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Abstract

Breast cancer patients frequently develop metastases. This process requires the degradation of extracellular matrix proteins which act
as a barrier to tumour cell passage. These proteins can be degraded by proteases, mainly the matrix metalloproteinases (MMPs). MMP-2
and -9 which are frequently detected in breast cancer tissues. ProMMPs are released from cancer cells, and their activation is considerec
to be a crucial step in metastases development. In breast cancer, estrogen metabolism is altered favouring the accumulation of 2- and
4-hydroxyestradiol (2- and 4-OHIE These estradiol metabolites can generate free radicals. Since reactive species are known activators of
proMMPs, this study was designed to determine if the free radicals generated by 2- and4&#HiEtivate proMMP-2 and -9. Activation
of MMPs by hydroxyestradiol was determined by monitoring the cleavage of a fluorogenic peptide and by zymography analysis. Both
estradiol metabolites activated the MMP-2 and -9. 4-QM&s a more potent activator than 2-Offhich reflects its higher capacity to
generate free radicals. ProMMPs activation was mainly mediated throgfgh @though the free radical HGilso activated the proMMPs
but to a lesser extent. ProMMPs activation was not observed with estrogens that cannot generate free radicals, i.e. estradiol, estrone, 2-
and 4-methoxyestradiol, and &éydroxyestrone. These results demonstrate that 2- and 4.@ttEconcentration as low as M can
activate the proMMP-2 and -9 and might play an important role in the invasion of breast cancer cells.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction MMP-2 and -9 are frequently detect§gl4]. These MMPs
are released under an inactive form (proMMPs) by cancer
Women with breast cancer frequently develop metastasescells, leukocytes and endothelial cellis6]. Under its inac-
This process requires the degradation of the extracellular ma-tive proMMP form, the propeptide domain covers the active
trix proteins which act as a barrier to tumour cell migration. site blocking the access to substrates. This configuration is
These proteins can be degraded by proteases, mainly thestabilized through an interaction between a cysteine located
matrix metalloproteinases (MMP$),2]. In breast cancer, at a key position in the propeptide and a zinc atom at the
MMP active sitg7,8]. Activation of proMMPs is considered
Abbreviations:APMA, p-aminophenylmercuric acetate; Cu§@op- to be a crucial step in metastases developrfignt
per sulfate; Cu(ll), copper(ll); £ estradiol; &, estrone; ER, estro- ProMMPs can be activated by low concentrations of such
gen receptor; HPLC-MS, high pressure liquid chromatograph)_/—mass reactive oxygen species as hydrogen peroxidgOd), hy-
spectroscopy; bOo, hydrogen peroxide; 2-OHE 2-hydroxyestradiol; droxyl radical (HO) and superoxide anion (o) [9,10]
4-OHE,, 4-hydroxyestradiol;, 2-OHE 2-hydroxyestrone; 4-OHE . o T e
4-hydroxyestrone; 16-OHE;, 16a-hydroxyestrone; HQ hydroxyl rad- This activation of proMMPs is inhibited by the addition of
ical; 2-MeOHE, 2-methoxyestradiol; 4-MeOHE 4-methoxyestradiol; catalase or superoxide dismutase (SOD), which supports the
2-MeOHE, 2-methoxyestrone; 4-MeOHE 4-methoxyestrone; MMPs, involvement of BO,, HO®* and GQ°*~ in the activation pro-
matrix metalloprotei_nases; PBS, phqsphate—buﬁered sa_line; RFU, relative cess[9]. It is suggested that free radicals can dissociate the
fluorescent unit; @ —, superoxide anion; SOD, superoxide dismutase . . . .
* Corresponding author. Tek+1-819-346-1110x14767; gyste!ne—2|ng interaction between the propeptlde.and the ac-
fax: +1-819-564-5442. tive site allowing the autocleavage of the propeptide and the
E-mail addressbenoit.paquette@usherbrooke.ca (B. Paquette). release of active MMRP11].
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gens in breast tumours, it is likely that the local pro-

o]
" R, Ri=H E; (estrone) duction of free radicals by 4-OHEand 4-OHE is high
O‘ R,=OH 160-OHE, [12,19] _ ,
The role of free radicals generated by estrogens in metas-

4 OH tases development has never been determined. The present
E, (estradiol) study was designed to determine whether the hydroxyestro-
gens can activate proMMP-2 and -9.
HO
R.O. Ry=H  2-OHE,, 2. Materials and methods
2
HO 2.1. Chemicals and reagents
R,=H  4-OHE,, Cupric sulfate (CuSg) was obtained from the Fisher
’ Scientific Co. (Fair Lawn, NJp-Aminophenylmercuric ac-
Ho™ R,=CH; 4-MeOHE,, etate (APMA), 2-MeOHE, 2-OHE, 4-OHE, 16a-OHE;,
2 estradiol, estrone, ascorbic acid, gelatin, mannitol and su-
Fig. 1. Structure of estradiol and its principal metabolites. peroxide dismutase (Cu, Zn-SOD) were purchased from

Sigma—Aldrich Canada Ltd. (Oakville, ON). 4-MeOHE
was obtained from Steraloids Inc. (Newport, RI). Chelex-100
resin was obtained from Bio-Rad (Richmond, CA). Fluoro-

EStrOgenS are involved in breast cancer development.genic pep“de MMP Substrate I, proMMP_Z and -9 were
In these tumours, estradiol metabolism is altered lead- gptained from Calbiochem (San Diego, CA).

ing to the accumulation of the hydroxyestrogens 2- and
4-hydroxyestradiol (2- and 4-OHf as well as 2- and
4-hydroxyestrone (2- and 4-OHJE[12—14] These hydrox-
yestrogens have two hydroxyl groups on their aromatic ring
A, leading to a structure called catecholestrogEiy.(1).
These hydroxyestrogens can be methylated on position 2
or 4 by the catechaB-methyltransferase to produce the 2-
and 4-methoxyestradiol (2- and 4-MeOpjEand also 2-
and 4-methoxyestrone (2- and 4-MeOHEAlteration of
the estradiol metabolism can also lead to the accumulation
of 16a-hydroxyestrone (1&6-OHE;), which is suggested
to be related to the development of breast caftbrl6]
However, the mechanisms involved regardingxI®HE;
are still largely unknown.

In the presence of cytochrome P-450 oxidase, 2- and

2.2. Removal of endogenous metal ions from buffers
and water

Water and buffers used were treated with Chelex-100 resin
to remove endogenous metal ions as described previously
[17]. This treatment was performed prior to the addition of
ZnCl; or CaCp. To verify that our solutions were metal free,
the ascorbate assay was perforrid. Briefly, an ascorbate
solution (0.1 M) was prepared using reagent grade ascorbic
acid and ultra pure water. To perform the assay @ 0.1 M
ascorbate was added to 3ml of the solution to be tested.
This resulted in an initial absorbance of approximately 1.8
at 265nm, which was then followed for 15-30 min. In a

J-hvdroxvestrogens under their catechol form are con- successfully demetaled buffer, the loss of ascorbate should
Y Y 9 be <0.5% after 15min. A larger decrease of absorbance

verted into semiquinone estrogen. We have demonstrated - S . y
. Wwould indicate that a significant concentration of transition
as have others, that the conversion of catecholestrogen

- metals remained.
to semiquinone estrogen can also be performed through
a non-enzymatic pathway using the copper ¥Quion
[17,18] This radical structure of the hormone then reacts
with molecular oxygen to generate the*O, while the ] ) o
hormone is converted into quinone estrogen. Both hydroxyl ~ ©Xygen (@) consumption was monitored for 15 min with
groups on the aromatic ring of estrogen are required for the @ Clark oxygen electrode (YSI-53, Yellow Spring, OH) fol-
generation of free radicals, since the methoxy metabolites!owing mixing of estrogens (4@M) with Cu** (10uM)
(2- and 4-MeOHE and 2- and 4-MeOHE are unable to in air-saturated PBS, pH 7.4, at 32. The PBS had been
generate free radicad7]. treated over_night with Chelex-100 resin to remove endoge-

We have also demonstrated that the 4-hydroxy deriva- NOUS metal ions.

tives generate about 2.5 times more free radicals than their
equivalent 2-hydroxy, leading to DNA strand breaks. No 2.4. HPLC-MS analyses of quinone estrogens
significant difference was measured when comparing to the
hydroxyestrogens derived from either estradiol or estrone Formation of quinone estrogens was detected by
[17]. Considering the accumulation of the 4-hydroxyestro- HPLC—MS analysis. 4-OHE and 4-MeOHE (100pM)

2.3. Oxygen consumption
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were incubated with the Gt (100M) in PBS for 30 min 2.7. Statistical analysis

at 37°C. The resulting mixture was injected in a HPLC

Alliance equipped with a X-Terra {g column (Waters, Each assay was repeated three—six times. Data are ex-
Milford, MA) and eluted at a flow rate of 1 ml/min us- pressed as the meanstandard deviation.

ing Chelex-treated water (49.7%), acetonitrile (49.7%) and

acetic acid (0.6%) as mobile phase. The separated prod-

ucts were then ionized by APCI and analyzed with a mass 3 Reqylts

spectrometer platform from Micromass (Manchester, UK)
equipped with the MassLynx software (Micromass, Manch-
ester, UK). The HPLC-MS analyses were performed by
Néokimia (Sherbrooke, Que., Canada).

3.1. Generation of free radicals by estradiol metabolites

According to current models, a catechol compound such
as the 2- and 4-hydroxyestrogens can be converted to a
semiquinone estrogen in the presence of transition metal

ProMMP-2 or -9 (0.17ug) was incubated for 2 h at 3T ions which act as electron acceptors. A second electron can
with one of the estroéens tested (Pr 10-8 M) or 0.01% then be transferred to producing the quinone estragen
ethanol (solvent used to dissolved the hormones) ip.l20 and the radical @ Th.'s free radical can d!smutate Into
of reaction buffer (proMMP-2: 50 mM borate pH 7.4, 5 mM H>05. The I;erton reaction could then occur in the presence
CaCh, 20% glycerol, 0.005% Brij-35, 0.01mM zngl  Of CU” or FE™ to produce the radical HO )
proMMP-9: 100 mM Tris pH 7.5, 150 mM NaCl, 5mM To demonstrate that 2- and 4-OblEan generate £,

CaCh, 1uM ZnCl, and 0.01% Brii-35). C& (10pM) was ~ 11© consumption of molecular oxygen was measured using a
added to the estrogens to initiate the generation of free radi- ark electrode. =ndogenous metal ions in water and butter

cals. In parallel, free radical scavengers were added, i.e. Cu,solu'uons were previously removed following treatment with

Zn-SOD at 200 U/ml to neutralize the;& or mannitol at the resin Chelex—lOQ. The ascorbate assay was performed to
10 mM to scavenge the HOAfter activation of MMP-2 or certify that our solutions were metal ion fr{20].

-9, the samples were then incubated with8 (MMP-2) or Although 2- and 4-OHE underwent a slow oxidation in
ZéMM (MMP-9) of the fluorogenic peptide MMP Substrate aqueous .solution. (da_ta not shown), the presence 8f C.u

lIl (Calbiochem, San Diego, CA). This peptide contains was reqwred to sgfn‘lcantly gnhance oxygen consumption.
the MMP cleavable Gly—Leu bond and the EDANS-Dabcyl Th.z add't'gnt?]f c b alone ‘fj'd not produce ant)'/ﬂlrzs best
as fluorophore—quencher combination. After enzymatic evidence Dy the absence of oxygen consumption. 1he bes
cleavage by active MMPs, quenching is eliminated and estrogen was 4-OHEmetabolite which consumed,at a
fluorescence can be measured. The enzymatic activity Was:ivele_j';Old higher than its equivalent 2-hydroxy metabo-
recorded according to the variation of relative fluorescent IeTﬁ\ 9. 2. ted with th thvlated f

unit RFU/s. Care was taken to always work at the saturated £ € sgn;eoajsa)_/ Wazs repdezzeM VgH € me ”y ate _thorms
concentration of the fluorogenic substrate. The kinetics of ©' <~ Nd = B, 1.e. 2- and 4-MeOHE, as well as wi

peptide cleavage were then followed for 30 min using the ESt:ﬁd;ol’ gstrotnek:) al_r;d &ZED H%l"lA'a scr)logg mFtlg. 2 the
96-well plate reader Synergy HT, BIO-TEK Instruments methylated metabolites 2- and 4-MeOiiid not consume

(Winooski, VT) set at dex = 340 nm and d.em = 485 nm. any oxygen in the presence of 8y indicating that it is

As a positive control, APMA (1mM) was incubated with the catechol form of the estrogen metabolites that is re-
proMMP-2 and -9 for’ oh at 37C. and the level of MMP quired for @ consumption. Regarding estradiol, estrone and

activation was measured using the fluorogenic peptide as

2.5. Activation of proMMP-2 and -9 by estrogens

described. S 40
e
. c 30
2.6. Zymogram analysis 2
g 20
Aliquots of 4ng proMMP-2 were exposed to 4-OHE § 10
(10-5M) and C#t (10M) at 37°C for 2 h. Activation of 8
proMMP-2 with 1 mM APMA was also performed under the g O T T T T T
same conditions and used as a positive control. Samples were g @&& \@o“ & o‘\(& 0\289/ OQ{&" Ogé"
applied on a 12% polyacrylamide—SDS gel containing 0.2% & < ‘@’O W& v‘@ A
gelatin and electrophoresed at 150 V during 3 h‘a@ 4After \@"’}Q

removal of SDS from the gel by incubating in 2.5% Triton
X-100 (30 min, room temperature), the gel was incubated Fi9- 2- Oxygen consumption by estrogens. EstrogenuMpwas mixed

o . . . in a solution of PBS at 37C. Ci#™ (10pnM) was then added to initiate
at 37°C for 18h in 50mM T”s__HCI’ pH 7.5, contal_nlng the consumption of oxygen which was monitored for 15 min with a Clark
5mM CaCp, 1uM ZnCly, 1% Triton X-100, and stained  oxygen electrode (2-OHE P < 0.01 vs. estradioln — 3; 4-OHE:
with Coomassie blue R-2521]. P < 0.01 vs. estradiolp = 3).
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16a-OHE;, these estrogens have only one hydroxyl group 3
0}

. . . 0,50
in position 3 of the aromatic ring A. As a consequence, they 3 0.40
do not possess a catechol structure as seen in the 2- and;ﬁ 0’30
4-OHE, and so no @ consumption was measured. g ’
= 0,20
©
=
3.2. Formation of quinone estrogen in the presence g 010
of CwPt 2 000 -
= A ) N 2 v v v
s ¢ ¢ ¢ g L
The transfer of an electron to,Gshould be accompa- Q/c}"z’ & ,{0‘2\ &9@ \@0‘2\ q;o\)\ ‘,9\)\
nied by the conversion of the semiquinone estrogen to @é\ v d

its quinone form. The presence of quinone estrogen was
recently confirmed in our laboratory by HPLC chromatog- Fig. 3. Activation of proMMP-9 by estrogens. ProMMP-9 (0dg) was
raphy combined with a mass spectra analy&@]. After incubated for 2h at 37C with one of the estrogens tested (204) or
a 30min incubation of 4-OHEIn the presence of Cd, 0.01% ethanol. Git (10.M) was added at the beginning of the kinetic to

th ti ixt ted by HPLC d th | initiate the generation of free radicals. The level of MMP-9 activation was
€ reaction mixiure was separate Yy an € elU- easured using a fluorogenic peptide (MMP Substrate IIl). The kinetic of

tion peak was ionised by APCI to add a hydrogen ion. peptide cleavage was followed for 30 min using the 96-well plate reader
The resulting compound gave a signal corresponding to theset at aiex = 340nm and arem = 485nm (2-OHE: P < 0.01 vs.

molecular mass of the quinone estrogen plus 1 MH  estradiol.n = 3; 4-OHE: P < 0.01 vs. estradioln = 6).

Two hallmarks of the quinone estrogen were also present,

a signal corresponding to the addition of sodium (MNa  ing that the presence of 2- or 4-Oblvas necessary. For
and a second one due to the elimination of one water the sake of comparison, the level of activation obtained by
molecule (MH+(—H20)) [22]. The blue shift absorbance adding 4-OHE was 040 + 0.04 RFU/s P < 0.01 versus
from a maximum at 280 nm for 4-OHHo0 246 nm for the backgrounds = 6) compared to alevel 0f38+0.16 RFU/s
quinone estrogen also corresponded to the shift previouslywith the chemical activator APMA added at 1 mM and used
reported for catechol compound conversion to quin@3¢ as a positive control.

The mass spectra analysis was repeated with 4-MeOHE  The proMMP-9 activation assay was also performed
As anticipated, no quinone was detected with 4-Me@QHE with the other estrogens. As expected, estradiol, estrone,
supporting the thesis that the methylation of a hydroxyl 16a-OHE;, 2-MeOHE;, and 4-MeOHE did not increase the
group on the aromatic ring A forbids transfer of an electron level of MMP-9 activity much higher than the background

to O and the formation of quinone estrogen. level (Fig. 3). The metabolites derived from estrone, i.e. 2-
and 4-OHE as well as 2- and 4-MeOHE were not in-
3.3. Activation of proMMP-2 and -9 by estrogens cluded in the present study since we have previously shown

that the estrone and estradiol metabolites have identical
Metastases development is closely related to the activa-capacities to generate free radicgdg].
tion of some proMMPs, such as proMMP-2 and -9 for breast  To determine whether the hydroxyestrogens can activate
cancer. ProMMPs activation can be achieved by low con- other proMMPs, 4-OHEwas incubated in the presence of

centrations of reactive oxygen species such g8 HO® proMMP-2. As seen irFig. 4, the activation level obtained
and @*~ [9,10]. Since some estradiol metabolites gener-
ate these reactive species, we investigated whether they can 16
activate the proMMP-2 and -9. S _
The first series of assays was performed using the latent @ 14
MMP-9 (proMMP-9), incubated with the different estrogens =212
added at a concentration of 1M and incubated for 2h T 1,0
at 37°C. To initiate the generation of free radicals, Cu S 08
(10uM) was added. The level of MMP-9 activation was g 06
determined using a fluorogenic peptide, the MMP Substrate g
[l (Calbiochem). & 047
Significant activation of proMMP-%ig. 3) was observed E 0,2 -
after the addition of either 2- or 4-OHEand 4-OHE in- 0,0 - i
duced a 3.6-fold greater activation than 2-GHEhis ob- proMMP-9 + 4-OHE2 proMMP-2 + 4-OHE2
servation correlated with the respective capacity of 4- and
2-OHE to generate free radicals, as measured byc@n- Fig. 4. Activation of proMMP-2 and -9 by 4-OHE ProMMP-2 and -9

sumption Fig. 2). On the other hand, the addition of €u (0.17n.9) were incubated for 2h at 3T with 4-OHE; (10~°M) and

. . T CU?* (10pM). The level of MMPs activation was measured using a fluo-
alone at 1M did not activate the proMMP-9, indicat- rogenic peptide (MMP Substrate Ill) as previously described (proMMP-9

I + 4-OHE, vs. proMMP-9 alonep < 0.01,n = 6; proMMP-2+ 4-OHE,
1 1dem. vs. proMMP-2 aloneP < 0.01, n = 3).
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Table 1
MMPs activation at physiological concentration of 4-OHE

Enzymatic activity (RFU/s)

proMMP-2 + + + 105M 4-OHE; 108 M 4-OHE;
APMA = + - MMP-2 1.19+ 0.23 0.48+ 0.11
4-OHE, _ _ 4 MMP-9 0.40+ 0.04 0.26+ 0.06

Fig. 5. Cleavage of proMMP-2 propeptide by 4-OHProMMP-2 (4 ng)
was msubat?d with 4-OP@E(_lh(T >M) and C¢* (10M:V|) for 2f hat37°C. vation. However, circulating estrogen concentrations in pre-
Activation o pr'o.MMP-Z with 1 mM APMA' was also performed under menopausal women are around-20o 10-1°Mm [25]. The
the same conditions and used as a positive control. Samples were then . . L .
analysed using a gelatin zymography assay. estrogen concentration in breast tumours is higher reaching
10-50-fold the concentration found in blof@b]. In addi-
tion, higher enzymatic activities leading to the synthesis of

with MMP-2 was three-fold higher than that measured with hydroxyestrogens were also detected in breast tumours com-

MMP-9 (alone proMMP-9= 0.038+ 0.004 RFU/s,n = pared to normal tissufl2—14] Therefore, it is reasonable

6, proMMP-9+ 4-OHE, = 0.40 4+ 0.04 RFU/s,n = 6, to expect a level of 4-OHEaround 108 M in breast tu-

P < 0.01; alone proMMP-2= 0.01+ 0.03RFU/s,n = 3, mours. Thus, the enzymatic assay was repeated to determine
proMMP-2+ 4-OHE, = 1.194+ 0.23RFU/s;n = 3, P < if 4-OHE; can still activate proMMPs at a concentration as
0.01). low as 108 M.

Under these conditions, the level of MMP-2 and -9 acti-
3.4. Cleavage of the proMMP-2 propeptide by 4-QHE vated by 4-OHE in the presence of 10M Cu?" was still
high, reaching, respectively, 0.48 and 0.26 RFU/s, compared
Activation of proMMPs requires the removal of the !0 1.19and0.4RFU/s when the estradiol metabolite was in-

propeptide that covers the active site of the protease. Thiscubated at 10° M (Table J. In the absence of Cu, the

configuration is stabilized through an interaction between a level of MMPs activation with 10°M 4-OHE; was negligi-

cysteine located at a key position in the propeptide and able, i.e. 0.01 RFU/s_, suggesting that the activation at physi-

zinc atom at the MMP active sil&,8]. ological concentrations of 4-OHBEwvas related to the gener-
For more insight into the mechanisms of proMMP activa- ation of free radicals. For the sake of comparison, no signif-

tion by the hydroxyestrogens, cleavage of the propeptide of icant activation of proMMP-2 and -9 (RFU/s0.002) was

proMMP-2 was determined by gel zymography. This assay obtained when APMA was added at the same concentration

distinguished between proMMP and MMP which migrated as 4-OHE, i.e. 1078 M.

according to their molecular weights. Gel zymography is a

non-reducing acrylamide gel polymerized with the MMP-2 3.6. Role of C&i" in proMMP activation

substrate, gelatin. During electrophoresis, proMMP-2 is arti-

ficially activated without losing its propeptide. After migra- At a concentration of 10® M of 4-OHE;, the addition of

tion, the gel is incubated under appropriate conditions that Cu?* was required to activate proMMP-2 and -9. However,

allow all pro- and cleaved metalloproteinase species to lo- when the concentration of 4-OHBvas increased to 10 M,

cally digest the gelatin. Areas digested by metalloproteinasesproMMP-2 and -9 were activated even in the absence of

appear as clear bands after staining with Coomassie blue CU?*, although at a lower leveliable 2. The production of

ProMMP-2 activated by APMA was included as a control. free radicals by 4-OHErequires the participation of tran-
Human proMMP-2 has a molecular weight of 72kDa sition metals such as @t. The quantity of such ions was

while its activation by APMA yielded an active species of estimated in the preparation of proMMP-2 and -9 supplied

65 kDa[24]. The zymography assay demonstrated that the by Calbiochem (San Diego, CA) using the ascorbate assay

proMMP-2 is converted to its active MMP-2 form when in-

cubate in the presence of 4-OblFig. 5). These data sug-  pe 2

gest that free radicals generated by 4-GH&n disrupt the Role of C#* in proMMPs activation

interaction between the SH group of Gydocated in the

propeptide domain and the zinc atom at the MMP-2 active

Enzymatic activity (RFU/s)

site. 10°M 4-OHE; 1078 M 4-OHE,
MMP-2
3.5. MMP activation at a physiological concentration of +CuP+ 1.19+ 0.23 0.48+ 0.11
hydroxyestrogens —CU#t 0.17+ 0.01 0.01+ 0.01
MMP-9
. . . . . +
A relatively high concentration of estradiol metabolites ~ +C¥ 0.40+ 0.04 0.26+ 0.06
—CU?t 0.31+ 0.03 0.01+ 0.01

(10-°M) was used in the initial assays of proMMPs acti-
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Table 3 of estradiol stimulated cell growth but inhibited invasion and
Role of free radicals in proMMPs activation motility [27]. Supporting these data, the release of MMP-2
Enzymatic activity (RFU/s) and -9 from MCF-7 cells was not altered by estradiol
10-5M 4-OHE, 10-° M 4-OHE, [28,29] As e_xpected, no effect of estradiol was observed

on ER-negative MDA-MB-231 breast cancer cg86].

MMP-2 _ In this study, we report that the invasiveness of breast can-
lggg/man"'tm 0151& 8:;; g_f??i 8:(1); cer cells could be enhanced by the estradiol metabolites 2-
+Mannitol 0.91+ 04F 0.23+ 015 and 4-OHE. Indeed, these hormones generate free radicals

that convert the inactive proMMP-2 and -9 to their active

MMP-9 ) oo
— SOD/mannitol 0.40% 0.04 0.264 0.06 forms. Th|s activation of proMMPs was measured at a con-
+SOD 0.294 0.06 0.03+ 0.04 centration as low as 1@ M of both hormones, a concentra-
+Mannitol 0.27+ 0.06° 0.15+ 0.1 tion of hydroxyestrogens that can be found in breast tumours.

ays. MMP-2 — SOD/mannitols 4-OHE, 10-5M, 7 — 0.002.n — 4 Estradligl concentratiqns in plasma typically vary frgnTiO
bys. MMP-2— SOD/mannitok- 4-OHE, 10-8 M. P = 0.001.1 4. to 107 M [25], but higher levels can be reached in breast
¢ys. MMP-2 — SOD/mannitoH 4-OHE, 105 M, P = 0.106,n = 5. tissues. Aromatase, the enzyme catalyzing the rate-limiting
dvs. MMP-2 — SOD/mannitol4- 4-OHE, 108 M, P = 0.02,n = 5. step in estrogen biosynthesis, is widely present throughout

i —5 _ _ . . . —
¢vs. MMP-9 — SOD/mannitol+ 4-OHE, 10°>M, P =0.03,n = 4. the body. Breast tissue itself contains aromatase, both in its
fvs. MMP-9 — SOD/mannito+ 4-OHE, 108 M, P < 0.001,n = 4.

9vs. MMP-9 — SOD/mannitol+ 4-OHE, 10-5M, P < 0.01.n — 4 fgtty compone_nts _and in its epi'_chelial cel_ls, and_cfan synthe-
hys. MMP-9 — SOD/mannitol+ 4-OHE, 10-8M, P = 0.19, 1 = 4. size estrogen in situ. Immunohistochemical staining studies
to detect aromatase activity in breast tumours demonstrated
high levels of aromatase staining in individual cells, sup-
porting the concept that aromatase might act in an autocrine
or paracrine fashion in breast tisgi3d—33] Consequently,
Reed et al. demonstrated that up to 83% of tumour estrogen
levels could result from in situ aromatajs3].

Estradiol and estrone in breast tissues can then be
efficiently converted to their hydroxyestrogens equiva-
lents. Indeed, a study reporting the activity of the 2- and
3.7. Identification of the free radicals involved 4-hydroxylase from isolated malignant breast tumours

demonstrated that.28 x 10~4M 2-hydroxyestrogens and

To provide further evidence that MMPs activation induced 2.69 x 10~4M 4-hydroxyestrogens can be synthesized in
by hydroxyestradiol was mediated by free radicals, the scav-only 30 min[12]. The high level of 2- and 4-hydroxylase
engers Cu, Zn—-SOD and mannitol were added. The resultingin breast tumours results in the accumulation of 2- and
MMPs activity was measured using the fluorogenic peptide 4-hydroxylated estrogens at concentrations 50-fold higher

and C#+ as standard. In the preparations of proMMP-2 and
-9, the concentrations of Gt-like transition metals were,
respectively, 1.85 and 1.38Vl. These data suggested that
impurities in the proMMP-2 and -9 preparations could ini-
tiate the production of free radicals when the quantity of
4-OHE is elevated.

MMP Substrate I, as previously described. than detected levels of estradiol and estr{8f. The av-
Addition of Cu, Zn-SOD, which neutralizes,O, led erage level of 2-hydroxyestrogens in normal and malignant

to an important reduction of MMP-2 and -9 activation initi- tissues reached®7 x 10~7 and 156 x 10~ M, while con-

ated at either 10° or 1078 M of 4-OHE;, (Table 3. Inhibi- centrations of B x 10-% and 21 x 108 M were measured

tion by mannitol, the scavenger of MOwas still important  for the 4-hydroxestrogens (data reported by the authors in
but less pronounced than that obtained with Cu, Zn—-SOD. femtomoles per milligram tissue were converted to mol/l
These results suggest tha*O generated by this estradiol using a density of 1.0g/ml for breast tissues). Hydroxye-
metabolite could play an important role in the activation of strogen accumulation in breast tissues is also not related
MMP-2 and -9. to the presence of estrogen receptors, since similar levels
Catalase could not be used in our study since it interfered of 2- and 4-hydroxyestrogens were detected in+Eid
with the enzymatic assay used to quantify the level of MMP ER— breast tumour§35]. Considering the accumulation of
activation. 2- and 4-OHE in breast tumours, the local production of
free radicals by the hydroxyestrogens is likely to exceed the
concentrations needed to activate proMMPs in the current
4. Discussion study[12,19]
Generation of free radicals by hydroxyestrogens requires
Estrogens are known to stimulate the proliferation of the presence of a transition metal like ©u Although its
hormone-dependent breast cancer cells through an interconcentration is more elevated in breast tumours compared
action with estrogen receptors. However, the effect of es- to normal tissues, micromolar levels of free’Cas used in
trogens on invasion and metastases development has beeaur study would not be reached in viy86]. However, the
much less studied. Using estrogen receptor (ER)-positive 2- and 4-hydroxyestrogens are easily oxidised in cell cul-
MCF-7 and T47D cells, it has been shown that the addition ture media showing that other transition metals are already
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present either bound to proteins or free in the cellular envi- this estradiol metabolite was added at a concentration of
ronment. only 10-8M, while no significant activation was obtained
Activation of proMMPs by the 2- and 4-hydroxyestrogens when APMA was added at 18 M. In addition to the very
is mediated by @~ and HO. The presence of free rad- low concentration of 4-OHE used, the concentration of
ical scavengers in breast tissues could, therefore, regulatgproMMP-2 in the enzymatic assay was also very low, i.e.
the level of proMMPs activation. Breast cancer tissues are 1.18 x 10~/ M, suggesting that the reaction is very efficient
known to be under an oxidative stress which results in an up- and likely to occur in vivo.
regulation of antioxidant mechanisrf&7,38] On the other Using 4-OHE and proMMP-2 as examples, the likely
hand, we have previously demonstrated that the process ofsteps in the activation of proMMPs by hydroxyestrogens are
free radical generation by 2- and 4-OfiEan be enhanced as follows:
by some ant|OX|dants._ Indeed, hydroxyestrogens under the'r4-OHEg + C2+ = 4-OHE;—semiquinonet Cu*
semiquinone forms give an electron to oxygen generating
O2°*~, while the hormone is converted to its quinone estro- 4-OHE,—semiquinone+ O, — 4-OHE,—quinone+ Oz*~
gen structure. This quinone estrogen in the presence of an__ ,_
electron donor like NADH is reconverted to semiquinone 02" + proMMP-2 — MMP-2
estrogen creating a redox cycle that amplifies the generation Our study demonstrates that activation of proMMP-2 by
of free radicals by 2- and 4-OHE This redox cycle be-  4-OHE, proceeds through the cleavage of the propeptide,
tween semiquinone and quinone estrogens can also be mainwhich covers the active site blocking the entry to substrate.
tained by some antioxidants. Indeed, we have reported thatThis configuration is stabilized through an interaction be-
some antioxidants such &sacetylcysteine at low concen- tween a cysteine located at a key position in the propep-
trations can give an electron to the quinone estrogen generattide and the zinc atom at the MMP active sf&8]. This
ing the semiquinone estrogen and consequently maintainingconfiguration is common to most proMMPs. It is suggested
the semiquinone—quinone estrogen redox cycle. Therefore that free radicals can dissociate the cysteine—zinc interaction
the addition of this antioxidant results in an amplification of leading to autocleavage of the propeptide and the release of
free radical generatiof39]. On the other hand, other antiox- an active MMP[11,42] Our data indicate that £~ gener-
idants such as glutathione at certain concentrations, neutral-ated by 4-OHE at 108 M was the principal intermediary
ized free radicals and reduced oxidative damage mediatedto activate the proMMPs, while at 1®8M of the hormone,
by 2- and 4-OHE. both Q*~ and HO could trigger cleavage of the propep-
Deleterious effects of some antioxidants has been reportedtide. Supporting the involvement of free radicals, a higher
in women with breast cancdgd0]. Some cancer patients |evel of MMPs activation was obtained with 4-ObEom-
consume large doses of vitamins and minerals, especiallypared to 2-OHE, which corresponds to their relative capac-
antioxidants to neutralize free radicdi0,41] However, ity to generate free radicals. Furthermore, we note that of
mega-doses of antioxidants such@asarotene and Vitamin  the estrogens tested, those that cannot generate free radicals
C have led to an increase of recurrence and to a decreasare unable to activate the proMMPs.
of survival for women diagnosed with unilateral breast can-  The 2- and 4-OHEcould also be seen as universal activa-
cer and who have been treated with the usual chemotherapytors of proMMPs. The mechanisms by which 2- and 4-QHE
and radiotherapy treatmeni$0]. If 2- and 4-OHE, estra- activate proMMP-2 and -9 involve the generation of free rad-
diol metabolites have an important impact on breast can- icals and without the need of a specific amino acid sequence
cer progression, a deleterious outcome of antioxidant con-in the propeptide, as is normally required for the cleavage
sumption might be related to their capacity to maintain the mediated by a protease. Therefore, it is possible that 2- and
semiquinone—quinone estrogen redox cycle, and lead to an4-OHE, could induce the cleavage of other proMMPs.
enhancement of free radical generation by 2- and 4-QHE In summary, we have demonstrated that 2- and 4-©HE
Since antioxidants can either neutralise free radicals or at levels potentially present in breast cancer tissues can ac-
maintain the semigquinone—quinone estrogen redox cycle, thetivate proMMP-2 and -9. Since activation of MMPs is a key
capacity of hydroxyestrogens to activate proMMPs in breast step in tumour invasion of surrounding tissues, these obser-
tumours remains to be confirmed. vations offer a novel and potentially important mechanism
However, supporting the potential impact of 2- and by which estrogen metabolites may promote metastases in
4-OHE, in breast cancer progression, our data indicate thatwomen with breast cancer.
the reaction between proMMPs and 2- and 4-QHiEvery
efficient. Indeed, APMA at 1 mM was added as a chem-
ical activator of proMMPs. According to the zymogram Acknowledgements
analysis, more than 95% of the proMMP-2 were activated
by the APMA (Fig. 5, resulting in an enzymatic activity This research was supported by the Canadian Breast
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