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ABSTRACT. 175-Estradiol (E2) induces cathepsin D gene expression in MCF-7 human breast cancer cells.
Previous studies have identified an Sp1-imperfect estrogen-responsive element (ERE) half-site [GGGCGG-
(N)2;ACGGG] (—199 to —165) in the promoter region which forms an Spestrogen receptor (ER)
complex and confers E2 responsiveness on the correspondingERi-chloramphenicol acetyl
transferase (CAT) construct. Further analysis of downstream regions of the promoter identified a CGCCC-
(N)sTGACC sequence<119 to—107) which is homologous to the adenovirus major late promoter element
(MLPE) and binds the ER to form a retarded band in a gel electrophoretic mobility shift assay. The
corresponding promoteiCAT construct is also E2inducible. The MLPE resembles an imperfect
palindromic ERE containing imperfect'§{sand perfect (3 ERE half-sites; analysis of oligonucleotides

with mutations in these half-sites shows that only the perfect ERE half-site is required for binding the
ER, whereas both sites are required for transactivatlarvizo exonuclease Il footprinting showed that
treatment with E2 also enhanced binding at the MLPE site. Identification of this second functional enhancer
sequence in the' fpromoter region of cathepsin D is consistent with the increasingly complex cell-specific
regulation of hormone-responsive genes.

Cathepsin D is a lysosomal protease which has beenstart sites have been identified for cathepsin D (Cavailles et
identified in numerous breast cancer cell lines and in al., 1993; May et al.,, 1993), and E2 is induced from
mammary tumors (Westley & Rochefort, 1980; Westley et transcription start site | and is dependent on an intact TATA
al., 1984, 1989; Morisset et al., 1986; May & Westley, 1987; box (—48 to —44) (Cavalilles et al., 1993).

Westley & May, 1987; Cavailles et al., 1988, 1989, 1991,  ppalysis of the proximal promoter region of the cathepsin
1993; May et al., 1993; Augereau et al., 1994; Krishnan et p gene revealed multiple estrogen-responsive element (ERE)
al., 1994, 1995). Several studies have demonstrated that h'gl?\alf—sites, AP1 and GC-rich Sp1 binding sites (Redecker et
levels of cathepsin D in primary mammary tumors are g1 1991: Cavailles et al., 1993; May et al., 1993; Augereau
associated with poor prognosis for disease free survival of o al., 1994). Augereau and co-workers (1994) identified a
these patients (Spyratos et al., 1989; Thorpe et al., 1989;,51consensus palindromic ERE at resiet261 (3-GGGC-

Tandon et al., 1990; Kute et al., 1992; Rochefort, 1992; CGGGCTGACCCCGCGGGLS However. in transient
Krishnan et al.,, 1995). Garcia and co-workers (1990) have yransfection studies utilizing a promoter-tCAT construct

also reported that tumor cells which overexpress cathepsingonaining this sequence, estrogen responsiveness was not
exhibit increased metastatic potential; however, the precise gpserved: however, constructs containing this imperfect ERE
role of cathepsin D in tumor development and growth is jinkeq to other downstream sequences could be induced by
unknown (Briozzo et al., 1988; Montcourrier et al., 1990; E2. The—252 to—124 region of the cathepsin D promoter

Rochefort, 1990; Johnson et al.,, 1993). Regulation of \ 55 a5 estrogen-responsive, and various sequences were
cathepsm D gene expression has been extensively investis) otacted in a DNase | footprinting experiment (Augereau
gated in human breast cancer cells and other cancer cell lineg; o 1994). Research in this laboratory (Krishnan et al.

derived from hormone-responsive tissues.-Eétradiol 1994, 1995) has identified an E2-responsive-SERE half-

(E2)" induces cathepsin D gene expression in MCF-7 human gjse |GGGCGG(NJACGGG] in the noncoding strand of the
breast cancer cells, and this is accompanied by increase athepsin D promoter{199 to—165). Gel electrophoretic

intra- and _extracellular Ievel§ of b.Oth C?‘hepsm D a}nd mobility shift assays confirmed formation of an estrogen
procathepsin D (52 kDa protein). Five major transcription receptor (ER}Spl complex which required both the im-

perfect ERE half-site and the Sp1 site. Moreover, plasmids
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Table 1: Oligonucleotides from the Human Cathepsin D Gene Used for the Transient Transfection and Eletrophoretic Mobility Shift Assays

oligo-
nucleotides locations sequences (sense strand)
CD/2 —208t0—101 B-AGC TTC CCC GCC CCC CGC CCG GGC GCT GTG CGT GCC CGA GGT TGC CCC GCC CAG GCC

AGG CCCCGCTCCGCCCCGCCCCGC GCACGCCGG CCGCCCACGTGACCGGTCC G&-3

CD/2ys  —2081t0—101 B-AGC TTC CCC GCC CCC ATAACG GGC GCT GTG CGT GCC CGA GGT TGC CCC GCC CAG GCC AGG
CCCCGCTCCGCCCCGCCCCGCGCACGCCGGCCGC CCACGT GACCGGTCC G&-3

CD/2y, —208t0—101 B-AGC TTC CCC GCC CCC CGC CCG GGC GCT GTG CGT GCC CGA GGT TGC CCC GCC CAG GCC AGG
CCCCGCTCCGCCCCGCCCCGCGCACGCCGGCCGC CCACGTAAAAGGTCCGE-3

CD —145t0—101 B-AGC TTC CGC CCC GCC CCG CGC ACG CCG GCQAG CCC ACG TGA CCG GTC CG5-3
CD/L —145t0—119 8-AGC TTC CGC CCC GCC CCG CGC ACG CCG GCCc G
CD/R —120t0—101 B-AGC TTG CGC CCA CGT GACCGG TCC G&-3

CD/Rwy1 —120t0o—101 3-AGC TTG AAC ACA CGT GAC CGG TCC &-3
CD/Ryz —120to—101 B-AGC TTG CGC CCA CGT AAA AGG TCC &-3'
CD/Rws —120t0—101 3-AGC TTG AAC ACA CGT AAAAGG TCC GG-3

a All oligonucleotides contain &lindlll site at the 5end and aBanH]I site at the 3-end for cloning into the pBL/TATA CAT vector. The
Hindlll and BanH]I linker sequences are italicized. The numbering is based on a system with 1 as the first nucleotide of the translation codon as
described (Cavalilles et al., 1993; Augereau et al., 1994). The bold letters indicate the imperfect palindromic ERE sequence. The mutated bases
in the CD/244, CD/2y2, CD/Ry1, CD/Ryz, and CD/Rys oligonucleotides are underlined.

it was also shown that inhibition of E2-induced cathepsin D lands, TX). The estrogen response element (ERE) and
gene expression and CAT activity by 2,3,7,8-tetrachlorodi- mutant ERE (Kumar & Chambon, 1988) were synthesized
benzop-dioxin (TCDD) was accompanied by disruption of by the Gene Technologies Laboratory at Texas A&M
the ER-Sp1-DNA complex (Krishnan et al., 1995). The University. The polymerase chain reaction (PCR) reagents
apparent mechanism of this inhibitory response involved were purchased from PerkitElmer (Branchburg, NJ) and
interaction of the nuclear aryl hydrocarbon receptor (AhR) Stratagene (La Jolla, CA). ER antibody H222 was purchased
complex with a dioxin-responsive element (DRE)1B1 to from Abbott Laboratories, and ER antibodies for blocking
—175) located between the Spl and imperfect ERE half- ER binding to EREs were obtained from Santa Cruz
sites. The 5promoter region of the cathepsin D gene Biotechnology (Santa Cruz, CA) (rabbit polyclonal IgG
contains several other potential downstream inhibitory DRE against the C terminus of the ER). All other chemicals and

(iDRE) sequences at130 to—126 (overlapping);—88 to biochemicals were the highest quality available from com-
—92, and—38 to—42. Results of preliminary studies using mercial sources.
constructs containing the208 to—101 and—145 to—101 Cell Culture Maintenance and GrowthMCF-7 human

regions of the cathepsin D promoter suggested that 6fier a5t cancer cells were purchased from the American Type
acting genomic elements within the latter sequene®4s  cyjryre Collection (ATCC, Rockville, MD) and maintained

to —_101) may als_o play a role in E2-induced transactivation. i, MEM with phenol red and supplemented with 10% FCS
An imperfect palindromic ERE (CGCCCACGTGACC) has plus antibiotic/antimycotic solution, 0.035% sodium bicar-

been identified in this study; this DNA sequence binds the ),nate 0.011% sodium pyruvate, 0.1% glucose, 0.238%
ER to form a retarded band in a gel electrophoretic mobility epes, and 6x 107% insulin. Hela cells were also
shift assay and confers E2 responsiveness on the derivecrurcha’sed from ATCC and maintained in DME F-12

promoter-reporter construct. Augereau and co-workers ¢, ; o - : ;
- . . : ! pplemented with 5% FCS plus antibiotic/antimycotic
(1994) previously identified this nonconsensus ERE as a viral solution and 0.22% sodium bicarbonate.

major late promoter element (MLPE) and also showed that . i :
this site was protected against DNase | digestion using _Flasmids and Plasmid Constructiothe pBL/CAT2 and

nuclear extracts from MCF-7 cells treated with E2. These PBIuescript (BS) plasmids were purchased from ATCC and
observations are consistent with results of the present study>trategene. The human estrogen receptor (hER) expression

which characterizes the MLPE as a second E2-responsivePl2Smid was provided by Ming-jer Tsai (Baylor College of
region in the proximal promoter region of the cathepsin D Medicine, Houston, TX). HEL5 and HE19 are expression

gene. plasmids coding for mutant hERs. In HE15, the amino acids
from 282 to 595 are deleted, whereas HE19 is truncated from
EXPERIMENTAL PROCEDURES amino acid 1 to 178 (Kumar et al., 1987). pBL/TATA/CAT

Chemicals and BiochemicalsDulbecco’s modified Ea-  plasmid was prepared in this laboratory by removing the
gle’s medium nutrient mixture F-12 Ham (DME F-12) BanHI/Xhd fragment (i.e. the thymidine kinase promoter)
without phenol red, phosphate-buffered saline (PBS), acetyl-from pBL/CAT2 and ligating E1B TATA DNA oligo into
CoA, E2, and 108 antibiotic/antimycotic solution were the BarHI/Xhd sites. For construction of the pCD/355
purchased from Sigma Chemical Co. (St. Louis, MO). Fetal plasmid containing the cathepsin D promoter inset365
calf serum (FCS) was obtained from Intergen (Purchase,to —10 (Redecker et al., 1991), two primers were designed:
NY). Minimum Essential Medium (MEM) was purchased A (sense strand), 8CGAAGCTTGGCCGGGACAGGGGT-
from Life Technologies (Grand Island, NY).y£2P]ATP CAC-3; and B (antisense strand)-6TGGGATCCGGC-
(3000 Ci/mmol) andfC]chloramphenicol (53 mCi/mmol) CGGGTCGGAGAGGG-3 The PCR condition was 9%
were purchased from NEN Research Products (Boston, MA).for 4 min, 95°C for 1 min, and 75°C for 1 min for 30
Poly[d(I-C)], restriction enzymeslindlll and BanHl, and cycles and 78C for 5 min. The resultant PCR product was
T4-polynucleotide kinase were purchased from Boehringer cut with Hindlll and BanHI at 37 °C overnight and ligated
Mannheim (Indianopolis, IN). DNA oligonucleotides (Table into the pBL/TATA/CAT vector. pCD2, pCDj&, pCD/

1) were synthesized and purchased from Genosys (Wood-2y2, pCD, pCD/L, pCD/R, pCD/R:, pCD/Ru2, and pCD/
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Rws were generated by ligation of appropriate double- Tap6 5 Induction of CAT Activity by E2 in MCF-7 Cells
stranded oligonucleotides (Table 1) into the pBL/TATA/CAT  Transiently Transfected with the pBL/TATA, pCD/355, pCD2, and
(or pBS for pCD/BS) vector and ligation products trans- pCD Plasmids

formed into DH % competentEscherichia colicells. relative CAT activity (% of DMSO)
Iden'gﬁ_catlon of the cloqed sequences was cpnflrmed BY  eatment pBLITATA _ pCD/355 oCD2 oCD
restriction enzyme mapping and DNA sequencing using the

Sequitherm cycle sequencing kit from Epicentre Technolo- EQA(S.iOnM) iggi? %881 gzb éggi ?00 iggi %gj

gies (Madison, WI). Plasmid preparations for transfection = el ransfected withy@ of NER and 5g of pBLITATA

HH H H : : H ellsS were cotransftected wi (0) an g ot p
Utlhzed alk.alme lysis followed by cesium .Chlonde gr.adlem (control), pCD/355, pCD2, or pCD and treated with 1 nM E2 or DMSO
centrifugations (two times) or the Plasmid Mega Kit from 5 gays before determination of CAT activity. pBL/ITATA is a vector
Qiagen (Chatsworth, CA). without a cathepsin promoter insert; pCD/355, pCD2, and pCD contain

Transient Transfection.Cells from maintenance were cathepsin promoter sequence365 to—10, —208 to—101, and—145
trypsinized, seeded in 100 mm petri dishes with 10 mL of lto 710hl' resdpeCT'V‘?'y- _ReS‘]ﬂ'tS arehepressed as g‘ﬁﬁf for f‘t

_ . 0 _ east three determinations for each treatment gr ni |canty

phgnol red free DME F 12. medium plus 5% charcoal higher p > 0.05) than observed after treatment with DMSO.
stripped FCS, and grown until they were-580% confluent.

About 3 h prior to transfection, old medium was replaced ) ) .
with 5 mL of the charcoal-stripped DME F-12 medium. Cells double-stranded oligonucleotides for unlabeled competition

in each petri dish were transfected with 1 mL of transfection 2SSays were Spl (sense stranhAbTCGATCGGGGCG-
cocktail containing Sug of test plasmid, 4«g of hER, 50 GGGCGAGC-3), vx_nld—type ERE,_and those summarized in
uL of 25 M CaCh, and 500uL of HBS (pH 7.05). Table 1. qu the |mmgnodepletlon studyug of nuclear_
Cotransfection of the hER expression plasmid was required &xtract was incubated in HEGD buffer and 0.1 M KCI with
due to overexpression of the promoteeporter constructs; 2 #9 of ER antibody overnight on ice and 2C for 1 h

this requirement has also been observed using constructdefore*P-labeled probe was added. Reaction mixtures were
derived from cathepsin D and other E2-responsive geneIoaded or)toaS% nondenaturing polyacrylamlde g_el and run
promoters (Cavailles et al., 1991; Augereau et al., 1994; &t 110 Vin 1x TBE buffer (0.09 M Tris, 0.09 M boric acid,
Krishnan et al., 1994, 1995). After incubation for-1#6 h and 2 mM EDTA, at pH 8.3). A similar protocol was used
at 37°C, cells were washed once with 5 mL of PBS and for the supershift experiments except that the antibody
treated with 109 M E2 in 10 mL of dextran-coated charcoal- (H222) was added after th&#p]oligonucleotide. Gels were
stripped DME F-12 medium. After 48 h, cells were washed dried, and proteirDNA complexes were visualized by
once with 5 mL of PBS and harvested by scraping. Cells autoradiography and quantitated with a Betagen Betascope
were lysed in 20QiL of 0.25 M Tris-HCI (pH 7.6) by three 603 blot analyzer.

cycles of freezing in liquid nitrogen for 2 min, thawing at !N Vivo Footprinting. MCF-7 cells were grown to 50%
37 °C for 2 min, sonication for 3 min, and vortexing for 1 confluence, then transfected with 4§ of the cathepsin D
min. Cell debris was pelleted, and the protein concentration Promoter plasmid (pCD/355) for 24 h, and then maintained
in the supernatant was measured by the method of BradfordWith or without estradiol (10" M) for 12 h. Forin vivo
(1976) using bovine serum albumin as the standard. An footprlntlng of transcription factor.s, the cells were harvested
aliquot of cell lysate equal to 80g of protein was diluted ~ @nd nuclei were isolated and digested by exonuclease IlI
to 120 uL with 0.25 M Tris-HCI (pH 7.6) and incubated dlg_estlon (5000 unl_ts/mL), in conjunction withindlll (1000
with 1 uL of [2C]chloramphenicol (53 mCi/mmol) and 42 unlt_s_/ml__), as described p_rewously (Archer et al., 1992). After
uL of 4 mM acetyl-CoA fa 6 h at 37°C. The reaction was  Purification of the genomic DNA, 10g of each sample was
stopped by vortexing with 70@L of ethyl acetate. The analyzed using Taq pc_)lymerase (100 umts/_mL) amplification
extract (60QuL) was dried and redissolved in 24 of ethyl with a 3?P-labeled ollgqnucleotlde specific for the CAT
acetate, and the acetylated products were resolved by thinf€Porter gene as described (Archer et al., 1992). Purified
layer chromatography (TLC) (Whatman Lab Sales, NY) extende_d products were analyzed on 5 or 7% polyacrylamlde
using a 95:5 chloroform/methanol solvent mixture. The denaturing gels and exposed to Kodak X-MAT AR film at
percent protein conversion into acetylated chloramphenicol —80°C.. . . L

was quantitated using the counts per min obtained from the _Statlsncal Analysis. Statistical significance was deter-
Betagen Betascope 603 blot analyzer. The TLC plates weremined by ANOVA and Scheffe’s test. Results are expressed

subjected to autoradiography using a Kodak X-Omat film 2S meang: standard error for three separate determinations
for about 20 h. for each treatment group.

Gel Electrophoretic Mobility Shift Assay (GMSAJ.he ESULTS
complementary oligonucleotides were annealed and IabeledR
at the 3-end using T4 polynucleotide kinase arféP|ATP The results in Table 2 summarize the induction of CAT
(Sambrook et al., 1989). Nuclear extractg«f from MCF-7 activity by 10° M E2 in MCF-7 cells transiently cotrans-
or Hela cells treated with T8 M E2 for 12 h were incubated  fected with 4ug of the human estrogen receptor (hER)
in HEGD [25 mM Hepes, 1.5 mM EDTA, 10% glycerol (v/  plasmid and Sug of the pBL/TATA, pCD/355, pCD2, or
v), and 1.0 mM dithiothreitol at pH 7.5] buffer with g of pCD constructs. pBL/TATA is a control vector which does
poly[d(I-C)] and 0.1 mM KCI for 15 min at 20C to bind not contain an insert, whereas pCD/355, pCD2, and pCD
nonspecific DNA-binding proteins. Following addition of contain cathepsin D promoter sequene@&65 to—10, —208
32p-labeled DNA (final concentration, 10M), the mixture to —101, and-145 to—101, respectively, cloned into pBL/
was incubated for another 15 min at ZD. Excess unlabeled TATA. The results show that the full length (pCD/355) and
DNA (50—2000-fold) was added 5 min before addif§- deletion (pCD2 and pCD) constructs are all E2-inducible
labeled DNA to compete for specific DNA binding. The (3.65-7.09-fold). pCD2 contains the E2-responsive GGG-
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Table 3: Induction of CAT Activity by E2 in MCF-7 Cells Transiently Transfected with the pCD Plasmid, a Requirement for Cotransfection
with hER®

relative CAT activity (% DMSO)

treatment Qug of hER 1lug of hER 3ug of hER 5ug of hER HE19 HE15
DMSO 100+ 14 100+ 7 100+ 6 100+ 5 100+ 7 100+ 7
E2 (1 nM) 155+ 5P 233+ 7 323+ 18 4164+ 62 299+ 17 74+ 6

aMCF-7 cells were transiently transfected with pCD and different amounts of hER or hER variants and treated with E2. CAT activity was
determined as described in Experimental Procedures and results are expressed as 8teémsthree separate determinations for each treatment
group.® Significantly higher p < 0.05) than activity in cells treated with DMSO alone.

. . o : 32p.cD + + + + o+ + o+
Table 4: Induction of CAT Activity by E2 in MCF-7 Cells 50X cold ERE +
Transiently Transfected with the CD/2, C42 and CD/2s, 200X cold ERE +
i 50X cold SP1 +
Plasmids zooxczold SP1 +
50X cold mut. ERE +

treatment pCD/2 pCDf2 pCD/2u2 200XC°co|d"‘“mut.ERE N

DMSO 100+ 6.0 100+ 12 100+ 6

E2 (1 nM) 4984+ 37 293+ 24 273+ 37

aCells were cotransfected with 2 of hER and 5ug of pCD/2,
pCD/2u4, or pCD/2,, and treated with 1 nM E2 or DMSO 2 days before
determination of CAT activity as described in Experimental Procedures.
Results are expressed as meanSE for at least three determinations
for each treatment group Significantly higher p < 0.05) than observed
after treatment with DMSO.

Bound DNA — ([ s

CGG(NLACGGG SptERE (half-site) (Krishnan et al.,
1994, 1995), whereas this sequence is not contained in pCD.
E2 significantly induced CAT activity in MCF-7 cells
transiently transfected with pCD at concentrations of'3,0
107°, and 108 M [233 & 15, 391+ 18, and 280t 14% of
control (100%), respectively] and maximal induction was
observed 24 h after treatment (data not shown). E2-induced
activity was dependent on cotransfection with hER in which Free probe . W

5 ug of this expression plasmid gave a maximal response

(Table 3); in cotransfection with variant ER expression 12 3 4 5 6 7
plasmids containing N-terminal (HE19) and C-terminal FIGURE 1: Binding of nuclear extracts from MCF-7 cells to the
(HE15) deletions, CAT activity was induced by E2 only with CD oligonucleotide. The3?P-labeled CD oligonucleotide was

: . . ... incubated with nuclear extracts from cells treated with®1@ E2
HE19 which contains the ligand-dependent transactivation 4 analyzed by gel electrophoretic mobility shift assay. The

function 2 (AF2) (Table 3). These results were consistent retarded band was visualized by autoradiography and quantitated
with previous studies showing that cotransfection with hER using a Betagen 503 Betascope blot analyzer. The intensity values

was required for induction of Cathepsin D prometezporter in lanes 2-7 relative to that of the control band (lane 1, 160

. : 20%) were as follows: lane 2, 18480.9; lane 3, 5.7 0.06; lane
igg?{“as (Augereau et al., 1994; Krishnan et al., 1994, "5q "> 1" 206 5. 96.4: 0.7; lane 6, 95.8¢ 0.08; and lane 7,

] ] o ) 90.0+ 1.2% (meangt standard error from three determinations).
The induction of CAT activity by E2 has been determined unlabeled ERE (lanes 2 and 3) significantly decreases the intensity
in MCF-7 cells transiently transfected with pCD and different of the bound DNA complexy < 0.05), whereas competition with

amounts of pBS/CD where the CD oligonucleotide has been unlabeled Spl or ERE oligonucleotides did not decrease the
inserted into the Bluescript in which the reporter gene is Mensity of the retarded band.

expressed only in prokaryotes. Thus, the CD insert in pBS/ cells with the $2P]CD oligonucleotide gave a single major
CD serves as a competitor with pCD for nuclear factors retarded band (Figure 1, lane 1); the intensity of the retarded
which bind the—145 to—101 sequence from cathepsin D. complex was decreased after competition with a 50- or 200-
The results show that, as the concentration of pBS/CD wasfold excess of unlabeled ERE (lanes 2 and 3, respectively),
increased from 0, 10, 20, and 4@, there was a significant  whereas no significant decrease was observed after competi-
decrease in E2-induced CAT activity (4.310.21, 3.33+ tion with a 50- and 200-fold excess of unlabeled Spl
0.34, 2.60+ 0.07, and 2.18 0.08, respectively, compared oligonucleotide (lanes 4 and 5, respectively) or mutant ERE

to untreated cells; the last two values were significantly
decreased), suggesting that induction was diets-acting
factors binding to the CD region of the promoter (results
are expressed as meafisSE for three separate determina-
tions; the total amount of DNA was kept constant for each
experiment). The results of this study were similar to those
previously reported for competition for C/EBP binding sites
in Hep G2 cells (Pimental et al., 1993).

Gel electrophoretic mobility shift assays were utilized to
investigate nuclear protein interactions with fie-labeled
CD promoter. Incubation of nuclear extracts from MCF-7

(lanes 6 and 7, respectively). These data suggested that the
retarded band was associated with an-E® complex, and
this was further investigated using nuclear extracts from Hela
cells (Figure 2). Incubation of nuclear extracts from Hela
cells with P2P]CD gave two relatively weak bands (lane 3)
compared to the band using nuclear extracts from MCF-7
cells (lane 2). Incubation of nuclear extracts from Hela cells
transiently transfected with hER resulted in formation of an
ER—[®*?P]CD complex (lane 4), and the intensity of the
retarded band was decreased by competition with a 50-fold
excess of unlabeled ERE (lane 5) or CD oligonucleotides
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& Hela + hER 3zp.cp/L +
& AN, 32p-CD/R + o+
e 200X cold ERE +
200X cold mutant ERE +
32p-CD + + + + + + + + 1 2 3 4
50X cold ERE +
50X cold CD +
200X cold SP1 +
200X cold mut. ERE +
1 2 3 4 5 6 7 8
Bound DNA — R —

Bound DNA ——> - w -

Free probe —»W Free probe | h

Ficure 2: Binding of nuclear extracts from Hela cells cotransfected

with hER to the CD oligonucleotide. The formation of the retarded FIGURE 3: Binding of nuclear extracts from E2-treated MCF-7 cells
band with P2P]CD was determined using nuclear extracts from to [?P]CD/R and $2P]CD/L. Binding of the®?P-labeled CD/L and
MCF-7 cells treated with E2, Hela cells and Hela cells, cotransfected CD/R oligonucleotides was determined as described in Experimental
with hER and treated with T M E2. The retarded ER band was Procedures. The relative intensity valugg (vere as follows: lane
visualized by autoradiography and quantitated using the Betagenl, 50+ 9; lane 2, 844+ 48; lane 3, 60+ 4; and lane 4, 73&

603 Betascope blot analyzer as described in Figure 1. The intensity58% (meanst SE from three determinations). The nuclear extracts
values in lanes 38 relative to that of the band from MCF-7 cells  from E2-treated MCF-7 cells bound t&#P]CD/R (lane 2), whereas
(lane 2, 100+ 4.5%) were: lane 3, 22.02 1.52; lane 4, 65.4% minimal binding to $2P]CD/L (lane 1) was observed. The intensity
1.23; lane 5, 6.42+ 0.79; lane 6, 0.14- 0.03; lane 7, 62.1Gt of the P?P]CD/R—-ER band was significantly decreased by com-
2.88; and lane 8, 38.02 0.81%. The intensity of the retarded ER  petition with unlabeled ERE (lane 3) but not mutant ERE (lane 4).
band using Hela cells extracts was significantly increased after hER The retarded band intensity in lane 2 was significantly higher in
transfection, and E2 treatment (lane 4 versus lang 3,0.0001) lanes 1 and 3p < 0.01), but similar to that observed in lane 4.
significantly decreased competition with 50cold ERE f <

0.0001) or CD p < 0.0001) but was not affected by 2@0cold supershifted bands were similar for the three oligonucleotides

Sp1l or mutated ERE oligonucleotidgs 0.05). Lane 1isafree  (Figure 4). Preincubation of nuclear extracts with preim-
probe in the absence of nuclear extract. mune serum had no effects on formation of the retarded
(lane 6) but not by competition with a 200-fold excess of bands (lanes 3, 6, and 9). Further confirmation that the CD/R
unlabeled Sp1 or mutant ERE oligonucleotides (lanes 7 andoligonucleotide binds the ER was obtained in competitive
8, respectively). These results also suggest that the retardedinding studies with¥P]ERE (data not shown). The results
band was due to interactions between the ER and CDshowed that a 18200-fold excess of unlabeled ERE or
oligonucleotide. CDI/R oligonucleotides competitively decreased formation of
The CD oligonucleotide contains a GC-rich region at the the bound PJERE-ER band, whereas mutant ERE did not
5'-end and potential imperfect palindromic ERE sequence decrease formation of the retarded band.
CGCCCACGTGACC at the'3nd containing perfect (8 The functional activity of CD/R was investigated using a
and imperfect (5 half-sites. The results in Figure 3 pCD/R construct containing the120 to—101 region of the
demonstrate that formation of the Ef2P]CD retarded band  cathepsin D promoter in a pBL/TATA/CAT reporter plasmid.
(Figures 1 and 2) was associated with the region of the The results shown in Figure 5 summarize the induction of
oligonucleotide containing the imperfect palindromic ERE CAT activity by E2 in MCF-7 cells transiently transfected
(CD/R) and not the Sp1 binding site (CD/L). Incubation of with hER plus pCD/R or plasmids mutated in the imperfect
nuclear extracts from MCF-7 cells witB?P]CDI/L or [F?P]- and perfect ERE half-site and both half-sites (pCla/RCD/
CD/R (Figure 3) showed that a retarded band was formed Ry., and pCD/Rys, respectively). There was a 3.25-fold
primarily with the latter oligonucleotide (lane 2), and the induction of CAT activity by E2 using the wild-type
intensity of the retarded band was decreased after competitiorconstruct, whereas no significant induction was observed with
with a 200-fold excess of ERE (lane 3) but not mutant ERE the mutant plasmids. The role of the MLPE imperfect
(lane 4); in contrast,*fP]CD/L only formed weak retarded palindromic ERE {119 to—107) and the Sp1ERE half-
bands (lane 1). Incubation oPP]JERE, F?P]CD/R, or F?P]- site (—199 to—165) (Krishnan et al., 1994) as E2-responsive
CD/Ry; with nuclear extracts from E2-treated MCF-7 cells enhancer sequences was investigated by determining the
gave a single major retarded band (lanes 1, 4, and 7) whichinduction of CAT activity by E2 in cells transiently trans-
was supershifted with H222 ER antibodies (lanes 2, 5, and fected with pCD/2, pCD/s, or pCD/3,,. PCD/344 and
8). The mobilities of the ERDNA complexes and the  pCD/2,, were mutated in the Spl and perfect ERE half-
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32P-ERE + o+ o+ The direct and competitive binding of the wild-type and
sz:.fon,/:m, oyt PN mutant CD/R oligonucleotides with nuclear extracts was also
'c'fffmfﬂa:;;f;:v o, o, + determined (Figure 6A,B). The results show that both wild-
P * type P?P]CD/R and $?P]CD/Ry1 form a complex with
nuclear extracts (Figure 6A, lanes 1 and 2), wheré#d{

) CD/Ry2 and PF?P]CD/Ryz did not form retarded bands.
Supershift —= - e Similar results were obtained in competitive binding studies
Bound DNA —> * using nuclear extracts from MCF-7 cells and wild-typ#]-

pane CDI/R (Figure 6B); a 16200-fold excess of unlabeled CD/R
- (lanes 2 and 3) and CD{R (lanes 4-6) competitively

decreased formation of the ER®?P]CD/R complex whereas
no competition was observed with a-1P00-fold excess of
unlabeled pCD/R; (lanes #9) or pCD/Rys (lanes 16-12).
Thus, despite formation of a retarded ERD/Ry; complex,
the corresponding plasmid (pCQJRB was not E2-responsive.

In vivo footprinting was determined in MCF-7 cells
transfected with pCD/355 and then subjected taranivo
exonuclease Il footprinting analysis. The results of this
experiment are shown in Figure 7. Binding of proteins to
the MPLE site is indicated by the exonuclease IlI-dependent

Free probe —- ~ “ stops seen (compare lanes 2 and 6). Consistent with the
hormone-induced increase in activity observed in cells treated
with E2, an increase in the binding at the MPLE and Spl

ites i rv mpare lan nd7)inr n E2
Fiouse & Supershilof FPIERE, FPICDIR, and TPICDR  Sqic Pt CONRE S8 0 A D o o above
ER complexes with ER antibodies. Nuclear extracts from MCF-7 : |

cells were treated with E2 and were incubated with the radiolabeled the MLPE band) is associated with increased binding to the
oligonucleotides alone (lanes 1, 4, and 7) and analyzed by gel Sp1 site located within the CD/I sequence.

electrophoretic mobility shift assay as described in Experimental

Procedures. In parallel experiments, the specifically bound BNA  pDISCUSSION

protein complexes were incubated witlk@ of H222 ER antibody

(lanes 2, 5, and 8) or a control antibody (lanes 3, 6, and 9) and  gterpid hormone receptors regulate diverse biological and

analyzed by gel electrophoretic mobility shift assay as described . . - . e
in Ezperimgn?al Procedﬁres; the gels V\yere visualizyed by autorad- physiological processes by modulating tissue-specific expres-

iography. The specifically bound and supershifted bands are Sion of target genes in response to specific hormones and
indicated with arrows. ER blocking studies witffF]CD/R and their agonists (Evans, 1988; Beato, 1989; O’Malley, 1990;

ER antibodies decreased formation of the specifically bound Mangelsdorf et al., 1995). The classical model for E2-induced
retarded band (data not shown). responses involves interaction of the homodimeric ER with
CD/R CD/R/m1 CD/R/m2 CD/R/m3 a palindromic ERE typified by the GGTCA(B)GACC
— M I | — sequence identified in thé-promoter region of the chicken
p E2 b E2 D E2 D E2 and Xenopusvitellogenin genes (Burch et al., 1988; Klein-
|: Hitpass et al., 1988; Kumar & Chambon, 1988). Subsequent

1 2 3 4 5 6 7 8 9

Acetylated
product

studies indicate that modulation of gene expression by the
ER and other steroid hormone receptors is complex and
involves different domains within the ER and interaction of
the ER with multiplecis genomic responsive elements and
other nuclear proteins (Kumar et al., 1987; Maurer &
- - o ® ® ® - Notides, 1987; Tora et al., 1988; Berry et al., 1989, 1990;
Richard & Zingg, 1990; Slater et al., 1990; Weisz & Rosales,
1990; Darwish et al., 1991; Doucas et al., 1991; Savouret et
Ficure 5: Effect of E2 on pCD/R and mutated analogs on CAT ; S ' . ! !
activities in MCF-7 cells wIi)th the requirement for thegwild-type al., 1991; Shupnik & Rosenzweig, 1991; Hyder et al., 1992,
promoter sequence. MCF-7 cells were transiently cotransfected with 1995a,b; Pham et al., 1992; Wu-Peng et al., 1992; Cavailles
hER and pCD/R, pCD/, pCD/Ry2, or pCD/Ry3 and treated with et al., 1994; Dana et al., 1994; Halachmi et al., 1994; Hyder

10° M E2 for 48 h before harvest. CAT activity in MCF-7 cells g Stancel. 1994: Landel et al.. 1994 Tzukerman et al.. 1994:
transfected with pCD/R plus hER plasmids and treated with DMSO : o . i ’ ;
was used as a control (lane 1, 1606.3%). The intensity values Astruc et al., 1995; Montano et al., 1995; Webb et al., 1995;

1 2 3 4 5 6 7

relative to that of lane 1 were as follows: lane 2, 32%%0.7; Blobel & Orkin, 1996). This complexity is responsible, in
lane 3, 40.0+ 4.3; lane 4, 50.7 2.3; lane5, 30.4+ 2.2; lane6, part, for the tissue/organ-specific expression of genes in the
30.9+ 0.7; lane 7, 25.6k 2.2; and lane 8, 35.% 2.1% (meanst presence of hormones.

SE from three determinations). E2 significantly increased CAT . I
activity in MCF-7 cells cotransfected with hER and the wild-type qu many estrogen-r_esponswe genes, functhmmge-
PCD/R plasmidsyf < 0.0001), whereas no induction was observed NOmic sequences required for estrogen responsiveness have
using the mutated plasmid construgts< 0.05). been localized to one specific region within their respective

5'- or 3-flanking regions. Augereau and co-workers (1994)
site, respectively. Both mutants were E2-responsive (Tablehave extensively investigated the proximal promoter region
4), suggesting that the imperfect ERE and SERE half- of the cathepsin D gene and have identified several transcrip-
site were active as enhancer sequences. tion factor binding sites, including three nonconsensus ERE
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B 32p-CD/R + + + + + + + + + + + +
10X cold CD/R +
200X cold CD/R +
10X cold CD/R/m1 +
50X cold CD/R/m1 +
200X cold CD/R/ml +
10X cold CD/R/m2 +

B 50X cold CD/R/m2 +
ound DNA —p o 200X cold CD/R/m2 +
10X cold CD/R/m3 +

50X cold CD/R/m3 +
200X cold CD/R/m3 +

Bound g
DNA _— —— S —

Free probe ——p .* Free >
probe L2 T r ¥

1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12

Ficure 6: Binding of nuclear extracts from MCF-7 cells to wild-type and mut&®]CD/R oligonucleotides: direct binding (A) and
competition studies (B). (A) Th&P-labeled CD/R, CD/R;, CD/Ry2, and CD/Rys oligonucleotides were incubated with nuclear extracts
from E2-treated MCF-7 cells and analyzed by gel electrophoretic mobility shift assay. Binding of nuclear extracts to wiiéRizie/R

was used as a control (lane 1, 108:®.8%). The intensity values relative to that of the control were as follows: lane 2:168.8; lane

3, 2.4+ 0.3; and lane 4, 1.8 0.3% (meant SE from three determinations). ER binding was significantly reduced when the less
conserved side (underlined) of the imperfect palindromic ERE of CD/R, CGCCCACGTGACC, was mutated to AACACAGCTGACC
(lane 2, f2P]CD/Ruy) (p < 0.0001). Mutation of the perfect ERE half-site or both half-sites resulted in almost complete loss of ER binding
(p < 0.0001) (lane 3 for®¥P]CD/Ry. and lane 4 forP]CD/Ryz). (B) [32P]CD/R was incubated with E2-treated MCF-7 nuclear extracts
and analyzed as described above. The intensity of*#§D/R-ER retarded band (lane 1) was set at 308% and relative intensities
were: lane 2, 6.6t 0.8; lane 3, 1.2 0.1; lane 4, 12.5+ 1.9; lane 5, 4.4 0.7; lane 6, 2.9+ 0.3; lane 7, 95.5+ 0.6; lane 8, 101.9%-

8.3; lane 9, 108.2- 5.4; lane 10, 109.2 8.9; lane 11, 105.5- 7.9; and lane 12, 1038 2.8%. ER binding to¥P]CD/R was significantly
decreased in the presence of a-P00-fold excess of unlabeled CD/R or CR/Rlanes 2-6, p < 0.0001). The competitive binding E&
values for CD/R and CD/fg were determined, and the results indicate that the ER binding affinity of CD/R was 14% higher than observed
for CD/Ry:. However, ER binding to3fP]CD/R was not reduced in the presence of unlabeled GPER CD/Ryz oligonucleotidesf >

0.05).

sequences (E1, E2, and E3). One of these sequenc@6at transfected with pCD, thus confirming that the CD oligo-
(E2) bound the ER in a gel mobility shift assay; however, nucleotide insert (in pBS/CD) competes for nuclear tran-
in transient transfection assays, the E2 element alone didscription factors required for E2 responsiveness of pCD.
not confer estrogen responsiveness on-aGRT construct Results of previous studies showed that 120 to—103

but interacted with other downstream or upstream elements.region of the cathepsin D promoter is protectedninitro

In contrast, studies in this laboratory initially identified a DNase | protection assays using nuclear extracts from
GGGCGG(N}ACGGG (199 to —165) sequence in the estrogen-treated MCF-7 cells (Augereau et al., 1994).
noncoding strand of the cathepsin D gene, and results ofHowever, Augereau and co-workers (Augereau et al., 1994)
transient transfection and gel mobility shift assays indicate reported that, in transient transfection studies, constructs
that an SptTER complex is directly involved in E2  containing this sequence-(24 to—13) were not estrogen-
responsiveness (Krishnan et al., 1994, 1995). Moreover, inresponsive. In contrast, results obtained with pCD in this
transient transfection studies with constructs containing the study show that the-145 to—101 region of the cathepsin
upstream SptERE (half-site) sequence (pCD/355 and D promoter confers E2 responsiveness on the corresponding
pCD2) and a downstream region (pCD) which did not plasmid construct. The reason for the differences observed
contain this sequence, CAT activity was induced by E2 using in this study and the research reported by Augereau and co-
all three constructs (Tables 2 and 3) and the AF-2 domain workers (1994) may be related to the thymidine kinase
of the ER was required for the induction response observedpromoter used in their constructs which can give high
for pCD. The functional activity of the CD oligonucleotide background activity.

(—141 to—101) was further confirmed by competition assays The CD oligonucleotide contains two overlapping Spl
which utilized a pBS/CD plasmid containing the CD insert binding sites {145 to—135) and at least one perfect ERE
ligated into pBluescript which is an expression vector only half-site, TGACC (111 to—107), which potentially could

in prokaryotic cells. Increasing concentrations of pBS/CD form an SptER complex. However, results of gel elec-
decreased induction of CAT activity in cells transiently trophoretic mobility shift assays usingfP]CD plus nuclear
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& two ERE half-sites in the formation of this complex was

& .°o°°_ . determined in both direct and competitive binding studies

o Tz & & & (Figure 6A,B). The data show that mutations in both ERE

Hindim e :_ o s half-sites (CD/Ris) and perfect half-site CDAR result in a

Band loss of both direct and competitive binding activity. In
210 —b contrast, }P]CD/Ry; which is mutated only in the imperfect
2011271 =8> ! ERE half-site forms a complex with ER (Figure 6A, lane
e a 2), and unlabeled CDAR competitively decreased formation
194 — . . = M of the retarded ER[32P]CD/R complex (Figure 6B, lanes

4—6). Probit analysis of the Eg values obtained in the
competition studies (Figure 6B) indicated that the ER binding
18— === of wild-type CD/R was only 14% higher than that observed
for CD/Ry:. In contrast, E2 did not induce CAT activity in
MCEF-7 cells transfected with promotereporter constructs
1 2 3 4 5 6 7 containing the three mutant CDWR CD/Ryz2, or CD/Rys

FIGURE 7: In vivo exonuclease Ill footprinting: hormone-dependent constructs, whereas a 3.2-fold induction was observed with
gﬂd -independetgtrDluélg%te(i:re\Iilfslt?/\sgfgot?:n%?etgﬁ h?gﬁ;ggtggpjg?h a plasmid containing the wild-type CD/R oligonucleotide

ene promoter. - ; i
pC%/SSSppIasmid and treated with (lane 7) an)(; without (lane 6) (Flg;zjre 2)- The lack of correspondence .b?t.""ee” ER binding
10-7 M E2 for 12 h prior to harvesting. Isolated nuclei were digested to[ P_]CD/RMl and the est_rogen !nsen3|t_|V|ty of the corre-
with Hindlll and exonuclease IlI, as previously described (Archer Sponding CD/Rg. construct is consistent with results of other
et al., 1992). Following lineaFaqg polymerase amplification with  studies. For example, the nonconsensus E2 element previ-
a 32P-labeled oligonucleotide specific for the CAT reporter gene ously identified in the cathepsin D gene promote269 to

(Archer etal., 1992), purified extended products were analyzed on —257) binds ER in a gel mobility shift assay, whereas the
5 or 7% polyacrylamide denaturing gels prior to autoradiography !

at—8 °C. The arrow indicates the exonuclease stop corresponding c0rresponding E2-tkCAT construct alone was not estrogen-
to the binding site for MLPE: lanes 1 and 2, sample controls responsive (Augereau et al., 1994). Hyder and co-workers
without Exo llI; lane 3, G sequencing track; lane¢¥ 174 size (1995a) previously identified an imperfect ERE [GCAGA-
marker; and lane 5, pure pCD/355 cut witfindlll followed by (N)sTGACC] within the coding sequence of the protoonco-
linear amplification. gene cjun. The imperfect gun ERE binds ER in a gel
mobility shift assay and confers E2 inducibility on reporter
plasmids in mammalian cells which resembles the properties
reported in this paper for the CGCCC@UACC sequence

in the cathepsin D gene promoter. Moreover, for E2-induced
transcriptional activation, both the imperfect and perfect ERE
half-sites are required using the ERE derived from tlenc-
coding sequence (Hyder et al., 1995a) or the cathepsin D
gene promoter (Figure 5). The formation of a retarded band
using F?P]CD/Ry: which contained mutations only in the
imperfect ERE half-site (Figure 6) paralled results reported
for the ERE from gun in which mutations of the imperfect
half-site also did not abolish formation of a retarded band
(Hyder et al., 1995a).

extracts from MCF-7 (Figure 1) or Hela cells (Figure 2)
indicated that an intense specifically bound retarded band
was formed, and the intensity of this band was decreased
only by competition with excess wild-type ERE but not Sp1
or mutant ERE oligonucleotides. Formation of this retarded
band was further localized to the120 to—101 region of

the promoter (CD/R, Figures 3 and 4), and retarded bands
associated with the consensu®¥P|ERE and {P]JCD/R
oligonucleotides exhibited comparable mobilities and were
supershifted by ER antibody H222 (Figure 4). The consen-
sus palindromic ¥P]ERE forms a complex with the ER
homodimer, and therefore, the results in Figure 4 suggest

Lhoa%oﬁﬂgrl:)/ R forms a similar complex with the ER Previous studies have also identified an SERE half-
' site (—199 to—165) as a functional E2-responsive enhancer

The adenovirus MPLE was previously identified within - sequence (Krishnan et al., 1994). The results in Table 4
the CD/R region (Augereau et al., 1994), and closer compare induction of CAT activity by E2 in MCF-7 cells
inspection indicates that the CGCCC{RBACC sequence  transiently transfected with pCD/2, which contains tH208
is a nonconsensus ERE containing imperfeQtdad perfect g —101 region of the cathepsin D gene promoter, and
(3) half-sites. The interaction of the ER with the MLPE  constructs mutated in the Sp1 site within the SERE motif
was confirmed byin vivo exonuclease Ill footprinting  (CD/2y,) and in the perfect ERE half-site within the MLPE
analysis (Archer et al., 1992; Mymryk & Archer, 1995). sequence (CDf2). A 5-fold induction of CAT activity was
Treatment of the cells with E2 resulted in increased binding gpserved using pCD/2 containing the wild-type208 to
at the MLPE site (Figure 7, lane 7), and this corresponded —101 promoter sequence (Table 4). However, both mutant
to hormone-induced transactivation using pCD/355 in tran- pjasmid constructs were also E2-responsive {2.B-fold
sient transfection studies (Table 2). A second enhanced ban(ﬁmuction of CAT activity), suggesting that the SpERE
(above the MLPE) corresponded to binding to the Sp1 motif haif-site (-199 to—105) and the imperfect palindromic ERE
within pCD/L, and the functional significance of this (—119 to —107) are functional E2-responsive enhancer
interaction is currently being investigated. The E2—dependentsequences in the cathepsin D gene promoter.
increase of a prebound transcription factor observed for the | summary, this study has identified a functional estrogen-
MLPE (and Spl) sites has also previously been observeddependent enhancer sequence [CGCCEIEACC] in the
W|th the transcription faCtor NF1 on the MMTV promoter 5'_pr0moter region Of the Cathepsin D gene Wh|Ch was
(Mymryk & Archer, 1995) previously identified as an adenovirus MLPE (Augereau et

Since the ?P]CD/R oligonucleotide forms a specifically  al., 1994). However, this site also resembles a nonconsensus
bound complex with the ER, the relative importance of the ERE, forms a complex with the ER in a gel electrophoretic



E2-Responsive Imperfect ERE in the Cathepsin D Promoter

mobility shift assay, and confers E2 inducibility on prometer
reporter constructs in MCF-7 cells.
consistent with the reported E2-induciedvitro protection

of the MLPE against DNase | digestion (Augereau et al.,
1994) and then vivo exonuclease lll footprinting analysis
reported in this study (Figure 7). Identification of this second

These results are
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manner (Katzenellenbogen et al., 1996). For example,

Endocrinol. 8 1407.
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