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Human manganese-containing superoxide dismutase(MnSOD) is a nuclear encoded mitochondrial protein tha
scavenges potentially toxic superoxide radicals by dismutisigg®O, plus H,O,. To understand the molecular
mechanism governing the transcriptional regulation of the human MnSOD gene, | have isolated and sequencec
a genomic clone containing thé flanking region of the human MnSOD gene. One major transcription start site
was mapped by primer extension to a guanine residue 67 base pairs upstream from the translation start site. Eigt
putative Sp1 binding elements and one AP1 consensus sequence, but no TATA or CAAT box, were found in the
promoter region. Furthermore, a series of chimerical/CAT reporter gene constructs were used to transfect humar
hepatocellular carcinoma(HepG2), human neuroblastoma and human skin fibroblast cell lines to characterize the
promoter and regulatory region of the human MnSOD gene. The results show that human MnSOD gene
expression is governed by one promoter and that the basic promoter is located between nucleotides —34 and +3¢
The results also indicate that both positive and negative elements are involved in the regulation of the cell-type
specific expression of the human MnSOD gene. The functional studies indicate that the Sp1 binding sites or G+C
rich regions play an important role in regulation of expression of the human MnSODigefe. © 199
Academic Press, Inc.

The first enzymes involved in the detoxification of oxygen free radicals are the SODs, wh
convert superoxide anion into,B®, and Q. Three forms of SOD, with distinctive distributions
characterized by their metal requirements are known to exist in aerobic organisms (1,2). Ma
nese (MnSOD) and iron (FeSOD) forms of SOD are found in prokaryotes, while eukaryotes cor
both MnSOD and two copper-zinc-containing SODs (Cu/Zn SODs).

MnSOD in eukaryotic cells is strictly a mitochondrial enzyme located in the inner membrane
encoded by a nuclear gene. A large precursor form is made in the cytosol and transported int
mitochondria by an energy-dependent process (3, 4). The human MnSOD enzyme is four
higher concentrations in those tissues with the largest numbers of mitochondria (liver, h
kidney) (5). Induction of MnSOD in eukaryotes has been observed following treatment w
paraquat (6, 7), x-irradiation (8), hyperoxia (9), interleukin-1 (10), tumor necrosis factor (10, 1
phorbol ester (12), and dinitrophenol (13), suggesting that MnSOD induction is important
protection against oxidative stress. Furthermore, transcriptional run-on assays have discerne
the stimulatory effects of TNF and phorbol ester on the expression of the human MnSOD ¢
occur at least partially at the level of transcription (12).

The human MnSOD gene was mapped to chromosome 625 (14), a region of the chromo:
frequently lost in some cancers as glioblastomas, lymphomas, malignant melanoma and ov
carcinoma (15, 16). Furthermore, a diminished level of MNSOD activity occurs in a wide vari
of tumor cells. The lowered activity is generally a consequence of lower amounts of enzyme prc
and its mRNA (8). Moreover, the results of MNSOD mRNA turnover experiments in the turr
cells and normal cell counterparts can rule out the possibility that a decrease in stability cause
reduced level of the steady state MNnSOD mRNA in tumor cells (17). It is reported that ste
transfection of MNSOD cDNA into a melanoma cell line can suppress the malignant melanc
phenotype (18). To determine the MnSOD primary gene structure and mechanisms of regul
is an important first step toward further elucidation of the cause for the loss of MNSOD activity
human cancer cells. To ascertain the molecular structures and mechanisms governing the reg
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expression of the human MnSOD gene, | have isolated and characterizeefldmeking region of
the human MnSOD gene, and have also analyzed the functional promoter of the human Mn
gene and defined the transcription initiation site in normal and tumor cell lines.

MATERIALS AND METHODS

Cloning and DNA sequencing the human MnSOD geherfsl and flanking regionsTo isolate the human MnSOD
genomic clones, a BamH I/EcoR | fragment of human MnSOD cDNA was used as a probe to screen two human leuk
genomic libraries(ATCC and Promega). Approximately 4%ptaques were screened in duplicate. One genomic clon
(containing the 5flanking region and most of the human MnSOD gene) was isolated. This positive clone was purified
characterized further after restriction enzyme digestion and southern blot analysis, as previously described (19). This
contained 15 kb genomic DNA insert and was cut by Sac | to release 3 genomic fragments, 3.2 kb, 4 kb, and 7.8 kb.
fragments were isolated and subcloned into pGEM3Z at the Sac | site. The 4 kb insert which covers 2.1 fldnéfrtg
region, exon 1, intron 1, exon 2 and a part of intron 2 was sequenced by the dideoxynucleotide method of Sanger et &

RNA isolation and analysig.otal RNA was isolated by acid guanidinium thiocyanate-phenol-chloroform extract methe
as described in (21), and poly(A)-containing RNA was prepared by oligo (dT) affinity chromatographyudrioktotal
RNA were fractionated by electrophoresis on 1.2% formaldehyde agarose gels and transferred to a nylon merr
(Amersham) as described (19). Northern blot hybridization was performed at 68°C for 16—18 hout®wétbeled human
MnSOD cDNA probe at a concentration of 1.2—3 * tBunts/ml. After hybridization, the filters were washed with 1% SDS
and 0.1 x SSC solution for 15 minutes at room temperature. The filters were then washed twice with 1% SDS and
SSC solution for 30 minutes at 65°C. Autoradiography was for 1-3 days at —=70°C using Kodak XAR-5 film and
intensifying screen. The mRNA levels were normalized by rehybridization with a hygveiin cDNA probe.

Primer extension assay$o determine the transcription start site of the human MnSOD gene, primer extension ass
were done. One end-labeled oligonucleotide, corresponding to position 107/142 of the human colon cancer MnSOD ¢
clone(17) was used as a primer, and poly@NA extracted from three different cell lines including HepG2, neuroblastom
and skin fibroblasts was used as templates in two steps. In the first stepuRe5 poly(A)'RNA was mixed with a
1.5-3x18 cpm labeled primer and @l of 10xyTth reverse transcriptase buffer (100 mM Tris-HCI, pH 8.3, 500 mM KCl,
15 mM MgCl, and 0.01% (W/V) gelatin) in a volume of 14.4. This solution was incubated at 90°C for 5 minutes and
then incubated at 69°C for 5 minutes. In the second step0? 10 mM MnCl,, 1 ul of 2.5 mM dNTP and 2ul of IU yTth
DNA polymerase were added in the above reaction solution in a final volume @t ZBie extension reaction samples were
kept at 70°C for 28 minutes, then extracted with phenol/chloroform, and analyzed on 6% sequencing gels.

Plasmid constructionThe promoter/CAT chimerical constructs were generated as follows. First, a fragment contain
the human MnSOD gene promoter sequence from —223 to +38 was obtained by a Pst I/SfaN | digestion of 4 kb ger
Sac | fragment. The 261 bp Pst I/SfaN | fragment was blunt-end ligated into the Pst | site of the polylinker of
promoterless plasmid pBasic-CAT (Promega). This construct was named pGCAT223. The construct pPGCAT2013 (-
to +38) was generated by ligation of a Hind 1lI/Afl Il fragment derived from 4Kb fragment into the construct pGCAT2.
at the Hind IlI/Afl 1l site. The construct pGCAT223 was digested with Banll/Hind Il and Afl 1I/Hind 1l respectively. The
big fragments were isolated and blunt-end ligated to themselves to generate two constructs, namely construc
CAT114(-114 to +38) and construct pPGCAT34 (-34 to +38). The construct pGCAT2013 was cut by Hind 1ll/Spe | ar
large fragment was isolated and ligated to itself to yield a new construct called construct pGCAT842 (—-842/+38).
construct pGCAT5538 was produced by ligation of 3.2 Kb original genomic Sac | fragment into the construct pGCAT2
at the Sac | site. The construct pPGCAT14 was designed by ligation of a DNA synthetic fragment, corresponding to pos
—-14/+38 of the human MnSOD gené flanking region, into the Pstl site of the polylinker of the promoterless plasmit
pBasic-CAT.

The pCAT-promoter plasmid, which contains the SV40 mini promoter upstream from the CAT gene was obtained f
Promega. To search for enhancer sequences or transacting elements governing the regulation of the human MnSC
expression, pCAT promoter-derived plasmids were constructed by cloning three overlapping fragments of the ger
DNA upstream from the promoter region of the human MnSOD gene obtained from the construct pGCAT2013 digeste
Pst |, Sac Il, and Sac I/Sac Il respectively, into the Pst | site of the pCAT-promoter. The resultant plasmids were desig
as pCAT/SOD01153 (-427 to —26), pCAT/SOD01152 (=717 to —223), and pCAT/SOD01182 (-2013 to —427). The nur
and orientation of the inserts were determined by restriction enzyme digestion.

An expression vector, pSV40HGH-1 used to monitor transfection efficiency by co-transfection with promoter
constructs, was generated by cloning 2.2 kb BamH I/EcoR | fragment of pOGH plamide (Nicholls Institute) into the ,
I/Hind Il site of pCH110 (Pharmacie, UG, Uppsala, Sweden).

Cell culture and DNA transfectiortHuman skin fibroblast (#8399) cells were cultured in high-glucose Dulbecco’
Modified Eagle’s Medium supplemented with 10% fetal calf serum. Human hepatocellular carcinoma (HepG2) cells
Human neuroblastoma (SK-N-SH) cells were cultured in Eagle’s MEM with nonessential amino acids, sodium pyru
Earle’s BSS and 10% fetal bovine serum. The cells were plated at a density of approximatéhot>6mm dishes on
the day prior to the transfections. The next day, the cells were refed with 3 ml of DME/F12 with HEPES media contai
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10% fetal bovine serum and incubated for 2—3 hours. Transfections were then performed by the calcium phos
co-precipitation method (19). Each precipitate containeghd®f test plasmid and gg of pSV40HGH-1. The cells were
incubated with the precipitate for 4 hours followed by a 3-minute glycerol shock. The cells were then washed and refec
growth media and incubated at 37°C for 2.5 days. In individual experiments, duplicate dishes were analyzed for
sample. All transfection assays were done in triplicate in order to compensate for experimental variation.

Human growth hormone assay and CAT assdéyman growth hormone determinations using a radioimmunoassay k
(Nicholls Institute) were carried out on the media 60 hours after glycerol shock according to the protocol from Nick
Institute. Meanwhile, the cells were harvested and cell extracts were prepared by four cycles of freeze-thawing in 1
of 0.25 mM Tris-HCI, pH 7.5. CAT activity was assayed by acetylation of chloramphenicol and solvent extraction of
radio-labeled product (22). The volume of extract used for CAT assay was determined by the results of human g
hormone assay. The CAT assays were performed ingd2®ntaining 0.125 uCi of *C] chloramphenicol and 6nmol of
n-butyryl-CoA at 37°C for 1 hour. The butyrylated chloramphenicol was separated from the free chloramphenicol by xy
extraction and was quantified by liquid scintillation counting. In all transfection experiments, pCAT-Basic, pCAT-promc
and pCAT-control were used as negative and positive controls, respectively. Finally, the mean activities normalizs
pCAT-control were determined and used for quantitative comparison.

RESULTS

One positive clone with a 15 kb insert containing thdl&nking region and most of the human
MnSOD gene was isolated from the human genomic DNA library as described above. -
genomic insert was released from the positive clone by digestion with Sac | and yielded tl
fragments. These three fragments were 3.2 kb, 4 kb, and 7.8 kb in size as determined by restr
mapping and Southern blot analyses. The 4 kb fragment, which contained 2.1 kb 6fldrekng
region and exon 1, exon 2, intron 1, and a part of intron 2 of the human MnSOD gene, was |
to determine the functional promoter of the human MnSOD gene. To facilitate sequencing
striction fragments from the 4 kb fragment were subcloned into pGEM3Z and the entire 2.1
BamH | fragment of the 5flanking region was sequenced completely. The promoter regic
sequences of the human MnSOD gene is shown in Fig. 1. Notably, no “TATA box” and “CA/
box” were found in the 5flanking region. This feature is common to the promoters of many othi
“housekeeping” genes as well as the bovine and the rat MNSOD gene (23, 24, 25). The seq
between nucleotide residues —200 and -1, which contains the putative promoter of the ht
MnSOD gene, has a G+C content of 84%. On the upstream of the human MnSOD gene cc
region a number of transcription factor binding DNA elements were found, and many of wh
match loosely to their respectively consensus sequences (26). A prominent feature of the Mn
gene 5 flanking region is possession of one vestigial human Alu sequence located at posit
between -1584 and -1524, which is also described in some other genes (27, 28, 29, 30, 31).
significantly, a sequence element (TAGAGACGGGGTTTCACtA) of the upstream Alu sequer
(at positions —1568 to —1550) matches 18 of 19 nucleotide residues (a mismatch is in lower
letter) to an OXPHOS enhancer (enh) consensus sequence (TAGAGANNNGGTTTCACCA) (:

Several other potential regulatory elements for controlling the transcription of many other ge
were also detected in this region. Eight hexanucleotide core sequences (GGGCGG) that corre
to consensus binding sites for the transcription factor Sp1 (33) were located (at nucleotides -
-168, -164, —-121, -113, -91, -86, and —19). One copy of the consensus octanucleotide
GACTAA) for the binding of AP-1 (or c-jun and c-fos protein complex), which allows activatio
of genes induced by phorbol esters (34, 35), was mapped to position —829. One copy of acute |
reactant regulatory elements (CTGGGA), which mediate the induction of the gene expres
under acute physical stre@s vivo (36, 37), was present in the region within —474 to —-469
Moreover, two sequences (CGCGGGGCG) which closely match the Egrl consensus seqt
(GCGGGGGCQG) are found in this region of the human MnSOD gene promoter(nucleotides -
to =114 and -94 to —-87) (38).

Although three mMRNA specise were detected in the human MnSOD gene expression, only
transcriptional start site of the human MnSOD gene was identified by primer extension anal
In this study, an oligonucleotide that is complementary to the sequence between +107 and +1
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-2013 glgctcngcctccclltnggnltat|ttnlt.tcactagl!cnlg!clllcc.!Iacuatg.ctgntclnglclc!gaat
-1933 cctgtggattcatccttcamaatgcccttttcttccagttctcatagctagtgeccttaanaagtgacctgcagtacctcee
-1853 tgclgnglcgnllqlnccngcttcc!.ac!ngcclqcaclccct(cntccccccnagtcaglgcc-g-ccaccllgcclg
-1773  asasaccactttcagtgtgtctcacctcagcagaaatgtttctcagcttccaattaacaatcacatcaaacccctgetct

-1893 tgtctgcgtttitangggtatctataggccgggcgecgtggectcctacctgtaatccagcactttggasggccgagocgog

-1813 cng-lclcltgngglcnggcgtlcﬂagacc‘lcc!glglccnlc*llg!glaaccccglcicl.kcnlnaa(acna-nna

-1533 asaanaasatagtgggpcgtggaggtgcacgctgtaattccagctactcgggaggctgaggcaggagaatcgcttgaacc
-1453 cégqaggcngnpgt|cc-gtg|gccnncntgcgc:cacagtlclccagcctgaggcacagancglggclglglclcaaaa
-1373 atsaatasatastaasttasaasaaataagagtatctataacctggtcccagcctgaatttcctttttcacccccaacacg
-1283 tagccctagttacattcttctgacgtctgtaaacaagcccagecccttcctgttgtgaagccaagttcaggtiggttcctcet
-1213 tcgecctgactgtttteccattccacttaccggaagcctagtcatcttcggagggetgtacgggggttgcaagaagcaacg
-1133 gasacggtticagcacctgctaccttccatcataticttittcaataaaggggcaactcccgccaatggcagtgtagatttc
-1083 ctaacctctacacatggaagattcacaccattcaggattgttgtttaactgttgagagagcacttgatacttaacagcectt
-973 actaggctacaagacagcgcagnaaagaatcctctgttgteccttttatgttatcctgaacagttggttcacagagttact
-893 gtaaacacacaaaacatgactgccagggcttagtagtgaggaaggtgggaactagtcctgactcagttaactgtgeccag
.813 gagaamgctgcttaacctcaaaggattticactattactagaatcaataataccaaccctaggggtaaaaataaagataaat
-733 gtgtgcaaatcctgecctgcagtctcgggcacgtecgtgggtgtccaagaactgttcttaggcagccggtggggacaaagtc
-853 tgtgtgcctcctgtecctggaataggtcccaaggtcggecttacttgcaaagcaagggtacggecgecaagagtactgaatacg
.573 ggttggaagggcgctggctctaccctcagctcataggccggetgggcgocgetgaccagecagetaggecccgtcttcccet

.483 aggaacggccacgggggccctigggagggtatgaatgtctttttgcagtgaggecctctggaccececgeggecccccggeage

-413 gculccnulnc(cngggqcngcgccgcagccgcctlglgc-gccugnccccgct:ggcaccclcaggggcggaccggagg
—

.333 cagggcttcgggccgtaccaactccacgggggcaggggecgectecctteggecgegegecactcaagtacggecagacag

-253 gcngcglggltgccn.gyccglqgctlgcctqcagcclcctl!ctcccglgcccatlgggcgcggglglacggcaagcgc

-173 gggcgggcgggacaggcacgcagggcacceccgggot 10gg9cecg9cgpeco0c0980cg9099ctcgc00999629669¢
— —_—

— l
.83 cggggcggcggtgecccttgeggcgcagetggggtegeggccctgetcceggegetttcttanggeccgcggocpgegeag
—
—_— .1

-13 gagcggcactcgtGgectgtggtggcttcggcagecggecttcagcagatcggeggcatcageggtagecaccagcactagcag
MetLeuSerArgAlaValCysG

.83 CcATGttgagccggocagligtgcogtoagaaggaaggggaccecggtlcacgccccaaggpgcaagggpctepcgacgggcag

FIG. 1. Partial nucleotide sequence of theflanking region of the human MnSOD gene, the first exon with deduce
amino acid sequence and the proximal first intron of the human MnSOD gene. Sp1-binding sites are indicated by ar
which also specify orientation. Apl element is underlined. Acute phase reaction regulatory element is double under
OXPHOS enhance (enh) consensus sequence is boxed.

the human colon cancer MnSOD cDNA was used for primer extension on HepG2, neuroblast
and skin fibroblast cell mMRNA templates and one identical major primer extension product (
nucleotides) was identified in all above three cell lines (Fig. 2).

These three cell lines were also tested for endogenous expression of MNSOD mRNA. Cel
the three lines were grown to 100% confluence and total RNA was isolated and analyze
Northern blot analysis using the MNnSOD cDNA coding region as a probe. In addition, a hun
B-actin probe was also used for hybridization on the same blot to monitor amount of the mR
used in each lane. The result of this experiment is shown in Fig. 3A. Although the MNSOD mR
was detected in all three cell lines, the hepG2 cells contained very high levels of the 4 kb MnS
mRNA while neuroblastoma and skin fibroblasts contained very low steady state amount
MnSOD mRNAs. This data demonstrates that the MnSOD gene is expressed with cell spe
patterns.
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Human Skin Fibroblast
Neuroblastoma

HepG2

# <— 150 pb

FIG. 2. Primer extension of human MnSOD mRNA. The oligonucleotide (GCTGTGCTTCTGCCTGGAGCCC/
GATACCCCAAAG) was annealed to gg, 5 ng of poly(A+) RNA from HepG2, neuroblastoma and skin cells respec:
tively, used as templates for the primer extension with rTTh DNA polymerase as described under Materials and Met
The primer-extended products and dideoxynucleotide sequence reactions as size markers were separated on
sequencing gel.

To determine whether sequencestd the human MnSOD gene function as a promoter,
construct was made in the pBasic-CAT vector with a 5.5 kb (refers to —5.5 to +38) fragmeént o
flanking region of the human MnSOD gene and was designated as pGCAT5538. Transfectiol
this construct into HepG2 cell line showed very high expression of CAT. In order to define whet
the CAT gene was expressed in a cell-specific pattern or not, the pGCAT5538 construct was
transfected into skin fibroblast, neuroblastoma and HepG2 cell lines. As presented in Fig. 3B
human MnSOD sequences in the pGCAT5538 construct were effective in driving the expres
of CAT in HepG2, while low levels of the reporter gene product were detected in neuroblastc
and human skin fibroblast cells. The maximum level of expression was seen in the HepG2 cells
this corresponded to approximately 158% of the expression of the reporter gene seen in the
cells transfected with the pCAT control. These results correlate with the endogenous expressi
the human MnSOD gene in the above three cell lines.

To ascertain in more detail the regulatory sequences required for optimum promoter activity
the minimum promoter, a series of mutant chimerical reporter gene constructs made 'usir
deletion were transfected into HepG2 cells and neuroblastoma cells. The results of the a
experiments are presented in Fig. 4. The data show that maximum expression of CAT ca
obtained with only 114 bp of the' flanking region immediately upstream from the human MnSOL
transcription start site in neuroblastoma cells, while 2013 bp of tH&Bbking sequences needed
to drive maximum expression of CAT in HepG2 cells.

The small changes in the expression level of CAT which were observed when the upstr
sequences from —5500 to —2013 in HepG2 and from —5500 to —842 in neuroblastoma cells
included in the reporter constructs, were seen consistently. However, a large decrease in
expression was observed when constructs mad€ lglgtion from -2013 to —842 of the human
MnSOD gene 5flanking sequences were used to transfect in HepG2. This result indicates th
significant positive element(s) is present upstream from —842, whereas a large increase in
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FIG. 3. Cell specific expression of the human Mnsod gene. (A) Endogenous expression of the human MnSOD (¢
Northern blot hybridization analyses were performed with a human MnSOD cDNA or as a Ig#aetin cDNA probes
and 5ug of total RNA isolated from HepG2, neuroblastoma, and skin fibroblast cells. The mRNA species are denote
arrows on the right. (B) Cell specific promoter activity of the human MnSOD gésilasking sequences. A portion of the
5’-end of the human MnSOD gene from +38 to —5500 was fused to 'Hemd of the CAT gene in a transfection vector.
The construct was transfected into various cell types as described under Materials and Methods. CAT activity is expr
as a percent of the CAT activity in each cell type transfected with a vector containing the CAT gene driven by the S
promoter and SV-40 enhancer(pCAT-Control).

expression was observed in neuroblastoma when the sequences from —842 to —233 were dk
Thus, an important negative element is located in this region. Interestingly, pGCAT114 (-11.
+38) contains almost 45% maximal activity in HepG2 cells and maximal activity in neuroblasto
cells, and thus the most important cis-acting elements responsible for transcriptional activity o
human MnSOD gene appear to reside within this region. pGCAT34, which lacks the sequence
-114 to —34 with 3 Sp1 binding sites, contains only one Spl binding site and retains 6.7% of
maximum activity of CAT in HepG2 cells and 8.9% in neuroblastoma cells. Finally, the CA
activity was not detected when the construct pGCAT14, which deletes all Sp1 binding sites,
used for transient transfection in HepG2 cells and neuroblastoma cells. This result suggests th
minimum promoter governing the human MnSOD gene expression is limited within the region -
to +38.

The data shown in Figs. 3B and 4 indicate that cell-type specific expression of a reporter ¢
was obtainedn vitro with 5’ flanking sequences of the human MnSOD gene and at least c
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FIG. 4. Detailed analysis of the promoter activity dfflanking sequences of the human MnSOD gene. The line diagrar
at the top is a restriction map. St, A, Ba, P, Sp, S represent restriction sites for enzymes SfaN I, Afl Il, Ban Il, Pst |,
| and Sac |. Serial deletion mutants were tested in the pBacis-CAT vector in HepG2, neuroblastoma cell lines. All cons!

extend to + 38bp. The activities of the constructs are compared with the activity of pControl-CAT, which is arbitrarily ta
as 100%.

positive element(s) and one negative element(s) regulate this cell-type specific expressior
examine the ability of the 'Sflanking sequences to enhance or reduce transcription from a het
ologous promoter. The fragments corresponding to the —427/-26 (antisense orientation), -
—-223 (sense orientation) and —2013/-427 (antisense orientation) were cloned into the enh
position of pCAT-promoter vector containing the enhancerless SV40 promoter. The constr
were then transfected into HepG2 and neuroblastoma cells, and CAT expression of these cons
was compared to that observed from the vector alone:322-fold increase in expression of CAT
was obtained in HepG2 while-a4-fold decrease in expression of CAT was present in neurobls
toma cells when a construct containing the —2013/-427 sequences was used for transfection it
cell lines (Fig.5).

DISCUSSION

I have cloned and characterized theflanking region of the human MnSOD gene as a startin
point for the analysis of the mechanisms controlling its tissue- or cell-specific expression, de
opmentally induced expression, and decreased activity in human cancer cells. Mapping o
transcriptional start site indicated that human MnSOD transcription is initiated at the same si
HepG2, neuroblastoma, and human skin fibroblast cells. The transcription start site was iden
at the guanidine residue 67 bases upstream of the translation initiation site, inconsistent
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FIG. 5. Enhancer or silencer activity of thé-Banking sequences of the human MnSOD gene acting with the enhance
less SV40 promoter on the transcription of CAT in the pCAT-promoter vector. Sequences from —427 to —26, —=717 to -
and —2013 to —427 were tested in the opposite orientation. Fold changed refers to the increase or decrease of CAT &
in pCAT/SOD01153, pCAT/SOD1152 and pCAT/SOD01182 over the enhancerless pCAT-promoter vector alone.

consensus sequences for initiation of transcription of most eukaryotic mRNAs (39), but consis
with the transcription initiation site identified for the rat and bovine homologue of the MnSC
gene (24, 25). The data also establishes that MNSOD mRNAs from each of the 3 cell type:
transcribed from the same initiation site. A comparison of sequence ir fitenking region with

that of the rat or bovine MNnSOD genes reveals a number of features that were conserved d
evolution. The nucleotide sequences immediately upstream from the site of transcription initiz
of the human MnSOD gene and the rat MNnSOD gene lack “TATA box” and “CAAT box”.

The sequences between nucleotide residues —200 and -1 containing the putative promoter
MnSOD gene is higlyl G + Crich, with a G + Ccontent of 76% in rat, 80% in bovine and 84%
in humans. Both rat and human MnSOD genes possess one copy of the AP-1 site'ifighkisg
regions. Eight Spl binding sites are present on both of the human and the bovine MnS
promoters, while two copies of Spl binding core sequence are found at positions —14 and -2
the rat MNnSOD gene. Interestingly, the sequence less than 20 bp upstream from the si
transcription initiation contains one Spl binding site in both human and rat. Two copies of S\
core enhancer sequence (40) and one copy of the consensus sequence of the adenovirus EI
enhancer (41) are only found in thé flank region of the rat MnSOD gene, whereas the sequen
far upstream from the human MnSOD promoter region contains one copy of an OXPHOS enhe
(enh) consensus sequence located in an Alu element region (32) which is not found in th
flanking region of rat MnSOD gene.

These data indicate that some common molecular mechanisms governing the regulated e:
sion of the MNSOD gene are shared among these mammalian species, but they also posses
species-specific mechanisms. In the current study, | have been able to establish that 5.5 kb
flanking sequences contain functionally important promoter elements and that this DNA segr
confers a pattern of cell-specific expression that correlates well with the pattern of expressic
the endogenous gene. To show this, a 5.5 kb fragment fdifking region of the human MnSOD
gene was fused into a CAT-reporter gene (pGCAT5538) and tested for transient expression i
HepG2, neuroblastoma, and skin fibroblast cell lines. | observed a very strong expression in He
cells while the expression of the CAT-reporter gene was significantly lower in neuroblastoma
human skin fibroblast cells. To identify sequences in the human MnSOD deianking region
responsible for cell-specific expressior, deletion constructs were tested for transcriptional ac
tivity in HepG2 and neuroblastoma cells. A positive activity was shown by sequences betw
bp-2013 and -842, and this activity was present only in HepG2 cells. Negative activity was -
narrowed to a region within —-842 and —223 in the neuroblastoma cells. Furthermore, both neg
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and positive transacting sequences function with the heterologous SV40 promoter constructs
orientation-independent and distance-independent fashion. In future work, the interaction bet
the putative enhancer factor or the silence factor and its target DNA sequence will be examine
a method which can pinpoint the DNA contact residues, define the precise sequence specificity
yield information about the physical properties.

In the experiments reported here, | studied in more detail the 152 bp fragment(from —114 to -
that supports the maximum activity of the human MnSOD promoter. This region contains a clu
of three contiguous Spl binding sites and another Spl consensus sequence located at
upstream from the transcription start site. The activity of the human MnSOD promoter v
dramatically reduced when the nucleotides —-114 to —34 (which include the 3 contiguous
binding sites) were removed. However, the remaining 72 bp fragment from -34 to +38 still retai
6.7% of maximal transcription activity of the human MnSOD gene in HepG2 cells and 8.9%
maximal promoter activity in neuroblastoma cells, since this region still possesses one Spl f
located immediately upstream of the transcription initiation site. The promoter activity of t
human MnSOD gene disappeared completely when the last Spl motif was deleted. The
suggest that the RNA polymerase binding site and the transcription initiation element reside w
—-34 to +38, and that Sp1 is the major positive transcriptional factor governing the human MnS
gene promoter activity.

Spl was initially identified as a factor involved in specific expression of SV40 early RNA (4:
In the past decade, the binding sequences for Sp1 have been identified in the (proximal) prorn
of many cellular genes. In model systems of TATA-lacking promoters, Spl has been shown t
able to mediate transcription initiation by influencing the formation of a competent transcript
initiation complex (43). Although no natural or synthetic promoter has been described whe
single Sp1l binding sequence functions as a minimal promoter, Sp1 always functions with a se
element, which can consist of additional Sp1 binding sequences or an initiator (Inr) sequence
45, 46, 47). Furthermore, the functional importance of the upstream Sp1 sites in those TATA-
genes appears to depend on their relative locations in the promoters. It has been shown the
motifs located immediately upstream of transcription initiation sites of a number of genes e
positive enhancing effects (42, 43), whereas those located far upstream appear to have mi
effects (47). In keeping with these, the human MnSOD promoter appears to be dramatic
stimulated by an upstream DNA region containing a GC-rich sequence with 3 contiguous
consensus binding sites (—114 to —86), and the first Sp1 binding sequence at —18/-12 in the hi
MnSOD promoter may play a central role in transcription initiation, because the CAT activity w
completely inhibited when the construct pPGCAT14, which deletes the Spi binding site, was tr
fected in HepG2 or neuroblastoma cells. The other 4 Sp1 motifs located upstream from —11-
shown to have no effects on the promoter activity of the human MnSOD gene.

In summary, | have characterized thefanking region and promoter of the human MnSOD
gene. The three MNSOD mRNAs are transcribed from a single transcription initiation site govel
by a single promoter. Our results suggest that the human MnSOD promoter region is hit
regulated and that the major activity of the MNnSOD promoter requires an intact G+C region loc:
immediately upstream of transcription initiation site which contains four functional Sp1 bindi
sites. One far upstream enhancer and one transacting negative element are needed to n
cell-type specific expression of the human MnSOD gene. Roles of these regulatory elements «
5’ flanking region may be important in the regulation of expression of this gene in differentiat
and in transformed cells as well.
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