
metallothionein promoter in the plasmid pXGHS (4950 cpm)
in the same cells. The A0.24 kb Pvull/Drall fragment, con-
taining additional 5’ sequences, including the other half of the

5’ 90 bp repeat and the TAATAA sequence at —269 (site 5),
exhibited 53% promoter activity (compare constructs A0.14 and
A0.24 in Fig. 2, column 3). This result suggests that these ad-
ditional sequences, including the TAATAA sequence, down-
regulate the gene expression. Inclusion of farther-upstream se-
quences led to even lower activity. The A0.52 kb Drall/Drall
fragment and the A1.4 kb Pstl/Drall fragment showed only 5%
and 3% activity, respectively. The lower promoter activity ex-
hibited by longer DNA inserts in this in vivo experiment is not
due to lower transfection efficiency of these constructs. Cotrans-
fection with CAT plasmid as an internal control showed that
the transfection efficiency was independent of the length of the
inserts (data not shown). Therefore, these results suggest that
the upstream sequences contain downregulating elements.

Removal of the 3’ 90 bp repeat substantially reduces MAQO
A promoter activity (see the three fragments with Hinpl site as
their 3’ end). For example, the activity of the A0.12 Pvull/
Hinpl fragment, which contains only the 5’ 90 bp repeat, showed
half the activity (1083 cpm, 25%) of the A0.24 Pvull/Drall
fragment (2318 cpm, 53%), which contains both 90 bp repeats.
This result indicates that the 3’ 90 bp repeat plays an important
role in MAO A expression. Addition of upstream sequences to
this 3'-truncated A0.12 fragment also decreased promoter ac-
tivity, suggesting again that the upstream sequences are down-
regulating. For example, inclusion of the Rsal/Pvull segment
(see A0.29 Rsal/Hinpl fragment) decreased activity to 17% (727
cpm). The A0.41 Drall/Hinpl fragment had only 3% activity
(129 cpm).

Further removal of the 3’ half of the 5’ 90 bp repeat to generate
DNA fragments with only one Sp1 site (site 4) reduced promoter
activity to minimum. The A0.25 Rsal/Smal fragment had only
2% activity (95 cpm; compare with A0.29 Rsal/Hinpl fragment,
which had 17% activity). This low activity was reduced to almost
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Table 1. Potential cis-elements in the promoter of MAO A and B
genes

MAO A MAO B
Location Location
Site  Sequence (bp) Site  Sequence (bp)
1 CTCCGCCC —94 1 GGGCGGG —82
2 CCccGecece —142 2 TAATATA —146
3 CTCCGCCC —184 3 GGGCGGG —-181
4 TCCGCCC —237 4 GGGCGGG —185
5 TAATAA —-269 5 AGGCGGG —189
6 CACCC -316 6 CACCC -210
7 CACCC -404 7 GGGCGGTG —226
8 CCAAT —443 8 GGGCGGG —233
9 CACCC —-521 9 CCCGCCC —267
10 CACCC —-531 10 CACCC —270
11 CCAAT =570 11 CTCCGCCC —278
12 TGACCTCA -618 12 GGGCGGG —310
13 CACCC -670 13 CCAAT —405
14 CCCGCCC -729 14 CACCC —409
15 CCAAT —IT 15 AATTGG —430
16 CCAAT -920 16 CACCC —442
17 CACCGCCC —1325 17 GGGTG -709
18 CCCGCCC —1418 18 TGATGTCA —807
19 TGACTCA —1340

These sites are numbered from 3’ to 5' as in Figures 1-3. The locations of these
sites are indicated by the distance to the A of the translation initiation codon
ATG, which is defined as + 1. The minus sign indicates that they are upstream
of the ATG.

zero by the upstream Drall/Rsal fragment (see A0.37 Drall/
Smal fragment, which had less than 1% activity).

When both 90 bp repeats were completely removed (see A0.21
Rsal/Rsal fragment), the activity dropped to background level
(see also Discussion about this fragment).

These results clearly show that MAO A promoter activity
resides in the two 90 bp repeat region. Moreover, the promoter
activity seems distributed over the entire 180 bp region of these
two 90 bp repeats. For instance, promoter activity could be
detected in the 5’ repeat (see the A0.12 Pvull/Hinpl fragment,
which contains the Sp1 sites 3 and 4 and had 25% activity), the
middle part (see A0.09 Smal/Smal fragment, which contains
Spl sites 2 and 3 and exhibited 21% activity), and the 3' part
(see AO.14 Pvull/Drall fragment, which contains Spl sites 1,
2, and 3 and had the highest promoter activity). These results
are in good agreement with the primer extension data, which
showed multiple transcription initiation sites within these two
90 bp direct repeats.

Similar results were obtained in COS7 cells (Fig. 2, column
2) and in NIH3T3 cells (Fig. 2, column 1), in which the highest
promoter activity was seen in A0.14 kb fragment, followed by
A0.24, A0.52, and Al.4 kb fragments. The promoter activity
for these constructs in COS7 cells was lower (1132 cpm for
A0.14 fragment) than in SHSY-5Y cells (4356 cpm for the same
constructs). This result is in agreement with the fact that MAO
A catalytic activity is lower in COS cells (2.91 nmol/mg/20 min)
than in SHSY-5Y cells (3.36 nmol/mg/20 min; see Fig. 2, bot-
tom line). Low MAO A promoter activity was observed for
these fragments in NIH3T3 cells (Fig. 2, column 1; 332 cpm
for AO.14 fragment) even though high mouse MAO A catalytic
activity (15.59 nmol/mg/20 min) was seen in these cells. The
low promoter activity of these fragments observed in COS7 cells

MAOA MAOB
221(-235)—
211(-225)— | 122(-169)—>
175(-189) —» 10210
167(-181)—
sk s 94(-142)—>
158(-172)—>
91(-139)—>
147(-161
Clati= 84(-132)—
80(-128)—>
128(-142) 75(-123)—
124(-138)—» |
71119 |
69(-117)—>

Figure 4. Primer extension analysis of human MAO A and B mRNA.
The procedures used are described in Materials and Methods. Lane I,
12 ug of SHSY-5Y total RNA analyzed with A59-29; lane 2, 60 pg of
SHSY-5Y total RNA analyzed with B30-1. The numbers denote the
size (bp) of the extension products. The corresponding initiation sites
(nucleotide sequences) are indicated in parentheses. These initiation sites
are also marked in Figure 1 with asterisks (*).

and NIH3T3 cells was not due to low transfection efficiency of
these two cell lines, because the control metallothionein pro-
moter activity (in plasmid pXGHS5) was high (8106 and 13,404
cpm in COS7 and NIH3T3 cells, respectively). It seems that
the factors required for the control metallothionein promoter
are different, and mouse (NIH3T3) cells may be lacking the
transcription factors required for effective activation of human
MAO A gene transcription.

For MAO B, the highest promoter activity was observed in
NIH3T3 cells with the B0.15 kb Pstl/Nael fragment (Fig. 3,
column 1). For this reason, the most detailed study on MAO B
promoter was carried out with NIH3T3 cells. The highest ac-
tivity (12,787 cpm) was taken as 100% and was comparable



with that of the control metallothionein promoter in the plasmid
pXGHS (13,404 cpm). BO.15 contains two Spl binding regions
(sites 3-5 and 7, 8, respectively; see also Fig. 1), flanking a
CACCC element, all upstream of a TAATATA sequence. Thus,
the organization of the cis-elements in B0.15 is Spl-CACCC-
Spl-TATA. Removal of the TAATATA sequence decreased the
activity to 64% (see the BO.1 kb Smal/Smal fragment), indi-
cating that this TATA box and/or its flanking sequences is es-
sential for full transcription activity but TATA-independent
transcription is more important. This result is in good agreement
with the primer extension data, which showed multiple tran-
scription initiation sites, with the major initiation site between
the TATA box and the 3’ Spl binding clusters (sites 3-5). De-
letion from the 5’ end of the BO.15 kb fragment, resulting in a
stepwise loss of 5’ Sp1 sites (sites 7, 8; see construct B0.13), the
CACCC element (site 6; see construct B0.12), and the 3’ Spl
sites (sites 3-5; see construct B0.07), resulted in 38%, 28%, and
2% of the promoter activity, respectively (Fig. 3, column 1).
These results suggest that both Spl binding clusters and the
CACCC motifin the B0O.15 kb Pstl/Nael fragment have positive
roles for MAO B expression. On the other hand, the sequences
upstream or downstream from this structure seem to downregu-
late the MAO B gene expression. For example, inclusion of
upstream sequences up to —295 (B0.19 construct) and —535
(B0.44 construct) resulted in 58% and 44% of the promoter
activity, respectively. Inclusion of the downstream Sp1 site (site
1) further reduced the promoter activity to 32% (Fig. 3, column
1; compare the B0.44 kb HindIII/Nael fragment and the B0.48
kb Hind III/Sau3Al fragment). The upstream sequences from
the BO.15 fragment, tested with the B0.26 kb HindII1/PstI frag-
ment, had no promoter activity.

Similar relative promoter activity of MAO B fragments was
observed in COS7 cells (Fig. 3, column 2) and SHSY-5Y cells
(Fig. 3, column 3). The highest promoter activity was produced
by the B0.15 construct (taken as 100%). Inclusion of the up-
stream sequences (Fig. 3, B0.44 construct) or removal of the
TATA box (B0.10 construct) also decreased the promoter ac-
tivity in both cell lines. Such modifications caused a more dra-
matic decrease in promoter activity in SHSY-5Y cells (Fig. 3,
column 3; 6% and 5% for B0.44 and BO0.10, respectively) than
in COS7 cells (Fig. 3, column 2; 46% and 80% for B0.44 and
B0.10, respectively). The actual promoter activity observed with
B0.15 fragment was lower in COS7 cells (1134 cpm) than in
NIH3T3 cells (12,787 cpm). Again, this low MAO B promoter
activity in COS7 cells was not due to low transcription efficiency,
since the control metallothionein promoter had high activity in
COS7 cells (8106 cpm). In SHSY-5Y cells, the B0.15 fragment
and the metallothionein promoter showed comparable activity
(2742 and 4950 cpm, respectively). These results are also in
agreement with the enzyme activity data, which show that SHSY-
5Y cells express much more MAO B activity (3.03 nmol/mg/
20 min) than COS7 cells (0.51 nmol/mg/20 min; see Fig. 3,
bottom line). In the human cell line we used (SHSY-5Y), there
is also good correlation between promoter activities (4356 cpm
for A0.14 and 2742 cpm for B0.15) and catalytic activities (3.36
nmol/mg/20 min for MAO A and 3.03 nmol/mg/20 min for
MAO B). The unusually high MAO B promoter activity in
NIH3T3 cells (12,787 cpm) compared with moderate mouse
MAO B enzymatic activity (1.82 nmol/mg/20 min) suggests that
the mouse fibroblast cells contain sufficient activating factors or
less inhibiting factors for human MAOQO B constructs. The poor
correlation observed in mouse (NTH3T3) cells between mea-
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sured human MAO promoter activities (332 cpm for A0.14 and
12,787 cpm for B0.15) and mouse MAO catalytic activities
(15.59 nmol/mg/20 min for MAO A and 1.82 nmol/mg/20 min
for MAO B) suggests that mouse MAO promoters are different
from humans.

Alignment of the promoter sequences of human MAO A and
B showed that the most active fragments in MAO A and B
(A0.14 and BO0.15) were located in the corresponding regions
where the 5’ flanking sequences showed high sequence identity
(Fig. 1). The downstream 90 bp repeat in MAO A, which is
needed for the maximal MAO A promoter activity, shows
marked sequence homology (57% identity) with the MAO B
region containing sites 2-8, the region where MAO B promoter
activity resides.

Discussion

This report has shown that maximal promoter activity for MAO
A and B is located in a 0.14 kb Pvull/Drall fragment and a
0.15 kb Pstl/Nael fragment, respectively. These fragments share
approximately 60% sequence identity, are both GC-rich and
contain multiple Sp1 binding sites, and are located at similar
positions relative to the cDNA start sites (3 bp downstream and
21 bp upstream of the cDNA start site for MAO A and B,
respectively). These results suggest that the two promoters may
be derived from the same ancestral gene, possibly by gene du-
plication process (Grimsby et al., 1991). However, the tran-
scription factor binding sequences are not conserved; none of
them were located at the corresponding positions of the two
promoters. MAO B promoter has a TATA box and a CACCC
element in its core region, but the corresponding part of the
MAO A promoter lacks such elements. The Sp1 sites in the core
region of the two promoters are in opposite orientations. These
differences will certainly affect the way in which these two genes
are regulated and provide mechanisms underlying their tissue-
and cell-specific expression.

Our results clearly demonstrate that MAO A promoter activ-
ity resides in the two 90 bp repeat region, which can actively
initiate transcription in the absence of a TATA box. This result
is in agreement with the multiple transcription initiation sites
detected in this region for SHSY-5Y and HEL cells. It is also
consistent with the human liver MAQO A ¢DNA start site, which
is 7 bp downstream of the two repeats. On the other hand, the
fact that the most upstream initiation site detected in SHSY-
5Y and HEL cells is near the 5" end of the upstream repeat and
34 bp 3’ of the TAATAA sequence suggests possible existence
of a TATA-dependent MAO promoter activity upstream. How-
ever, the activity of the sequences 5’ of the TAATAA sequence
(in the A0.21 Rsal/Rsal fragment) could be detected only oc-
casionally, and the measured activity was low (less than 2%).
Thus, unlike the two 90 bp repeats, which persistently exhibited
promoter activity in all measurements, the TATA-dependent
promoter activity, if it exists, seems to be very sensitive to
experimental conditions. It is possibie that we have not found
the optimal conditions for this activity. The A0.21 Rsal/Rsal
fragment contains the TAATAA sequence (site 5), a CCAAT
box (site 8), some CCAAT-like sequences (like GTTCAATA at
—334 and CCAGTA at —312), and two CACCC elements (sites
6 and 7, Figs. 1, 2). If this is a functional promoter, then the
MAO A gene would be controlled by two promoter regions: one
is the classical CCAAT-TATA type promoter, represented by
the A0.21 Rsal/Rsal fragment; the other is of housekeeping type,
GC-rich and composed of Sp1 binding sites, represented by the
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two 90 bp repeats. At present, it is not clear how these two
promoter regions work under physiological conditions for the
endogenous MAO A gene. Under our experiment conditions,
the CCAAT-TATA region strongly downregulated the activity
of the two 90 bp repeats, but the effect of the two repeats on
the TATA-dependent activity is currently unclear.

For MAO B, the highest promoter activity is provided by the
Sp1-CACCC-Spl1-TATA structure contained in the B0.15 Pstl/
Nael fragment. Careful inspection of the Sp1 binding sites (3,
4, 5, and 7, 8) in this fragment (Fig. 1) leads to an interesting
hypothesis. The 5’ Spl binding region contains two overlapping
Spl binding sites (sites 7, 8) as underlined:

GGGCGGGGGCGAGTGG

The distance between the “central C” of the two sites is 6 bp.
Since each complete turn of B-DNA takes 10.4 bp (Wang, 1979),
these two sites are located at opposite sides of the DNA mol-
ecule. However, only one Spl molecule can bind to this region,
since for two Spl molecules to bind side by side, the shortest
distance between the “central C” of the two Spl binding sites
should at least be 10 bp (Gidoni et al., 1985). Similarly, at the
3’ Spl binding region (sites 3-5) a Sp1 molecule could bind to
three different positions as underlined:

TAGGCGGGCGGGCGGGG

But still, only one Sp1 can bind to this region at any given time.
This overlapping Sp1 binding structure may provide the MAO
B promoter with additional ways for the fine tuning of tran-
scription regulation. For instance, at different Spl concentra-
tions, Spl molecules may preferentially bind to certain positions
due to different affinities of these overlapping Spl sites. This in
turn will change the relative positions of the two bound Spl
molecules with respect to the TATA box and the CACCC ele-
ment in the Sp1-CACCC-Sp1-TATA structure, thus altering the
interaction between these factors.

Both promoters contain additional potential Spl binding sites,
CACCC elements, CCAAT boxes, and direct repeats in the se-
quences upstream of their core regions. However, inclusion of
these sequences (also the downstream Spl site 1 in MAO B
promoter; Fig. 3) resulted in decreased promoter activity for
both genes. Spl sites, CACCC elements, and CCAAT boxes are
generally considered positive elements for transcription acti-
vation. Our results suggest that they could act as downregulating
elements as well. These results are similar to the observation
with the Abelson (ABL) gene promoter (Q.-S. Zhu, unpublished
observations), in which the activity of an Sp1-Sp1 structure is
downregulated by additional transcription factor binding sites,
either upstream or downstream. The downregulation may result
from competition of these binding sites for transcription factors.
This transcription factor binding will in turn compete for the
activating domain on the polymerase complex.

Our results show that the A0.14 or B0.15 fragment exhibited
very different promoter activities in different cell lines (SHSY-
5Y > COS7 > NIH3T3 for MAO A, Fig. 2; NIH3T3 > SHSY-
5Y > COS7 for MAO B, Fig. 3). However, the relative promoter
activities of various fragments in these three cell lines are similar

(Figs. 2, 3). These results suggest that these fragments may not
contain tissue specific elements. The different activities of the
same fragments observed in various cell lines may be caused
by different (¢rans) factors (either positive or negative) inter-
acting with these fragments. The concentration or the modifi-
cation (such as phosphorylation) of these transcription factors
could be different in these cell lines. It has been shown that Spl
concentration is a limiting factor for transcription in cultured
mammalian cells (Saffer et al., 1990). Low concentration of Spl
in certain cells would lead to low expression of genes containing
its binding sites. In addition, differences in the concentration of
negative factors in different cells may also contribute to the
observed promoter activity differences. For example, both A0.14
and BO0.15 fragments contain a consensus binding sequence
(GCGGGGCO) for the sequence-specific transcription repressor
GC factor (GCF; Kageyama and Pastan, 1989). This GCF bind-
ing site overlaps with site 2 in MAO A promoter and site 3 in
MAO B promoter and is likely to be involved in regulating
expression of both MAO genes. Variation of its concentration
from one cell line to another might directly affect transcription
efficiency.

The different tissue- and cell-specific distribution of MAO A
and B may be explained by their different promoter organiza-
tions. In other words, the controlling mechanism for different
expression of these two enzymes is most likely at the transcrip-
tion level, as evidenced by the correlation between the mRNA
level of MAO A and B and the corresponding catalytic activities
(Grimsby et al., 1990). The differences in cis-elements and their
organizations found in MAO A and B promoters suggest that
the observed differential expression of the MAO A and B con-
structs could be due to the different extent to which the require-
ment of MAO A and B promoters are satisfied by the existing
transcription factors in the given cells. For example, certain
CACCC binding factors are needed for high-level expression of
MAO B, but the core part of the MAO A promoter does not
have such a requirement. Low level of CACCC binding factor
in a given cell may affect MAO B expression, but may less likely
affect MAO A. Although both MAO A and B promoter seem
to use Spl as their essential transcription factor, the optimal
concentration of cellular Sp1 for MAO A and B might be rather
different. It is also likely that these two promoters contain bind-
ing sites for unidentified transcription factors, and the type and
location of these sites are different in the two promoters. In
addition, these two promoters are different also in their se-
quences responsive to external hormonal stimulation from local
environments. For example, AP-1 binding site is found in MAO
Bpromoter (site 19, Fig. 3, Table 1) but notin MAO A promoter.
Both promoters contain cAMP response element-like sequence,
but their locations are different (site 12 at —618 in MAO A and
site 18 at —807 in MAO B; Figs. 2, 3; Table 1). Thus, MAO A
and B genes may respond differently to the environments of the
cells within which they are located.

Abnormal levels of MAQO activity have been reported in a
number of mental disorders, such as depression (White et al.,
1980), alcoholism (Sullivan et al., 1979), schizophrenia (Wyatt
and Murphy, 1976), and Alzheimer’s disease (Oreland et al.,
1984). The abnormal MAO catalytic activity and biochemical
characteristics have been observed in the second generation of
the alcoholized rats (Anokhina et al., 1990), suggesting that
MAO gene structure may be modified. Differences in human
MAO A promoter sequences have been observed. For example,
four potential Spl binding sites (sites 1-4) are found in the two



90 bp repeats in our MAO A clone (Figs. 1, 2), whereas in the
corresponding region of another human MAO A gene reported
(Chen et al., 1991), two Spl sites (sites 1 and 3) are missing. If
these differences are not due to sequencing errors, they would
suggest heterogeneity of MAO promoter. Further, since these
variations are located at important cis-elements, they may affect
the expression of MAO A gene. It will be interesting to inves-
tigate whether the varied MAO levels in disease states are caused
by promoter modification (cis-element changes), or by changes
of transcription factors required for MAO expression. This work
opens up a new area of research concerning the molecular basis
of MAO gene expression in disease states.
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