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Abstract

Background: Invasive tumor cells are characterized by
multiple phenotypic changes as a result of the large
number of cDNAs being differentially expressed in tu-
mor cells compared to normal progenitors. Expression
genetics focuses on changes at the RNA level with the
aim of identifying functionally important genes whose
aberrant expression in cancer cells is regulated at the
level of transcription. These genes were named class II
genes and are distinguished from class I genes, which are
characterized by genomic mutations, deletions, or other
alterations. Reversal of the tumor cell phenotype accom-
panying normalization of the expression of such genes
may be exploited therapeutically if gene expression can
be specifically modulated by drugs or other treatments.
Considering that genes are coordinately regulated in
complex networks, it is likely that the expression of
multiple genes can be simultaneously modulated in tu-
mor cells by drugs acting on the signal transduction
pathway that regulates their expression. The SPRI gene
is associated with differentiation and its expression is
down-regulated or inactivated in malignant cells. Anal-
ysis of the SPR1 promoter showed that down-regulation
of SPR1 expression in breast tumor cells occurs at the
level of transcription. SPR1 presents an example of class
II genes, since its expression was up-regulated in tumor
cells by phorbol 12-myristate 13-acetate (PMA) or by
ultraviolet (UV) irradiation.
Materials and Methods: The SPRI gene was identified
by differential display on the basis of its reduced or
absent expression in human breast tumor cell lines com-
pared to normal mammary epithelial cell strains. Differ-
ential expression was confirmed by Northern blot anal-
ysis employing multiple normal and tumor cell lines. The
promoter region -619 to +15 of the SPRI gene was
sequenced and analyzed by CAT assays, deletion analy-
sis, and mutagenesis. Up-regulation of SPRI expression

by PMA and UV irradiation was monitored by Northern
analysis and analyzed by CAT assays.
Results: The mechanism of down-regulation of SPRI
expression in breast tumor cells was investigated. It was
found that the -619 to + 15 upstream promoter region
is sufficient for SPRI expression in normal breast cells,
but it is transcriptionally silent in most breast tumor cell
lines. By deletion analysis and mutagenesis, two up-
stream cis-acting promoter elements were identified. Our
data indicate that the AP- 1 element located between
-139 and -133 acts as a major enhancer of SPRI tran-
scription only in normal mammary epithelial cells but
not in corresponding tumor cells, whereas the sequences
flanking the AP- 1 site do not affect its promoter enhanc-
ing activity. In addition, a transcriptional repressor was
identified that binds unknown factor(s) and is active in
both normal and tumor breast cells. Inhibitor function
was mapped to a 35-bp element located from -178 to
-139 upstream of the human SPRI mRNA start site. The
expression of SPRI could be induced in the 21MT-2
metastatic breast tumor cell line by PMA treatment or by
short UV irradiation via a transcriptional mechanism.
AP-1 is the cis element mediating the transcriptional
activation of SPRI by PMA, which induces the expres-
sion of AP-1 factors in 21MT-2 cells. Mutation of the
AP-1 site abolishes the induction of SPRI expression by
PMA.
Conclusions: Our results demonstrate that loss of SPRI
expression in breast tumor cells results from impaired
transactivation through the AP- 1 site in the SPRI pro-
moter, as well as from the presence of a negative regu-
latory element active in both normal and tumor cells.
Furthermore, our results provide a basis for therapeutic
manipulation of down-regulated genes, such as SPR1, in
human cancers.
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Abstract 

Background: Invasive tumor cells are characterized by 
multiple phenotypic changes as a result of the large 
number of cDNAs being differentially expressed in tu
mor cells compared to normal progenitors. Expression 
genetics focuses on changes at the RNA level with the 
aim of identifying functionally important genes whose 
aberrant expression in cancer cells is regulated at the 
level of transcription. These genes were named class IT 
genes and are distinguished from class I genes, which are 
characterized by genomic mutations, deletions, or other 
alterations. Reversal of the tumor cell phenotype accom
panying normalization of the expression of such genes 
may be exploited therapeutically if gene expression can 
be specifically modulated by drugs or other treatments. 
Considering that genes are coordinately regulated in 
complex networks, it is likely that the expression of 
multiple genes can be simultaneously modulated in tu
mor cells by drugs acting on the signal transduction 
pathway that regulates their expression. The SPRI gene 
is associated with differentiation and its expression is 
down-regulated or inactivated in malignant cells. Anal
ysis of the SPRI promoter showed that down-regulation 
of SPRI expression in breast tumor cells occurs at the 
level of transcription. SPRI presents an example of class 
IT genes, since its expression was up-regulated in tumor 
cells by phorbol 12-myristate 13-acetate (PMA) or by 
ultraviolet (UV) irradiation. 
Materials and Methods: The SPRI gene was identified 
by differential display on the basis of its reduced or 
absent expression in human breast tumor cell lines com
pared to normal mammary epithelial cell strains. Differ
ential expression was confirmed by Northern blot anal
ysis employing multiple normal and tumor cell lines. The 
promoter region -619 to +15 of the SPRI gene was 
sequenced and analyzed by CAT assays, deletion analy
sis, and mutagenesis. Up-regulation of SPRI expression 

by PMA and UV irradiation was monitored by Northern 
analysis and analyzed by CAT assays. 
Results: The mechanism of down-regulation of SPRI 
expression in breast tumor cells was investigated. It was 
found that the - 619 to + 15 upstream promoter region 
is sufficient for SPRI expression in normal breast cells, 
but it is transcriptionally silent in most breast tumor cell 
lines. By deletion analysis and mutagenesis, two up
stream cis-acting promoter elements were identified. Our 
data indicate that the AP-l element located between 
-139 and -133 acts as a major enhancer of SPRI tran
scription only in normal mammary epithelial cells but 
not in corresponding tumor cells, whereas the sequences 
flanking the AP-l site do not affect its promoter enhanc
ing activity. In addition, a transcriptional repressor was 
identified that binds urIknown factor(s) and is active in 
both normal and tumor breast cells. Inhibitor function 
was mapped to a 35-bp element located from -178 to 
-139 upstream of the human SPRI mRNA start site. The 
expression of SPRI could be induced in the 21MT-2 
metastatic breast tumor cell line by PMA treatment or by 
short UV irradiation via a transcriptional mechanism. 
AP-l is the cis element mediating the transcriptional 
activation of SPRI by PMA, which induces the expres
sion of AP-l factors in 21MT-2 cells. Mutation of the 
AP-l site abolishes the induction of SPRI expression by 
PMA. 
Conclusions: Our results demonstrate that loss of SPRI 
expression in breast tumor cells results from impaired 
transactivation through the AP-l site in the SPRI pro
moter, as well as from the presence of a negative regu
latory element active in both normal and tumor cells. 
Furthermore, our results provide a basis for therapeutic 
manipulation of down-regulated genes, such as SPRl, in 
human cancers. 
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Introduction
The novel concept of RNA genetics in cancer un-
derscores the importance of changes in the expres-
sion of critical genes in understanding and treating
cancer (1). Instead of studying mutations or other
gene alterations at the genome level, expression
genetics focuses on changes at the RNA level. We
have previously applied methods of differential ex-
pression cloning, such as subtractive hybridization
(2) and differential display (DD) (3,4), to the iden-
tification of genes whose expression is up- or
down-regulated in breast cancers. Several novel
genes were identified and their putative functional
role(s) in regulating the growth and/or dissemina-
tion of mammary tumors was investigated (4-7).
Differential display allows the quantitative evalua-
tion of cellular messenger RNA patterns. Compar-
ison of well-matched cell lines showed remarkable
similarity in expression profiles of normal and tu-
mor breast cells, while the percentage of differen-
tially expressed messages was only 0.5-1%. Our
results indicated that the number of complemen-
tary DNAs (cDNAs) differentially expressed be-
tween normal and metastatic breast cancer cells lies
in the range of 500 to 1000 (1,5). Similar data were
obtained by others who analyzed differential gene
expression in human colon cancer by means of
serial analysis of gene expression (SAGE) (8). The
large number of differentially expressed cDNAs is
consistent with the multiple phenotypic changes
characteristic of metastatic tumor cells. Function-
ally important genes, whose aberrant expression in
tumor cells is regulated at the level of transcription,
can possibly be targeted for therapy if their normal
expression can be induced by drugs. Therefore, it is
essential to delineate the mechanism(s) underlying
the aberrant regulation of transcription of cancer-
related genes. In this report, the small proline-rich
protein gene (SPR1) was identified by DD on the
basis of its reduced or absent expression in human
breast tumor cell lines compared to normal coun-
terparts. Evidence is presented that down-regula-
tion of SPRI in breast tumor cells occurs by a tran-
scriptional mechanism.

Small proline-rich (SPR) proteins are char-
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acterized by an unusually high content in pro-
line residues and were originally identified in
cultured keratinocytes as ultraviolet (UV)-in-
ducible genes (9,10). SPR proteins are rich in
cysteine and glutamine residues and contain
repeating elements unique to the SPR family.
Similarly, the SPRR genes constitute part of the
human epidermal differentiation complex and
their expression is strictly linked to keratino-
cyte terminal differentiation (11). Squamous
carcinoma cell lines, on the other hand, show
significantly lower levels of SPRR expression
than normal human keratinocytes (12). The
SPRI protein is a component of the cross-
linked envelope that forms during the squa-
mous differentiation process and was sug-
gested as a marker associated with squamous
cell differentiation, including the airway epi-
thelium (13,14). Although human normal
bronchial epithelial cells express high levels of
SPR1, expression of SPR1 measured by quanti-
tative reverse transcription-polymerase chain
reaction (RT-PCR) was inactivated in malig-
nant human bronchial epithelial cells. There-
fore, loss of SPRI gene expression likely con-
tributes to malignant transformation by
disrupting mechanisms for terminal squamous
differentiation (1 5). The differential expression
of SPR1 in breast normal and tumor cell lines
described in this report indicates that the SPR1
protein could also play a significant role in the
mammary epithelium. Therefore, the molecu-
lar mechanism(s) underlying the differential
transcriptional regulation of SPR1 was exam-
ined. Analysis of the SPRI promoter showed
that in normal human breast cells SPRI tran-
scription is regulated by the coordinated action
of two major cis elements: the mammalian ac-
tivating protein- I (AP- 1) site located at -139
to -133 being the positive regulator and a
negative regulator of SPRI transcription lo-
cated at -178 to -139. The SPRI gene pro-
moter was characterized in a previous study
(16,17), which indicated the presence of both
phorbol ester and cAMP-responsive elements.
We have demonstrated that loss of SPRI ex-
pression in breast tumor cells results from the
absence of transactivation through the AP-1
binding site in combination with negative reg-
ulation through the inhibitory element, and
can be restored in 21MT-2 tumor cells by phor-
bol 1 2-myristate 13-acetate (PMA) treatment
and by UV irradiation.
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Materials and Methods
Cell Strains, Cell Lines, and Growth Media

Normal human mammary epithelial cell strains
(81N, 76N, and 70N) were derived from reduc-
tion mammoplasties. Primary (21NT, 21PT) and
metastatic (21MT-1, 21MT-2) tumor cell lines
were established from a single patient (18). Met-
astatic mammary epithelial tumor cell lines
MCF7, BT474, BT549, T47D, ZR-75-1, MDA-
MB-157, MDA-MB-231, MDA-MB-361, MDA-
MB-435, and MDA-MB-436 were obtained from
the American Type Culture Collection (ATCC,
Rockville, MD). All cell cultures were routinely
grown in DFCl-l medium (19). Cultures were

grown in P100 dishes and harvested at about
75% confluence for RNA isolation and near con-

fluence for DNA isolation. Escherichia coli K 12
bacteria strain XL-I Blue was obtained from
Stratagene (La Jolla, CA). Tissue culture medium
components were purchased from Life Technol-
ogies (Bethesda, MD) or Hyclone (Logan, UT).

Differential Display

Total cellular RNAs (50 ,ug) from exponentially
growing cell cultures were treated with DNase I
in the presence of RNasin ribonuclease inhibitor
to remove any residual DNA contamination as

described elsewhere (4). RNAs were extracted
with phenol/chloroform, precipitated with etha-
nol, and redissolved in DEPC-treated water. Sub-
sequently, the RNAs were reverse transcribed
using a 3'-anchored primer T12MG (5'-TTT-
TTTTTTTTTMG-3') (Operon Technologies, Ala-
meda, CA). The resultant cDNAs were amplified
by PCR, in the presence of [35S]dATP, using
TI2MG as the 3'-end primer and OPAl (5'-CAG-
GCCCTTC-3'), an arbitrary 10-mer primer, as

the 5'-end primer and resolved side-by-side on a

6% acrylamide/urea sequencing gel. The partial
cDNA bands were localized by autoradiography
and eluted as described elsewhere (4). A differ-
entially displayed cDNA of -0.16 kilobases (kb)
was recovered from the dried gel, purified by a

Millipore Ultrafree MC unit, reamplified by PCR,
32P-labeled by the oligolabeling method (20),
and used as a probe for hybridization of Northern
blots. The partial cDNA obtained from DD was

subcloned into the PCRII vector (Invitrogen),
and a corresponding full-length cDNA clone was

isolated and sequenced on both strands with T7
and SP6 primers. A cDNA library from 76N cells
constructed in AZap II (Stratagene, San Diego,
CA) was screened using the cloned PCR product

as a probe and several full-length cDNA clones
were isolated. The differential expression of SPR1
was confirmed by Northern hybridizations of the
same RNA samples used for DD, as well as RNAs
from a number of normal and tumor cell lines,
using a full-length probe. Full-length cDNA
clones were sequenced on both strands. Se-
quencing was performed with an ABI automated
sequencer, Model 373A, in the Molecular Biol-
ogy Core Facility of the Dana-Farber Cancer In-
stitute. The basic local alignment search tool
(BLAST) algorithm was used for nucleic acid se-
quence comparisons (21).

Northern and Southern Blot Analysis
Total cellular RNA was isolated from cells cul-
tured to approximately 75% confluence, purified
by standard guanidinium isothiocyanate and ce-
sium chloride centrifugation, and analyzed as
described (4). For Northern blotting, 20 jig of
total RNA was resolved by electrophoresis on 1%
agarose-1.7 M formaldehyde gels, transferred to
a Zetaprobe membrane (BioRad, Richmond, CA)
in 20XSSC solution (20XSSC, 3 M NaCl, 0.3 M
Na3 citrate, pH 7.0), and baked for 1 hr at 80°C.
Hybridizations were performed in formamide at
37°C overnight. The blot was washed at 650C for
1 hr in 2XSSC containing 0.1% SDS. As an in-
ternal loading control, 36B4 was used, a gene
encoding a ribosomal protein whose expression
is not affected by growth conditions or estrogen
receptor expression (22). For Southern blotting,
10 jig of genomic DNA was digested with EcoRI
overnight at 370C, fractionated on a 1.5% aga-
rose gel, transferred to nylon membrane, and
hybridized as above. Genomic DNA was isolated
and hybridized by standard methods (23). Den-
sitometric scans of autoradiographs were ob-
tained with the BioRad GS-700 imaging densi-
tometer using Molecular Analyst software.

Isolation of Genomic Clones: Promoter Cloning and
Sequencing
Genomic clones for the SPR1 gene were isolated
from a human white female leukocyte MboI par-
tial library in XEMBL 3. Approximately 1 X 106
plaques were screened with a 32P-labeled SPR1
full-length cDNA probe. Single hybridizing
plaques were isolated after three rounds of
screening picked into SM buffer (23) and ampli-
fied by PCR (95°C, 1 min; 550C, 1 min; 720C, 1
min; 35 cycles) with -622 and CAP primers (see
oligonucleotide section below). Subsequently,
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the 0.63 kb PCR product was cloned into the
PCRII vector (Invitrogen). Plasmid DNA was pre-
pared and digested with HindIlI and SalI; the
0.63 kb promoter fragment was purified on
Qiaex (Qiagen, Chatsworth, CA) and cloned into
the promoterless chloramphenicol acetyltrans-
ferase (CAT) vector pKT (24). The promoter con-
taining plasmid was sequenced at the Dana-Far-
ber Cancer Institute Core Facility with an ABI
373A automated DNA sequencer (Applied Bio-
systmes, Foster City, CA). Genomic DNA from
the 70N normal cell strain was similarly ampli-
fied by PCR with -622 and CAP primers, cloned
into the PCRII vector, and sequenced as above.

Synthetic Oligonucleotides
For PCR amplification of the SPR1 promoter
fragment the following oligonucleotides were
used: -622-primer (5'-GGTCGACCAGAGTTCAC-
TGCTCCGA-3') and CAP primer (5'-CAAGCTTA-
GAACTGGTGGTAGTGTTCCC-3') (modified from
primer sequences used by R. Wu, personal com-
munication). For construction of the pKT/SPRJ
promoter 5' deletion mutants, the antisense CAP
primer (5'-AAGCTTAAGCTTAGAACTGGTGGTA-
GTGTTCCC-3') was used for PCR in combination
with each of the following sense oligonucleotides:
for p-224 (5'-GTCGACGTCGACCCTGGAGCAAA-
GGGTGTTCAG-3'); for p-133 (5'-GTCGACGTCG-
ACAGGTGGGTGAGGGAAGAGGGG-3'). The fol-
lowing oligonucleotides were used for the
preparation of CAT constructs: SPRJ AP- 1 WT
sense (5'-TCGACCAAAAGTTGAGTCAACAGGT-
GT-3') and antisense (5'-CTAGACACCTGTTGA-
CTCAACTTTTGG-3'); AP-1 muti with two
changes in the AP-1 site, sense (5'-TCGAC-
CAAAAGTGGAGTCCACCGGTGT-3') and an-
tisense (5 '-CTAGACACCTGTGGACTC-
CACTTTTGG-3'); AP-1 mut2 with seven
changes in the AP-1 site: sense (5'-TCGACCA-
AAAGTGCTCGAGACAGGTGT-3') and anti-
sense (5'-CTAGACACCTGTCTCGAGCACTTT-
TGG-3'); consensus AP-1 WTl-I (Promega):
sense (5'-TCGACCGCTTGATGAGTCAGCCG-
GAAT- 3') and antisense (5'-CTAGATTC CG-
GCTGACTCATCAAGCGG-3'). Sense AP-1
oligos contained Sall cloning sites (TCGAC)
and antisense AP- 1 oligos contained XbaI
(CTAGA) cloning sites. Positions where muta-
tions were introduced are underlined. For the
construction of pBLCAT2/AP-1 INH, oligos
containing the SPR 1 inhibitor region (- 178 to
-139) were used: sense (5'-AGCTTCCTTGT-
CAGACAGCAAGTGCCACAAGTTTCAT-

CACAAAAGTG-3') and antisense
(5'-TCGACACTTTTGTGATGAAACTTGTG-
GCACTTGCTGTCTGACAAGGA-3'). The in-
hibitor oligos contained HindIlI (AGCTT) and
SalI (TCGAC) cloning sites, respectively. The
final pBLCAT2/AP- 1 INH plasmid contained
the inhibitor upstream of the AP-1 sequence
ligated upstream of the thymidine kinase (TK)
promoter. The presence of AP- 1 and the inhib-
itor was confirmed by sequencing. Oligos were
synthesized by Amitof (Boston, MA).

CAT and j-galactosidase (13-Gal) Constructs

The pBLCAT2 and pBLCAT3 CAT expression
plasmids were used to test the activity of the
SPR1 promoter. The leukocyte promoter frag-
ment from -619 to + 15 was subcloned into the
pKT promoterless CAT vector (24) to generate
the p-619 construct. A nested series of progres-
sive 5'-deletions were generated from p-619 us-
ing either restriction enzyme digestion, ExoIIIlS1
nuclease treatment, or PCR. P-619 was digested
with restriction enzyme, blunt ended with T4
polymerase, and cut with HindIII (at +15), and
the promoter fragment with the appropriate size
was purified from the agarose gel on Qiaex and
cloned into the pKT vector previously digested
with SmaI and HindIII. The following deletions
were made in this manner: p-477 (Accl), p-297
(AlwNI), p-178 and p-161 (DrdI), and p-58
(BamHI). The p-139 deletion was generated by
digestion of p-619 with XbaI and SstI followed by
ExolI treatment, S I nuclease treatment (Pro-
mega Biotech, Madison, WI), blunt ending with
Klenow, and ligation (Erase-a-base system, Pro-
mega). The p-224 and p-133 deletion mutants
were generated by PCR, at 95°C for 1 min, 550 or
60°C for 1 min, 72°C for 1 min for 30 cycles, with
primers shown in the oligonucleotide section.
The 5' endpoints of all constructs were verified
by sequencing with the Ml 3R primer. The
pBLCAT2 constructs were prepared by annealing
the appropriate AP- 1 oligonucleotides as de-
scribed above and subsequent cloning into
pBLCAT2 digested with Sall and XbaI, so that the
AP-1 sequences were upstream of the TK pro-
moter. The pBLCAT2/INH AP-1 construct was
prepared by annealing the inhibitor oligonucle-
otides and cloning into pBLCAT2 AP-lwt previ-
ously digested with HindIlI and Sail, so that the
inhibitor sequence is just upstream of AP-1. All
constructs were sequenced to confirm the ex-
pected structure. The pCMVI3-Gal contained the
mouse cytomegalovirus (CMV) promoter up-
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stream of the (3-Gal gene and was constructed
previously (25).

DNA Transfection and CAT Assays

Plasmids were prepared by alkaline lysis and col-
umn purified (Qiagen). About 1 X 106 cells were

plated per P100 dish and grown to about 75%
confluence. According to the method of Graham
and van der Eb (26), 70N or 21MT-2 cells were
transiently transfected for 4 hr with 20 ,ug of
each SPR1 /CAT reporter plasmids; 1 gg of a

CMV-driven ,3-Gal expression vector (pCMV-
CAT) was cotransfected as an internal control for
transfection efficiency. The calcium phosphate
co-precipitate was then thoroughly washed off,
fresh medium [Eagle's Minimal Essential Me-
dium (a-MEM)/0.5% fetal calf serum (FCS)] was

added, and the plates were incubated at 370C.
Transient transfections of reporter plasmids into
MDA-MB-231 and ZR-75-1 cell lines were car-

ried out by the lipofectin method (Gibco, BRL,
Gaithersburg, MD) or modified DEAE-Dextran
(Promega, Madison, WI). Forty-eight hours after
transfection, the cells were washed with phos-
phate-buffered saline (PBS) and harvested by
scraping directly into 350 ,kl of 0.25 M Tris * HCI,
pH 7.8, 15% glycerol. Extracts were prepared by
three cycles of freezing in dry ice-ethanol and
thawing at 370C. Protein concentration was de-
termined by the Bradford assay (BioRad). The
(3-Gal activity was determined by using 3 mg/ml
chlorophenol red-f3-D-galactopyranoside as sub-
strate and reading the absorbance at 574 nm as

described previously (27). CAT assays were per-

formed on amounts of extracts giving equal
13-Gal activity for the uninduced controls, in 250
,ul final volume containing 0.8 mM acetyl CoA
and 0.2 ,uCi of [Dichloroacetyl- 1,2- 14C] -chlor-
amphenicol (DuPont/New England Nuclear,
Boston, MA) by the method of Gorman et al.
(28). Twenty units of extracts (calculated by
,B-Gal activity) were routinely used for each CAT
assay, while only 2 units of extract were used for
transfection with the pCMVCAT-positive control
because of its high activity. Quantitation of
acetylated CoA and nonacetylated chloramphen-
icol was performed by excising the appropriate
regions of the silica gel thin-layer chromatogra-
phy (TLC) plate and counting radioactivity in
BioFluor (DuPont, Wilmington, DE).

UV Treatment of Cells

The 21MT-2 cells were cultured to about 70%
confluence. Before irradiation cells were washed

several times with PBS, which was then re-
moved, and cells were irradiated with short-
wavelength UV light at the following doses: 0, 8,
17, 25, 33, and 42 J/M2. Dose rates were deter-
mined with a UVX radiometer (29). After irradi-
ation fresh growth medium was added and cells
were incubated at 370C for 12 or 24 hr before
they were harvested for isolation of total cellular
RNA. For CAT assays, 21MT-2 cells were trans-
fected with reporter plasmids and cultured for 24
hr before UV irradiation. After UV irradiation,
fresh growth medium was added, and cells were
incubated at 37°C for 9, 24, or 32 hr prior to CAT
assays.

PMA Treatment of Cells

The 21MT-2 cells were treated with PMA (100
ng/ml) at 370C for different times. Total cellular
RNA was isolated from cells grown on P100 tis-
sue plates (Falcon, Lincoln Park, NJ) to about
75% confluence. For CAT assays, 21MT-2 cells
were transfected with reporter plasmids and cul-
tured for 24 hr before PMA treatment. After
PMA treatment, cells were washed with PBS,
fresh growth medium was added, and cells were
incubated at 37°C for 9 or 30 hr prior to CAT
assays.

Results
Identification of SPRI by Differential Display
Total RNAs from 76N and 70N normal breast
epithelial cell strains and 21NT, 21PT, 2IMT-2,
and 21MT-1 breast tumor cell lines were com-
pared by DD. When primer pair OPAI/T12MG
was used, a cDNA of 160 base pairs (bp) ap-
peared as a strong band in the 76N lane, was
weaker in 70N, 21NT, 21PT, and 21MT-2, but
was absent in the 2 1MT-1 highly invasive tumor
cell line (Fig. IA). This band was excised from
the 76N lane, amplified by PCR, and the resulting
160 bp PCR product was 32P-labeled and hybrid-
ized to a Northern blot (Fig. 1B). A transcript of
0.6 kb was detected, which was highly expressed
in 76N, somewhat lower in 70N, was still lower
in 21NT, 21PT, and 21MT-2, and was completely
absent in the highly invasive 21MT-1 breast tu-
mor cell line. When the partial cDNA obtained
from DD was cloned and sequenced, it was found
to be identical to the cDNA encoded by the SPRI
gene (9,10).
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Fig. 1. Identification of the SPRI gene by dif-
ferential display on the basis of its down-regu-
lated or absent expression in metastatic tumor
cells. (A) Total RNAs from normal human mam-
mary epithelial cell strains (76N, 70N) (lanes 1,2),
primary (21NT, 21PT) (lanes 3,4), and metastatic
breast tumor cell lines (21MT-2, 21MT-1) (lanes 5,6)
were compared. The resultant cDNAs were resolved
by electrophoresis on a 6% acrylamide/urea se-
quencing gel. The position of the SPR1 cDNA (-0.16
kb) is marked. (B) Confirmation of SPRI differential
expression pattern by Northern blotting. Total RNAs
from normal mammary epithelial cell strains (76N,
70N) (lanes 1,2), primary (21NT, 21PT) (lanes 3,4),
and metastatic mammary epithelial tumor cell lines
(21MT-2, 21MT-1) (lanes 5,6) were compared. Each
lane contained 10 ,ug of total cellular RNA. Staining
with ethidium bromide showed similar loading of
non-degraded RNA in each lane (not shown). The
size of the transcript was estimated from molecular
size markers run on a parallel lane (not shown).

Expression of SPRI mRNA in Normal and Tumor
Mammary Epithelial Cells

The expression of SPR1 mRNA in normal and
tumor mammary cell lines was analyzed by the
Northern blot shown in Figure 2. Normal mam-
mary epithelial cell strains such as 76N, as well as

70N and 81N (not shown), express the 0.6 kb
SPR1 transcript. One primary tumor cell line
(HS-578T) as well as seven metastatic mammary
tumor cell lines (MDA-MB-157, MDA-MB-231,
MDA-MB-435, MDA-MB-436, BT549, MCF-7,
and ZR-75-1) all failed to express the SPRI tran-
script.
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Fig. 2. Northern analysis of SPRI gene expres-
sion in normal (70N) and tumor human mam-
mary epithelial cell lines (all others) (top). Each
lane contains 20 ,ug of total RNA. The blot was hy-
bridized against a 32P-labeled full-length SPRI cDNA
probe. Then the blot was stripped and rehybridized
to the ribosomal gene 36B4 (22) as an internal load-
ing and transfer control (bottom). The size of the
transcript was estimated from molecular size mark-
ers run on a parallel lane (not shown).

Cloning of SPRI Promoter, Generation of CAT
Constructs, and Activity of SPRI Promoter in
Normal and Tumor Breast Cells

To analyze the transcription of the SPRI gene, its
promoter was cloned upstream of the CAT re-
porter gene. Since the SPRI promoter sequence
was known (16), it could be obtained by PCR
from a genomic clone isolated from a human
leukocyte library, or directly from genomic DNA
isolated from 70N cells. The sequence of the PCR
product obtained from the leukocyte library dis-
played a total of 13 discrepancies with the pub-
lished sequence (16). The sequence was con-
firmed by sequencing a PCR product generated
from 70N genomic DNA. The SPRI promoter se-
quence obtained with these two different tem-
plates matched exactly and is shown in Figure 3.
Subsequently, pBLCAT2 and pBLCAT3 expres-
sion plasmids were used to test the activity of the
SPRI promoter. Deletion mutants were prepared
to identify promoter regulatory sequences. The
pBLCAT2 plasmid contains the minimal herpes
virus TK promoter, which has low basal activity
in the absence of additional positive regulatory
elements, whereas pBLCAT3 contains neither a
promoter nor an enhancer (30). A CAT construct
was prepared, which contained the promoter se-
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-619 CCAGAGTTCACTGCTCCGAACTCTCCTTCACAGACTGAGGTCAGCCTGCCCCTATGTTGTTT -558

-557 ACCCTGAGTTCCTCCTTGGAGAAAAGGCTTTTTAGAACCGAAATAATCATTTTAGTTTTTCC -496

-495 TTTCCCCTGCCAGGCACGAGTATACTGAGTGATGGATTAACAGAATATTACTATTTTTCACC -434

-433 TAGCCACCATGGCCTTGGCCTCCCAGAATAACCAGAAATACCTATTGTTTAGCTCTACATCC -372

-371 ACTTCATATATTAAACAGCCCTACAAGTGTCACCTGTGCTGAGGATTAGACTCTTCCAGAAG -310

-309 ATAGGACAGTTTCTGGTTCCAGCAGCCCCAGAATGTCTTCCTTCTCTCTCTTTCAGCCCACA -248

-247 CCACCCTTCCTGTAAACACTACACCTGGGAGCAAAGGGTGTTCAGGGGGATAAAGCCCAGGT -186
___________._________._______ _ ____ AP-1

-185 GACATCCTTGTCAGACAGCAAGTGCCACAAGTTTCATCACAAAGTEGAGTC:ACAGGTGGG -124

-123 TGAGGGAAGAGGGGTGAATCACATCTGACAGGTAAGGAATGTAGGCACAGCAGCCCAGATGG -62
TATA

-61 ATCCTGTTTCCTTGAGGCAGGGCTTGTTCCATGCATAAAAAGCCAGTTGGCTGGGAACACT -1

1 ACCACCAGTTCTAAG 15

Fig. 3. Nucleotide sequence of the promoter region of the human SPRI gene sequence. (GenBankTM/
EMBL accession number: AF079516; previously published sequence: M84757). The putative transcription start site
is numbered 1. The TATA box is underlined. The AP- 1 transcription factor binding site is boxed. The sequence
-178 to -139, where the repressor was localized, is indicated by a boldface line.
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quence generated from the leukocyte library. For
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CAT reporter gene (Fig. 4).
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Fig. 5. Deletion analysis of the SPRI promoter.
pKTCAT construLcts were transfected into 70N nor-

mal breast cells (A) and MDA-MB-436 breast tuimor
cells (B). The results were normalized for differences
in translectioni efficiencies anmong different cell lines
by co-transfectiing a [3-Gal expression vector and
normaliziing for (3-Gal activity. CAT assays were per-
fornied on aIllounts of extracts giving eqLial activity.
Results are typical of triplicate experiments.

To deterimiine whether the promoter fragment
(-619 to + 1 5) is sufficient for transactivation in
cells where the enldogeinous message is produced
and whether it lacks activity in cells where the
eindogeinouis imessage is absent, the sequence -619
to + 15 of the SPRI pronioter was inserted into the
promoterless CAT vector pIKT (p-619) and trans-
fected inlto variotis normal and tumor cell lines.
The result of a typical experiment is showni in
Figure SA. The 70N cells, which express a hiigh
amounIt of SPRI mRNA, produced 50o acetylation,
whereas 21NT and 21MT-2 cells, which express

lower SPR1 mRNA levels, produced 1% and 1.5%
acetylationi, respectively (data not shown). How-
ever, ttuimor cell lines MDA-MB-436 (Fig. 6B), and
MDA-MB-231, MDA-MD-435 (data not shown),

which express no endogenous mRNA, produced
activities comparable to the control vector. There-
tore, it can be concluded that the -619 to +15
promoter fragment is sufficient for SPRI transacti-
vation in cells that produce some amount of SPRJ
mRNA, but lacks activity in cells with no detectable
SPRJ mRNA. Furthermore, these results suggest
that the inactivation of SPRI expression in tumor
cells likely occurs by a transcriptional mechanism.

Deternminationi of Putative Regulatory Elements in
the SPR I Promoter

The 5'-deletion constructs shown in Figure 4
were transfected into 70N cells and CAT activity
was determined. Results of a typical experiment
are shown in Figure 5A. Transfection of 70N cells
with the p-619, p-475, p-297, p-224, and p-178
CAT constructs resulted in acetylation levels
ranging from 2% to 7%, significantly higher
than the activity of the promoterless construct.
The mninor variations initially seen between these
constructs were not reproduced when the exper-
iment was repeated twice (data not shown).
Transfection of the p-161 and p-139 constructs,
however, resulted in markedly higher CAT activ-
ity, with acetylation levels of 14% and 18%,
respectively. However, low acetylation of t %
was observed upon transfection of the p-133
construct, while transfection of the p-58 con-
struct resulted in 0.3%o acetylation. The increase
in activity observed with the p-161 and p-139
constructs, compared to the p- 178 construct,
suggests the presence of an inhibitory element
located between -178 and -139. The sharp
drop in activity between the p-139 and p-133
constrticts suggests the presence of a positive
enhancer element located between -139 and
- 1 33. Our data presented below suggest that the
enhancer element, which is required for high
levels of SPRl transcription, is very likely the
AP-1 binding site (TGAGTCA), which lies be-
tween - 139 and - 133.

Are Thiese Regulatory Elements Involved in Down-
regulationi of SPRI Expression in Tumor Cells?

To determine whether the identified inhibitory
element located between -178 and -139 and
the positive enhancer element located between
- 139 and -133 are involved in the down-regu-
lation of SPRJ expression in tumor cells, the 5'
deletion constructs were transfected into the
MDA-MB-436 breast tumor cell line. As seen in
Figure 5B, transfection of MDA-MB-436 with

A

NIDA-MB -436

m..EE.ME
n-~ .

533

IIIII -.



534 Molecular Medicine, Volume 5, Number 8, August 1999

-I

I6 C.

VI
B

C
I
a.

0

0

2 :3 4 5 5
IF

I I
a I

~~~~~~~~~~~.

en .-va.-.'4

constructs

1 2 3 4 a a

Fig. 6. An intact AP-1 site is required for enhancement of SPRI promoter activity. CAT assays were per-
formed in 70N normal breast cells (A) and MDA-MB-436 breast tumor cells (B) and the percentage of conversion
of [14C]chloramphenicol to the acetylated form was measured. Values obtained from counting spots in a scintilla-
tion counter are shown (C). CAT constructs were transfected containing wild-type AP-1 (lane 4), and mutant AP-1
with two nucleotide changes (lane 5), or with changes in all seven nucleotides of AP-1 (lane 6). The pBLCAT3
promoterless vector and the pBLCAT2 vector with the TK promoter were transfected as negative controls (lanes
1-3). Extracts of 15 83-Gal units were assayed for CAT activity. Results are typical of triplicate experiments.

the p-619, p-475, p-297, p-224, p-178, and
p- 161 constructs gave acetylation values of 0.1%
to 0.35%, similar to the promoterless vector con-
trol. However, when the p-1 39 construct was
transfected into MDA-MB-436 tumor cells, acet-
ylation of 2.3% was observed, which suggests
that an inhibitory element is located between
-178 and -139, in the same region as that
found for 70N cells. When MDA-MB-436 tumor
cells were transfected with the p-133 or p-58
constructs, 0.2% acetylation was observed again.
These results suggest that the AP-1 regulatory
element located between - 139 and - 133 acts as
a weak enhancer of transactivation in MDA-MB-
436 breast tumor cells, although it was shown to
act as a much stronger enhancer in 70N normal
mammary epithelial cells. Similarly, AP-1 has a
weak enhancing activity in ZR-75-1 and MCF-7
breast tumor lines (data not shown).

AP-1 Element Acts as an Enhancer in Normal Cells
but Not in Tumor Cells

Subsequently, the hypothesis was tested that the
AP-1 binding site acts as an enhancer in normal
cells but not in tumor cells. Basal AP- 1-dependent
transactivating activity was measured by cloning
oligonucleotides containing the wild-type AP-1 se-
quence of SPR1 upstream of the enhancerless TK
promoter in the pBLCAT2 vector. Similarly, two
mutant AP-1, with either two nucleotide changes
(API mutI), or all seven changes in the AP-1 site
(API mut2) were cloned. The promoterless
pBLCAT3 construct produced no activity upon
transfection in 70N cells, whereas pBLCAT2 with
CAT driven by the TK promoter produced 2.5%
acetylation (Fig. 6A,C). However, the construct
containing a wild-type AP-1 site upstream of the
TK promoter yielded a large stimulation of CAT
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activity (27% acetylation). This stimulation was
not seen with the constructs containing muta-
tions in the AP-1 site. The pBLCAT2/AP-1 mutI
construct, with two mutations, gave 3% acetyla-
tion, whereas the pBLCAT2/AP- 1 mut2 con-
struct, with all seven positions in AP- 1 mutated,
gave only 1 % acetylation (Fig. 6C). To test
whether the sequences flanking the AP-1 site
play a putative role in the stimulation of CAT
activity, an oligonucleotide containing the wild-
type AP- 1 site with completely different flanking
sequences was transfected into 70N cells. This
construct (pBLCAT2/AP-1 WT2-3) produced an
8-fold stimulation of CAT activity compared to
pBLCAT2 (Fig. 7, lanes 3,4), which is comparable
to the 10-fold stimulation obtained with the oli-
gonucleotide containing wild-type AP- 1 and
flanking sequences as in the SPRI gene
(pBLCAT2/APl WT1-1) (Fig. 7, lanes 7,8).
Therefore, it was concluded that the wild-type
AP-1 site acts as a strong enhancer in 70N cells.
Furthermore, the flanking sequences surround-
ing the AP- 1 sequence are of minor importance
in mediating this enhancing effect. Moreover, in
normal 70N cells, the inhibitory element (-178
to -139) can suppress the transcriptional activity
of a wild-type AP- 1 site, as in the construct
pBLCAT2/INH AP-1 (Fig. 7, lanes 5,6), which
contains the inhibitor upstream of AP- 1, like the
SPR1 promoter.

Fig. 7. Effect of AP-1 and
the SPRI inhibitory element
on transcriptional activity.
CAT constructs with wild-type
AP-1 and altered sequences
flanking the AP- 1. CAT assays
were performed in 70N normal
breast cells transfected with
pBLCAT2 vector (lanes 1,2); an
oligonucleotide containing a
wild-type AP-1 site with flank-
ing sequences completely differ-
ent from those in the SPRI pro-
moter (pBLCAT2/AP1 WT2-3;
lanes 3,4); the SPRI wild-type
AP-1 site and the inhibitory ele-
ment (pBLCAT2/INH AP1; lanes
5,6); and the SPRI wild-type
AP-1 site (pBLCAT2/API
WTI-1; lanes 7,8). Extracts of
15 (3-Gal units were assayed for
CAT activity. Results are typical
of duplicate experiments.

We sought to determine whether the AP-1
site can act similarly in tumor cells by transfect-
ing the same constructs into MDA-MB-436 tu-
mor cells in which CAT activity was determined
(Fig. 6B). The pBLCAT3 construct produced only
0. 1% acetylation, while pBLCAT2 produced
0.5%. Similarly, the construct containing wild-
type AP- 1 resulted in no increase in CAT activity
(0.5% acetylation) and constructs having mu-
tant AP-1 sites resulted in further reduction of
CAT activity (0.1% acetylation) (Fig. 6C). There-
fore, in MDA-MB-436 cells the AP-1 site of SPR1
does not act as an enhancer for the heterologous
TK promoter.

Up-regulation of SPRI Expression in 21MT-2
Tumor Cells by UV Irradiation
Since the SPRI mRNA was originally identified as
being stimulated by short-UV light in keratino-
cytes (9,10), we investigated whether UV irradi-
ation could likewise stimulate expression of the
SPRI message in breast tumor cells. When
21MT-2 cells were irradiated with 25 J/M2
short-UV light, a reproducible induction of SPR1
mRNA was observed, which reached a maxi-
mum at 6 hr post-UV treatment (data not
shown). Figure 8 shows the result of a dose-
response experiment. The maximum stimulation
of SPR1 expression was observed with a dose of
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30-J/M2 UV
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Fig. 8. Northern blot analysis of SPRI induc-
tion by UV irradiation of 21MT-2 human breast
tumor cells. Cells were irradiated with increasing
doses of short-UV light. Each lane contains 20 ,tg of
total RNA. The blot was hybridized with a 0.6-kb
SPRI cDNA probe (top) and 36B4 (22) was used as
an internal loading and transfer control (bottom).

1 7J/M2. However, when other breast tumor lines
(ZR-75-1, MDA-MB-436, and MCF-7) were ex-
amined 6 hr after UV treatment with 17 or 35
J/M2, no SPR1 message could be detected in ei-
ther case (data not shown). These results suggest
that transcriptional activity can be stimulated by
UV to up-regulate SPRI in cells that produce
some amount of SPRI message. Cells that pro-
duce no detectable SPRI message probably have
a blockage in SPRI gene expression that cannot
be overriden by UV treatment.

Up-regulation of SPR 1 Expression by UV Treatment
Is Mediated by a Transcriptional Mechanism
To elucidate whether UV treatment up-regulates
SPRI expression by a transcriptional mechanism,
21MT-2 cells were transfected with either of
two SPRI promoter-driven CAT constructs
(pKTSPRJ-647 or pKTSPRI-141) or with pCMV-
CAT, and 16 hr later they were UV-treated at a
dose of 1 7J/M2. CAT assays were performed 9 or
32 hr after UV irradiation. When the pKTSPR1-
647 plasmid was transfected, a small increase in
the transcriptional activity was observed after 9
hr, which became more prominent after 32 hr,
with acetylation levels of 10% (Fig. 9, left).
Transfection of the pKTSPR1-141 construct and
hence, deletion of the inhibitory element re-
sulted in much higher increase in CAT activity,
with acetylation levels of 8% and 23% after 9
and 32 hr, respectively (Fig. 9, middle). This
result confirms the presence of an active inhibi-
tor regulating the activity of SPRI promoter in
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[I contro1-9hr I
* 17J/M- 9hr

* control- 31

17J_M-32h

2lMT-2

.
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Fig. 9. Induction of the transcriptional activity
of the SPR1 promoter by UV irradiation.
Twenty-four hours after transfection, cells were irra-
diated with short-UV light at 17J/M2. CAT activity
was measured 9 and 32 hr after UV irradiation. Ex-
tracts were normalized for ,3-Gal activity. Values for
both irradiated cells and non-irradiated controls are
typical of triplicate experiments.

both normal and tumor cells. On the other side,
transfection of the pCMVCAT control construct
containing the strong CMV promoter gave no
substantial increase in CAT activity under the
same conditions (Fig. 9, right). This result shows
that the transcriptional activation observed after
UV irradiation is specifically dependent on the
pKTSPRJ promoter.

Re-expression of SPRI in 21MT-2 Breast
Carcinomas by PMA
Given the presence of an AP-1 consensus site in
the SPR1 promoter, we tested whether activation
of the PKC signal transduction pathway by PMA
would activate the re-expression of SPRI in
21MT-2 tumor cells. The induction of SPRI
mRNA 3 hr after PMA treatment is shown by the
Northern blot in Figure 10 and was detected over
a period of 3-24 hr. The increase in SPRI mRNA
levels was determined from Northern blots by
densitometry to be about 10-fold after 6 hr and
more than 40-fold after 24 hr of PMA treatment.
Thus, up-regulation of SPR1 expression by PMA
was more prominent than its induction by
short-UV irradiation. Furthermore, up-regula-
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0 1 3 6 9 12 24 HOURS

SPR1

Fig. 10. Northern blot analysis of SPRI induc-
tion by PMA treatment of 21MT-2 human
breast tumor cells. Each lane contains 20 ,ug of
total cellular RNA. The PMA concentration used was
100 ng/ml. The blot was hybridized with a 0.6-kb
SPR1 cDNA probe. 36B4 (22) was used as an inter-
nal loading and transfer control (not shown).

tion of SPRI expression by PMA is primarily tran-
scriptional and is not due to increased stability of
the SPRI mRNA, since RNA stability studies
showed a t112 of about 12 hr for the SPRI mes-

sage in both 76N normal and 2 1MT-2 tumor cells
(data not shown).

Induction of SPR1 Expression by PMA Is Mediated
by AP-1 site

To elucidate whether PMA up-regulates SPRI by
a transcriptional mechanism, 21MT-2 cells were
transfected with either of two SPRI promoter-
driven CAT constructs or with pCMVCAT and 16
hr later they were stimulated with PMA. Stimu-
lation of SPRJ expression was confirmed in each
experiment by parallel Northern blot analysis
(data not shown). CAT assays were performed 9
or 30 hr after PMA treatment (Fig. 11). When
the pKTSPR1-647 plasmid was transfected, a

small increase in the transcriptional activity was
observed after 9 hr, which became more promi-
nent after 30 hr (Fig. 11, left). Deletion of the
inhibitory element resulted in a higher increase
in CAT activity after 9 hr of PMA treatment
observed upon transfection of the pKTSPR1-141
construct (Fig. 11, middle), a result that confirms
the presence of an active inhibitor in the SPR1
promoter. Finally, transfection of the pCMVCAT
control construct gave no substantial increase in
CAT activity under the same conditions (Fig. 11,
right), showing that the transcriptional activa-
tion of SPRI is specifically dependent on the
pKTSPRJ promoter.

Discussion
Differential display was applied to the isolation of
transcriptionally regulated genes involved in

Fig. 11. Stimulation of transcriptional activity
of SPRI promoter by PMA. Twenty-four hours
after transfection, 21MT-2 cells were treated with
PMA or without PMA (control) for 9 or 30 hr. PMA
was then removed and CAT activity was measured.
Extracts were normalized for (3-Gal activity. Results
are typical of triplicate experiments.

mammary carcinogenesis. A known gene, SPR1,
was identified as being down-regulated or inac-
tivated in human breast epithelial tumor cell
lines. Expression of SPRI in normal and tumor-
derived cells is differentially regulated at the
transcriptional level. The mechanism of down-
regulation of SPRI expression in tumor cells has
been studied by analyzing the SPR1 promoter.
The promoter of the SPRI gene was cloned from
a human lymphocyte genomic DNA library, and
was also amplified by PCR of a genomic DNA
template isolated from 70N normal breast cells.
The promoter fragment -619 to +15 was suffi-
cient for activation of SPR1 transcription in nor-
mal mammary epithelial cells, however, it was
transcriptionally silent in most breast tumor
cells, indicating that the reduced or absent ex-
pression of SPRI in breast tumor cells is likely
due to its transcriptional down-regulation. In
agreement with a mechanism of transcriptional
down-regulation of the SPRI gene in breast tu-
mor cells, Southern blot analysis showed uni-
form patterns of restriction fragments in both
normal and tumor cell lines, suggesting that the
SPRI gene contains no gross structural alter-
ations in breast tumor cell lines, although point
mutations cannot be excluded (data not shown).
To identify the functional SPR1 promoter ele-
ments, 5' deletion mutants were transiently
transfected into 70N normal breast cells and sev-
eral breast tumor cell lines and their relative CAT
activity was assayed. An AP-1 binding site was
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identified in the SPRI promoter as the cis element
mediating transcriptional activation of SPRI in
70N normal mammary epithelial cells, since de-
letion of the AP-1 consensus binding element
(TGAGTCA) completely abolished CAT activity.
To further confirm that the AP- 1 site regulates
the transactivation of SPRI, the ability of AP- 1 to
enhance transcription was examined by cloning
the AP-1 site into the pBLCAT2 vector, which
contains no enhancer but the TK promoter with
minimal strength (24). This AP- 1 site increased
CAT activity in 70N cells, but did not function as
an enhancer in MDA-MB-436 and other breast
tumor cell lines. It was shown that the sequences
flanking the AP- 1 site do not affect its promoter-
enhancing activity. In addition, a major up-
stream negative regulatory element is located
between -178 and -139 in the SPRI promoter,
which is active in both normal and tumor cells. It
should be noted that an E-26 transformation-
specific site (Ets) is present at -55 of the SPRJ
promoter sequence; however, it gives low CAT
activity if AP- 1 is deleted (data not shown). Our
results demonstrate that down-regulation of
SPRI expression in breast tumor cells results
from lack of transactivation through AP- 1 in
combination with a modulated negative regula-
tion through an inhibitory element located be-
tween -178 and -138, which appears more ac-
tive in tumor cells. This mechanism of aberrant
gene expression might be common in tumor
cells. For example, transcription of maspin, a tu-
mor-suppressing serpin, is coordinately regu-
lated in prostate cells by a hormone-responsive
negative element (HRE) recognized by the an-
drogen receptor that is active in both normal and
tumor cells and by an activating Ets binding site,
which is inactive in tumor cells, thus, resulting in
reduced or absent expression of maspin in pros-
tate tumor cells (31). In breast cells, loss of
maspin expression during tumor progression re-
sults from the absence of transactivation through
the Ets and AP-1 sites (32).

It was shown that loss of SPR1 expression
can be restored in breast tumor cells by PMA
treatment and by UV irradiation. However, ex-
pression of SPRI could be stimulated by PMA and
UV irradiation only in breast tumor cell lines in
which SPR1 is down-regulated, e.g., 21MT-2, but
not in tumor cell lines in which the SPR1 mes-
sage is totally absent, e.g., MCF7. PMA is an
activator of the PKC signal transduction pathway
(33). The PKC pathway initiates a phosphoryla-
tion cascade that ultimately activates the expres-
sion of AP-1 transcription factors, namely c-Jun

and c-Fos protein families, which bind to the
AP-1 cis-regulatory elements and, depending on
the composition of the heterodimers they form,
positively or negatively regulate transcription of
a wide number of target genes (34). PMA and UV
irradiation induce the expression of AP-1 tran-
scription factors, which likely bind to and acti-
vate transcription through the AP-1 site in the
SPRI promoter. Induction of AP- 1 factors by
PMA in 21MT-2 cells was previously shown by
our group (35). A rapid increase in c-Jun and
c-Fos mRNA levels was observed 1 hr after PMA
treatment of 21MT-2 cells, whereas JunD was
not induced (35). Untreated 21MT-2 contained
little AP- 1 binding factor. This transcriptional ac-
tivation is regulated by phosphorylation of c-Jun
and c-Fos proteins at specific sites (36). PMA
treatment of 2 1MT-2 possibly triggers the kinase
involved in phosphorylation of AP- 1 factors. For
example, PMA induction of the elafin gene in
21MT-2 not only involves induction of c-Fos and
c-Jun but also depends on phosporylations that
activate AP- 1 factors through the PKC signal
transduction pathway (35).

Previous studies of keratinocyte transfor-
mation (37) have demonstrated that AP-1 ac-
tivity increases as keratinocytes become trans-
formed by 12-o-tetradecanoyl-phorbol- 13-
acetate (TPA) or epidermal growth factor
(EGF) stimulation, and that blockage of AP-1
prevents transformation. Similarly, an increase
in AP- 1 activity was observed when mouse
epidermal cells were transformed by X-irradi-
ation (36), while AP-1 is shown to be involved
in tumor promoter-induced transformation
(38). In contrast, our results support recent
studies suggesting that normal human mam-
mary epithelial cells have higher AP-1 DNA
binding and transactivating activities than hu-
man breast cancer cells, with a progressive de-
cline in AP-1 transactivating activity as cells
progress through the carcinogenesis pathway
(39). In summary, higher AP-1 activity has
been reported for some tumors (36-38,40),
whereas lower AP- 1 activity was determined in
others (35,39). Therefore, common transcrip-
tion factors such as AP-1 are activated by tis-
sue-specific signaling pathways and transfor-
mation likely occurs via distinct molecular
pathways in different cell types. The differ-
ences in AP- 1 activity in normal and malignant
cells may indicate that growth of normal mam-
mary epithelial cells is more dependent on sig-
nals mediated by AP-1 than mammary tumor
cells. The reduction of AP- 1 activity that occurs
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during transformation of human mammary ep-
ithelial cells may also be occurring via other
signal transduction pathways only active in
tumor cells.

UV radiation activates the expression of a
wide variety of genes. Short-wavelength UV, like
other extracellular stimuli including growth fac-
tors, activates signal transduction events that in-
volve both stress- and mitogen-activated protein
kinase cascades (41). Although both SPRI and
SPR2 proteins were described as being induced
by UV, and a CAT activity enhanced by UV was
demonstrated in transfected cells, no UV-respon-
sive consensus elements could be identified in
the 5'-flanking region of SPRI or the three SPR2
genes (42). Since UV quickly activates the ex-
pression of c-Fos and c-Jun (43), it possibly acts
through the same pathway as PMA, and trans-
activates the SPR1 gene expression through the
AP- 1 binding site in its promoter. This provides a
possible explanation for why only those breast
tumor cells that produce some amount of SPR1
message can be stimulated by UV to up-regulate
SPR1 expression. It should be noted that SPRI
induction by PMA measured by Northern blots is
much higher than the activity measured by CAT
assays. Induction of SPRI by PMA may result
from a cooperative transactivation through the
AP- 1 and putative unidentified upstream or
downstream element(s), missing in CAT con-
structs. Alternatively, the mechanism of stimu-
lation of SPRI transcription by PMA could be
more complex than its activation induced by UV
irradiation, and artificial constructs probably
cannot substitute for the native transcriptional
machinery.

A major aim of expression genetics in cancer
is to specifically correct aberrant gene expression
in tumors by the application of therapeutic
agents. PMA is toxic; however, induction of SPRI
in breast tumor cells could similarly be induced
by drugs acting on the same signal transduction
pathway as PMA. If, indeed, genes are coordi-
nately regulated in a network, change in expres-
sion of one gene can result in the re-expression
of multiple other genes in a coordinate manner,
leading to a substantial normalization of tumor
phenotypes with obvious therapeutic implica-
tions (1,44).
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