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4-hydroxytamoxifen-induced apoptosis
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Abstract: Previously, we reported a strong association of the high activity SULT1A1*1 allele and overall survival of
patients receiving tamoxifen therapy, indicating that sulfation of 4-hydroxytamoxifen (4-OHT) via SULT1A1 may con-
tribute to the therapeutic efficacy of tamoxifen treatment. In most, but not all cases, sulfation is considered to be an
elimination pathway; therefore we sought to define the biological mechanism by which increased sulfation of ta-
moxifen could provide a therapeutic benefit. We compared the antiproliferative and apoptotic responses between
MCF7-SULT1A1 expressing cells and control MCF7 pcDNA3 cells when treated with 4-OHT. We observed a greater
than 30% decrease in cell proliferation in MCF7-SULT1A1 expressing cells at physiological concentrations of 4-OHT,
and significant cell death in SULT1A1-expressing cells treated with 2uM 4-OHT for 48 hours compared to control cells
(p<0.05). Within 24 hours of drug treatment, an 80% increase in apoptosis in SULT1Al-expressing cells was appar-
ent when compared to similarly treated cells that did not express SULT1A1. We also observed an increase in endonu-
clease G, the primary endonuclease expressed in ER-dependent breast cancer cells, which participates in caspase-
independent apoptosis. These data confirm that SULT1A1-mediated biotransformation of 4-OHT is important in the
efficacy of 4-OHT cytotoxicity in breast tumors, and reveals a potential role for sulfated metabolites in the efficacy of
tamoxifen therapy.

Keywords: SULT1A1, tamoxifen, apoptosis, genotype

Introduction

Tamoxifen has been the principal agent used in
endocrine therapy for post-menopausal women
diagnosed with estrogen receptor (ER) positive
breast cancer for more than 30 years. Its use
has contributed significantly to the decline in
breast cancer mortality [1], as well as reducing
the incidence of ER positive breast cancer by
48% when used as a chemopreventive agent in
high risk women [2]. In a recent report pub-
lished by the Early Breast Cancer Trialist’s Col-
laborative Group (EBCTCG), it was noted that
adjuvant tamoxifen therapy for 5 years reduced
the annual death rate in women diagnosed with

ER positive breast cancer by 31% regardless of
age [3]. However, 30% of women treated with
tamoxifen experience relapse within the first 5
years of therapy. Clearly, not all women diag-
nosed with ER positive breast cancer benefit
from tamoxifen, and additional prognostic mark-
ers aside from ER, and progesterone status are
needed [4].

The pharmacology and metabolism of tamoxifen
is complex and it is postulated that differences
in patient outcomes could be the result of indi-
vidual genetic variation in tamoxifen’s extensive
metabolic pathways. For example, cytochrome
P450 2D6 (CYP2D6) plays a critical role in the
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production of tamoxifen’s active metabolites,
endoxifen and 4-OHT. Several studies have
demonstrated that CYP2D6 genotypes have a
significant impact on efficacy of tamoxifen ther-
apy, as well as on drug interactions with thera-
peutic agents that are also substrates of
CYP2D6 [5-7]. While P450-mediated biotrans-
formation is critical to tamoxifen’s efficacy, ta-
moxifen metabolites also undergo secondary
conjugation reactions that can also be expected
to play a role in the pharmacogenetics of ta-
moxifen therapy.

Sulfotransferase isoform 1A1 (SULT1A1) is a
phase Il enzyme that is the primary sulfotrans-
ferase isoform responsible for the sulfation of 4-
OHT in breast tumors [8, 9 1. A genetic polymor-
phism in exon 7 of the SULT1A1 gene results in
the substitution of a histidine for an arginine at
position 213 of the translated protein, which in
turn produces an enzyme with much lower cata-
lytic activity and decreased thermal stability [10,
11]. Previously, we conducted a retrospective
study examining the relationship between
SULT1A1 genotype and overall survival of a co-
hort of women diagnosed with breast cancer
and treated with tamoxifen [12]. We hypothe-
sized that the impaired enzymatic activity and
decreased thermal stability conferred by the
SULT1A1*2 allele would result in decreased
clearance of 4-OHT via sulfation and therefore
increase the efficacy of tamoxifen treatment.
Contrary to our original hypothesis, we found a
strong association between survival and the
high activity SULT1A1*1 allele [12]. This asso-
ciation was not observed among women who
did not receive adjuvant tamoxifen therapy, indi-
cating that variability in prognosis is dependent
on SULT1A1 expression and the subsequent
sulfation of 4-OHT. Other studies have reported
the same trend of overall survival associated
with tamoxifen treatment and the SULT1A1*1
gene [13]. Although these findings suggest that
the sulfated metabolite, 4-sulfoxy-tamoxifen
(804-TAM) has some therapeutic value, the bio-
logical basis of this association is not clear. The
current study demonstrates that expression of
SULT1A1 in breast cancer cells significantly in-
creases cytotoxicity and apoptotic response
when these cells are exposed to 4-OHT. Apop-
tosis was associated with increased expression
of cell death endonuclease G (EndoG), which
has recently been associated with cell injury in
breast, head and neck, and prostate cancer
cells [14-16]. These data demonstrate that
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SULT1A1-mediated sulfation of 4-OHT in breast
tumors is not a process of elimination, but of
activation, that enhances the well-characterized
cytotoxic effects of 4-OHT in tamoxifen therapy.

Materials and methods
Chemicals

(2)-4-OHT was purchased from Sigma-Aldrich. (e)
-S04-TAM was prepared as previously described
[17] by reacting (2)-4-OHT with SO3z-Py, and pre-
cipitated as a salt by the exchange of the
pyridinium ion for potassium. Working stocks
were made in dimethylsulfoxide (DMSOQ). Chemi-
cals used in HPLC analysis were purchased
from Fisher Scientific (Waltham, MA). The [2, 4-
3H] E2 (26.5 Ci/mmol) used in the ER competi-
tive-binding assays was purchased from Sigma-
Aldrich (St. Louis, MO) and the [methyl-3H]
thymidine (6.7 Ci/mmol) used in the cell prolif-
eration assays was purchased from Perkin
Elmer (Waltham, MA).

Estrogen receptor competitive binding assay

The specificity of SO4-TAM for either recombi-
nant ER o or B (PanVera, Madison, WI) was de-
termined by a method described previously
[18]. Each competitor was assayed in three in-
dependent experiments, all within a standard
error of 10%. Data for each competitor and the
Eo> standard curve were plotted as a percent 3[H]
E2> bound versus molar concentrations and the
ICso for each competitor determined. The rela-
tive binding affinity for each competitor was
determined by dividing the ICso of E2 by the ICso
of the competitor and expressed as a percent
(E2 =100%).

Steroid sulfatase assay

Inhibition of estrone sulfatase by S04-TAM was
analyzed by incubation of estrone sulfate (200
UM ), SO4-TAM (100 uM) with human liver micro-
somes containing sulfotransferases (2.5 mg of
protein) in a Tris-HCI buffer [ 50 mM Tris-HClI,
pH 7.5, 15 mM MgCl2], total volume 250ul, for
15 minutes at 37°C, shaking at 450 rpm in a
thermomixer. The reaction was terminated with
250yl ice-cold acetonitrile and proteins were
precipitated by centrifugation [22,000 X g, 5
minutes, 4°C]. The supernatant was filtered us-
ing an Ultrafree-MC LH PTFE 0.45um spin col-
umn (Millipore, Billerica, MA) and then analyzed
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by HPLC using a YMC AM column (50 x 4 mm
I.D., C-18 3 um) as previously described [19].

Cell culture and generation of cell lines
expressing SULT1A1

Cell lines were obtained from the American Type
Culture Collection (Rockville, MD). MCF7 cells
were maintained at 37°C under 95% humidity
and 5% CO2; cells were cultured in EMEM me-
dium supplemented with 10% fetal bovine se-
rum, 2 mM glutamine, and 0.01 mg/ml bovine
insulin. MDA MB 231 cells were cultured in
RPMI supplemented with 10% FBS and 1%
glutamine, and maintained at 37°C and 5% CO-.
The SULT1A1*1 cDNA, a kind gift from Dr.
Shogo Ozawa (lwate Medical University, Japan),
was subcloned into the EcoRI/Hindlll sites of
the pcDNAs (-) vector. Cells were transfected
according to manufacturer’s instructions
(Invitrogen, Carlsbad, CA) and expression of
active SULT1A1 was assessed by Western blot
and enzymatic activity assays. Stable clones
were routinely cultured in the appropriate media
with the addition of G418.

Western blotting

Cell pellets from MCF7 pcDNA3 and SULT1A1
cell lines were lysed [50 mM Tris-HCI, pH 7.5, 1
mM EDTA, 150 mM NaCl, 1% NP40, 50 ug/ml
phenylmethanesulfonyl fluoride] and proteins
were separated by SDS-polyacrylamide gel elec-
trophoresis. Blotted proteins were incubated
with the polyclonal anti-SULT1A1 antibody
(1:1000) overnight at 4°C, rinsed and incubated
in rabbit anti-goat secondary (1:1000) for 1
hour before chemiluminescense detection using
SuperSignal West Femto Maximum Sensitivity
Substrate (Pierce, Rockford, IL). For a loading
control, actin was also probed using a mono-
clonal antibody (1:5000) (Santa Cruz Biotech-
nology, Santa Cruz, CA). Immunoreactive bands
were analyzed by an Alphalmager 8900 gel doc
system (San Leandro, CA). A commercially avail-
able human liver cytosol pool was used as the
positive control for SULT1A1 expression
(Gentest, BD Biosciences, Woburn, MA).
Matched pairs of infiltrating ductal carcinoma
lysates and their corresponding normal tissue
lysates were purchased from Protein Biotech-
nologies (San Diego, CA).

Sulfotransferase enzymatic assays
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MCF7 pcDNAs and SULT1A1 expressing cells
were lysed in lysis buffer [50 mM Tris-HCI, pH
7.5, 1 mM EDTA, 150 mM NaCl, 1% NP40, 50
ug/ml phenylmethanesulfonyl fluoride] for 30
minutes on ice. Supernatants were recovered
after a 1 hour spin in an ultracentrifuge
(100,000g, 4°C), removing intact cells and most
subcellular membrane contaminants. Cytosols
were assayed for SULT1A1 activity using a col-
orimetric assay as previously described [20].
Commercially available human liver cytosol pool
was used as the positive control for SULT1A1
activity (Gentest, BD Biosciences, Woburn, MA).
Results were reported as nmol/min/mg protein.
Controls without  3’-phosphoadenosine-5’-
phosphosulfate (PAPS), and protein were used
in each assay set to assess time-dependent
changes in optical density. Protein concentra-
tions were measured by a microscale Bradford
method using bovine serum albumin as the ref-
erence standard.

Production of SO4-TAM in human hepatocytes
exposed to 4-OHT

Cryopreserved human hepatocytes were thawed
according to manufacturer’s instructions (BD
Biosciences, San Jose, CA) and incubated with
increasing concentrations of 4-OHT for 1 to 2
hours after which the cells were harvested and
lysed in buffer [50 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 150 mM NaCl, 1% NP40, 50 pg/ml
phenylmethanesulfonyl fluoride], and filtered
using an Ultrafree-MC LH PTFE 0.45 um spin
column (Millipore, Billerica, MA). Sulfated-4-OHT
metabolites were analyzed by Micro triple quad-
rupole mass spectrometer (Waters Associates,
Manchester, UK) as previously described [21].

3[H]-Thymidine incorporation assays

MCF7 parent cells and MCF7 cells expressing
pcDNAsz or SULT1A1 were deprived of estrogens
for 48 hours in media containing charcoal-
stripped FBS, after which cells were seeded at a
density of 1-3 x 104 cells per well in a 96-well
plate and treated with vehicle (<0.1% DMSO0), or
increasing concentrations of estradiol or 4-OHT
for 24 hours. Cells were labeled using 3[H]
thymidine, 0.25 pCi/ well, for 1-3 hours, then
harvested and collected onto a glass fiber filter
using a Microbeta FilterMate 96 harvester
(Perkin Elmer, Waltham, MA) as per manufac-
turer’s instructions. Proliferation was measured
using a Microbeta Trilux 1450 LSC and lumines-
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cence counter (Perkin Elmer, Waltham, MA).
Each experiment was performed in triplicate
and expressed as a percentage of the vehicle
control which was set at 100%.

Cell viability assays

In the MCF7 parent cells, viability was deter-
mined by crystal violet staining. In brief cells
were deprived of estrogen for 48 hours in media
containing charcoal-stripped fetal bovine serum,
seeded at 10,000 cells/well in a 96-well plated
and treated with vehicle (<0.1% DMSO) or in-
creasing concentrations of 4-OHT (1-30 uM) for
24 hours after which the cells were washed with
1X PBS and stained with crystal violet [0.5%
crystal violet, 30% ethanol, 3% formaldehyde],
washed again with 1X PBS and lysed using a 1%
SDS solution. Dye uptake into live cells was
measured at 570 nm using a microplate reader.
Additionally, cell viability was assessed by clonal
dilution assays. Cells expressing pcDNA3 or
SULT1A1 were deprived of estrogen for 48
hours, seeded at a density of 2 X 105 in a 24-
well plate, and treated with vehicle (<0.1%
DMSO0), 2 uM tamoxifen or 2 uyM 4-OHT for 48
hours, after which the cells were serially diluted
in EMEM with 10% fetal bovine serum and incu-
bated for 5 days. On day 5, colonies were fixed
and stained using a crystal violet solution (0.5%
crystal violet, 30% ethanol, 3% formaldehyde)
for 10 minutes at room temperature. Excess
stain was washed away with 1 X PBS, and colo-
nies were counted using the Kodak ID image
analysis software (Carestream Molecular Imag-
ing, New Haven, CT). Colonies were counted at
the 103 dilution, which averaged 31 colonies in
vehicle treated cells. This experiment was per-
formed in triplicate. The percent of colony for-
mation was calculated by dividing the average
of the treated cells by the vehicle which was set
to 100%.

TUNEL assay and EndoG immunocytochemistry

Cells expressing SULT1A1 or pcDNAs were
seeded at a density of 3-4 X 104 cells in a 8-well
glass chamber slide, and treated with vehicle,
10 yM 4-OHT, or SO4-TAM in phenol-red free
medium supplemented with 5% charcoal
stripped fetal bovine serum for 24 hours. Cells
were fixed (4% paraformaldehyde, 0.012%
saponin, 1x PBS), washed, and probed with ei-
ther polyclonal anti-EndoG antibody (dilution
1:400) (Millipore, Bedford, MA) at 4°C over-
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night. Primary antibodies were detected with
anti-rabbit IgG-AlexaFluor 594 (Invitrogen, Carls-
bad, CA). Cells were then subjected to terminal
deoxynucleotidyl transferase mediated dUTP
nick end labeling (TUNEL) staining using the In
Situ Cell Death Detection Kit from Roche Diag-
nostics (Indianapolis, IN). After washing and
DNA counterstaining with 4,6-diamidino-2-
phenylindole (DAPI) cells were mounted under
coverslips using the Antifade kit (Invitrogen) and
analyzed under an Olympus IX-81 microscope
(Olympus, Center Valley, PA) with green, red or
blue filter sets from Chroma Technology Corp.
(Rockingham, VT). Images and acquisitions
were done using digital camera HAMAMATSU-
ORCA (Hamamatsu, Bridgewater, NJ) and soft-
ware SlideBook 4.2 (Intelligent Imaging Innova-
tions, Denver, CO). Images were developed,
masked and analyzed using the SlideBook soft-
ware. For evaluation of TUNEL all images were
automatically masked by DAPI and TUNEL. The
areas of the designated masks were measured
and percentage of TUNEL-positive nuclei was
calculated for each field of view. Expression of
the EndoG was acquired by evaluation of the
integral optical density (I0D) per either every
available cell or TUNEL-positive cell in the given
field of view. The experiment was repeated in 8
replicates. At least 10 different fields of view
per replicate were analyzed.

Statistical analysis

Statistical analysis was performed using ANOVA
and Student's t test. Results were expressed as
mean + SEM. P-values < 0.05 were considered
to be significant.

Results

To define the mechanism of the association
between the high activity SULT1A1*1 allele and
overall survival in patients receiving tamoxifen,
we investigated several hypotheses pertaining
to putative biological activity of SO4-TAM, includ-
ing affinity for the estrogen receptor, potential
as a substrate or inhibitor for sulfatase, and
capacity to induce apoptosis. Although it was
expected that SO4-TAM, in common with sul-
fated estrogens, would possess no activity to-
ward nuclear receptors, we tested this empiri-
cally. Recombinant ERax and ERP were incu-
bated with 3H-Estradiol and increasing concen-
trations of unlabeled estradiol, 4-OHT or SOqs-
TAM as described in the Materials and Methods.
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Table 1. Interaction of tamoxifen metabolites with estrogen receptors and steroid sulfatase

Estrogen Receptor Binding

Inhibition of Steroid Sulfatase Activity

Ligand * % Binding affin- * % Binding
ity for ERa (%, SD) affinity for ERB
(%, SD)
Estradiol 100 (ref) 100 (ref)
4-OH-TAM 153.8+12.3 59.2+4.7
S04-TAM 1.8+0.4 nd

Incubation Estrone 4-OH-TAM
conditions (pmol min? (pmol mint
mg protein-1) mg protein-1)
Estrone-sulfate, nd nd
no enzyme
Estrone-sulfate 123.1+7.7 nd
+ HLM
Estrone-sulfate 118 + 15.6 nd
+ HLM + 100
MM SO4-TAM

*percent compared to estradiol; SD from 3 independent measurements.

nd = not detectable

Tumor

A [ Normal

. I
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—
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Figure 1. Characterization of SULT1A1 expression in breast cancer tumors and cell lines. (A) Western blot analysis of
SULT1A1 expression in matched specimens of infiltrating ductal carcinoma lysates (100 ug) and their corresponding
normal breast tissue controls. (B) stably-transfected ER-dependent MCF7 cells, Lane 1, MCF7 pcDNAs (50 pg), Lane
2, MCF7 SULT1A1 (50 pg), Lane 3, human liver cytosol (50 pg). Lysates were separated by SDS-polyacrylamide gel
electrophoresis, blotted, and probed with anti-SULT1A1 antibody (1:1000) developed by Open Biosystems (Huntsville,

AL) as described in the Materials & Methods.

Results of these assays are summarized in
Table 1. Under these experimental conditions,
estradiol and 4-OHT bound the ERa receptor
with equal affinities, consistent with previous
reports [22], while 4-OHT binding affinity for ER(
was calculated as 40% that of estradiol. SOas-
TAM had very low or no affinity for either ERx or
ERB.

Sulfated compounds have been shown to inhibit
the activity of sulfatase, an enzyme that contrib-
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utes to the steroid pool in tumors by deconju-
gating circulating sulfated steroids. Reaction
mixtures composed of hepatic microsomal frac-
tions were incubated with estrone-sulfate with
or without the addition of SO4-TAM and analyzed
by HPLC. Incubations with estrone-sulfate re-
sulted in substantial regeneration of estrone
(Table 1) however the addition of SO4-TAM up to
100 uM did not inhibit sulfatase activity. Like-
wise, no regeneration of 4-OHT was detected in
these reactions, suggesting that SO4-TAM is not
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a substrate nor inhibitor of sulfatase activity.

Since TAM-associated apoptosis has been re-
ported in the literature, we also examined the
capability of SO4-TAM to induce apoptosis in ER-
dependent MCF7 cells. In the literature, it has
been reported that SULT1A1 expression is low
in normal breast epithelial compared to breast
tumors [22]. Therefore, we screened for
SULT1A1 expression in 5 matched specimens of
infiltrating ductal carcinomas and their corre-
sponding normal adjacent breast tissue by
Western. As seen in Figure 1A, SULT1A1 expres-
sion was detected using a polyclonal anti-
SULT1A1 antibody in breast tumors (60%), but
was not detected in the normal breast tissue.
MCF7 cells, however, endogenously express
very little SULT1A1 and so to test whether SOs-
TAM induces apoptosis, we stably transfected
SULT1A1 into this cell line (Figure 1B).

SULT1A1 is highly expressed in the liver [23],
therefore, we sought to verify the capability of
human hepatocytes to produce SO4-TAM on
exposure to 4-OHT. In hepatocytes, we see an
accumulation of SO4-TAM following short expo-
sures to 4-OHTAM (Figure 2A). Cytosols pre-
pared from hepatocytes are enzymatically active
(6.23 nmol/mg/min) and activity in cytosols
prepared from MCF7-SULT1A1 cells were com-
parable to liver cytosols (Figure 2B), and exhib-
ited a 5-fold increase in activity compared to the
MCF7 pcDNAs cytosols. Thus, the level of
SULT1A1 produced by MCF7-SULT1A1 was con-
sistent with physiological levels found in human
liver, strengthening the physiological relevance
of our subsequent studies. SULT1A1 has little
affinity for estradiol at physiological concentra-
tions [8], so to further confirm that the expres-
sion of SULT1A1 was representative of physio-
logical conditions, we examined whether
SULT1A1 expression altered the estrogen-
dependent cell proliferation of the MCF7 cells.
As show in Figure 3A, increasing concentrations
of estradiol (0-0.1 nM) added to estrogen-
deprived MCF7 SULT1A1 cells stimulated cell
growth at physiological concentrations of estra-
diol. At higher concentrations (UM), we observed
inhibition of estrogen-dependent proliferation in
the SULT1A1-expressing cells, consistent with in
vitro experiments at non-physiological concen-
trations [24], therefore the following series of
experiments were conducted in estrogen-free
media.
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Figure 2. SULT1A1 is responsible for sulfation of 4-
OHT. (A) Following short exposures to 4-OHT (1-10
uM), SO04-TAM accumulates in primary human liver
hepatocytes as measured by mass spectrometry. (B)
SULT1A1 activity is also monitored indirectly through
the synthesis of 2-napthylsulfate and the PAPS re-
generation system that generates p-nitrophenol
which can be quantified colorimetrically at 405 nm
[20]. SULT1A1 activity in MCF7 SULT1A1 cells corre-
lates with protein expression as determined by West-
ern blot.

In ER-dependent breast cancer cell lines, 4-OHT
treatment can result in an antiproliferative ef-
fect that is either cytostatic or cytotoxic; both
are dependent on drug concentration and dura-
tion of treatment [25]. Therefore, we tested the
effect of 4-OHT in our parent MCF7 cells. Estro-
gen-deprived MCF7 cells were treated with in-
creasing concentrations of 4-OHT for 24 hours
at which time cell growth inhibition was meas-
ured by 3[H]-thymidine incorporation and cell
viability measured by crystal violet. As seen in
Figure 3B, we observed a steady decrease in
proliferation with increasing concentrations of
drug. At 10 pM, we observed > 90% inhibition
of cell growth, however, this antiproliferative
effect did not correspond to cytotoxicity which
was less than 20% at 10 uyM of 4-OHT. Based
on these observations, we treated estrogen-
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Figure 3. Expression of SULT1A1 does not alter estro-
gen-stimulated growth in ER positive cells. (A) Estro-
gen deprived MCF7 pcDNAs (A) and MCF7 SULT1A1
expressing cells (A) were treated with increasing con-
centrations of estradiol for 24 hours and the cells
were labeled using 3[H]-thymidine. For control pur-
poses, the ER-independent cell line MDA MB 231 (m)
was also treated with increasing concentrations of
estradiol. (B) Estrogen-deprived MCF7 cells were
treated with increasing concentrations of 4-OHT for
24 hours. Antiproliferation was measured by 3[H]-
thymidine and plotted as a line-graph from the left y-
axis. Cytotoxicity was also measured and plotted in a
bar graph. In both experiments, samples were as-
sayed in triplicate and expressed as a percentage of
the vehicle control (DMSO) which was set at 100%.

deprived MCF7 pcDNAs and SULT1A1 express-
ing cells with a low range of 4-OHT concentra-
tions, which experimentally should have little
effect on cell growth and measured growth inhi-
bition by 3[H]-thymidine incorporation. As ex-
pected, in Figure 4A, we did not see substantial
antiproliferative effect of 4-OHT treatment in the
pcDNAs cells at 24 hours, but there was a
steady decrease in cell proliferation with in-
creasing 4-OHT concentrations in the SULT1A1
expressing cells; this decreaseranged from 25-
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Figure 4. SULT1A1 expression enhances 4-OHT anti-
proliferative effects and cytotoxicity in estrogen-
deprived MCF7 cells. (A) In the MCF7 SULT1A1 (o)
expressing cells, 4-OHT mediated cell cycle arrest
was greater for all concentrations (0-2 uM), *p <
0.05, at 24 hours, compared to the MCF7 pcDNA3
cells (m). (B) The cytotoxic effect of 4-OHT treatment
was measured in MCF7 pcDNAs or SULT1A1 express-
ing cells by colony formation. Following 5 days of
growth of 4-OHT treated SULT1A1 expressing cells
was significantly hindered compared similarly
treated pcDNAs control cells, *p<0.05. (C) Apoptosis
is also observed in MCF7 SULT1A1 expressing cells
treated with 4-OHT (10 uM) for 24 hours compared
to similarly treated pcDNAs control cells, *p<0.05
compared to the appropriate vehicle; #p<0.05 com-
pared to pcDNAs expressing cells. TUNEL assay was
performed as described in Materials and Methods,

55% compared to the pcDNAs expressing cells
(p<0.05). In Figure 4B, at the highest concen-
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tration (2 uM), 4-OHT-mediated growth arrest
leads to cell death as measured by colony for-
mation. MCF7 pcDNAs and SULT1A1 expressing
cells were treated with 4-OHT for 48 hours, then
serially diluted into drug-free complete media.
Following 5 days of growth, we observed a sig-
nificant decrease in the colonies formed in the
4-OHT-treated SULT1A1 cells compared to simi-
larly treated pcDNAsz expressing cells (p<0.05).
No observable difference was seen between
pcDNAs and SULT1A1 expressing cells following
treatment with the parent compound, ta-
moxifen, which is not sulfated by SULT1A1,
thereby supporting the observation that hydroxy-
lation of the parent compound is necessary for
SULT1A1 to exert an effect.

It has been established in the literature that
micromolar concentrations of 4-OHT induce
apoptosis in ER-dependent and ER-independent
breast cancer cell lines [25, 26]. Based on the
results in Figure 3B, pcDNAs and SULT1A1 ex-
pressing cells were treated with 10 yM 4-OHT
for 24 hours, a time point at which the ER-
mediated 4-OHT apoptotic response would not
factor into the apoptotic response associated
with the accumulation of SO4-TAM in the
SULT1A1 expressing cells, then measured apop-
tosis by TUNEL. At 24 hours, there was no ob-
servable increase in DNA fragmentation be-
tween the vehicle-treated and 4-OHT-treated
MCF7 pcDNAs cells (Figure 4C). However, in the
MCF7 SULT1A1 expressing cells, we observed
an 87% increase in apoptosis as measured by
TUNEL following 4-OHT treatment compared to
its vehicle control (p<0.05). MCF7 pcDNAs cells
treated with synthetic SO4TAM (10 uM) also
induced apoptosis by DNA fragmentation
(Figure 4C). Given the results in Figure 4A, it
would be reasonable to hypothesize an additive
or synergistic effect of both 4-OHT and SO4-TAM
in the SULT1A1 expressing cells as measured
by apoptosis (TUNEL), however, the MCF7 cells
are caspase-3 deficient [27], resulting in a lower
apoptotic response compared to cell lines with
caspase-3 expression, which may effect our
ability to observe an effect between the two
metabolites. Although 4-OHT’s primary mecha-
nism of action is ER-mediated, other ER-
independent mechanisms have been reported
via several different apoptotic pathways [22,
24]. At this time, it is not clear whether apop-
tosis observed for SOs4-TAM- treated pcDNA3
cells and 4-OHT-treated MCF7-SULT1A1 cells
share a common apoptotic pathway.
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Finally, the effect of SULT1A1 expression on
the expression of EndoG, the endonuclease that
was previously shown to be important in breast
cancer cell apoptosis [14] was examined (Figure
5A). Among TUNEL-positive SULT1A1 expressing
cells, we observed a 4-fold increase in EndoG
expression (p<0.05) compared to the TUNEL-
positive pcDNAs expressing cells treated with 4-
OHT (Figure 5B) and a trend for increased En-
doG expression, which did not reach statistical
significance in when compared to its vehicle
control. In the total cell population, our data was
similar to findings in TUNEL-positive cells, but
had lower values and higher deviations due to
the strong cellular diversity (Figure 5C).

Discussion

The primary biological function of SULTs is to
catalyze the transfer of the sulfonyl group from
3’-phosphoadenosine 5’-phosphosulfate (PAPS)
to the hydroxyl, sulfhydryl, amino or N-oxide
groups of various substrates, thus increasing
their solubility and facilitating their excretion. Of
these, SULT1A1 is the most highly expressed
hepatic sulfotransferase, and is widely distrib-
uted in other tissues, including breast tumor
tissue [24]. Given that SULT1A1 is expressed in
breast tumors (Figure 1A), but not in normal
breast tissue and is the primary sulfotrans-
ferase responsible for sulfation of 4-OHT, it is
plausible that changes in SULT1A1 activity may
influence therapeutic outcome. In a retrospec-
tive study, we were the first to identify an asso-
ciation between the high activity allele of
SULT1A1 and overall survival of breast cancer
patients receiving tamoxifen [12]. This result
was counter to our a priori hypothesis since the
direction of the response favored patients who
rapidly metabolized the active metabolite (4-
OHT) into what was believed to be an inactive
sulfated form. Yet, subsequent studies have
supported our initial observation [13]. There-
fore, we investigated the possibility that SOs-
TAM is biologically active and contribute to the
overall efficacy of tamoxifen therapy.

Sulfated steroids are generally considered to be
receptor-inactive. Therefore, it was not surpris-
ing that SO4-TAM has little affinity for either ER«x
or ERpB (Table 1). We also concluded that SOs-
TAM is not a steroid sulfatase inhibitor and does
not reduce the levels of synthesized estrogen in
mammary tissues [28, 29]. SO4-TAM is not a
substrate for sulfatase, which would provide a
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Figure 5. EndoG expression increases in 4-OHT treated SULT1A1 expressing cells, representative images (A). EndoG
protein expression in apoptotic subpopulation (B) and entire population (C) of pcDNAs- and SULT1A1-expressing
MCF7 cells treated with vehicle or 4-OHT for 24 hours. Immunocytochemistry and TUNEL assay were performed as
described in Materials and Methods. n=8, #p<0.05 compared to pcDNA3 expressing cells. n=8, scale bar - 30 ym.

reservoir of circulating SO4-TAM for the regen-
eration of the active metabolite, 4-OHT in breast
tissues, similar to the regeneration of dehy-
droepiandrosterone (DHEA) from DHEA-S [30].
However by introducing SULT1A1 into MCF7
cells, the antiproliferative and cytotoxic re-
sponse associated with 4-OHT treatment in
breast cancer cell lines at intra-tumor concen-
trations was significantly improved [25, 31-33].
These findings demonstrated that SO0s-TAM is
biologically active within the tumor cell, mediat-
ing an apoptotic response that is dependent on
SULT1A1 expression, and is associated with
increased expression of EndoG, which to our
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knowledge has not been reported previously in
4-OHT-mediated apoptosis. EndoG belongs to a
family of cell death endonucleases normally
described as downstream effectors of apoptotic
cascades, though capable of acting alone fol-
lowing activation or overexpression in cell lines
[34, 35]. In several cancers, EndoG has been
identified as a key enzyme in caspase-
independent apoptosis following treatment with
different chemotherapeutic drugs [14-16]. In
breast epithelium and breast cancer cell lines,
EndoG is the major endonuclease expressed,
and endogenous expression is higher in well-
differentiated ER-positive cells [14].
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Although the number of TUNEL-positive
SULT1A1 expressing cells treated with vehicle
was lower than treated with 4-OHT, the EndoG
expression in TUNEL-positive SULT1A1 express-
ing cells was insignificantly elevated as com-
pared to pcDNAs expressing cells and was not
statistically different from EndoG expression in
TUNEL-positive SULT1A1 expressing cells. This
observation may be explained by the universal
role of EndoG at sites of DNA degradation and
cell injury that was shown in our other models
[14] [36]. Perhaps, the ER-mediated 4-OHT anti-
proliferative effects observed in the pcDNA3
expressing cells is also capable of inducing En-
doG and therefore could be an interest for fu-
ture studies.

In the liver, cytochrome P450 enzymes, CYP
3A4/3A5 and CYP2D6 are responsible for pro-
ducing the active tamoxifen metabolites, 4-OHT
and endoxifen, that bind to the ER, thereby in-
hibiting estradiol-driven cellular proliferation in
tumors, which is considered the primary mecha-
nism of action of tamoxifen therapy. Recent
studies have identified several CYP2D6 genetic
polymorphisms (CYP 2D6*3, *4, *5, *10), and
CYP2D6 inhibitors routinely prescribed to ta-
moxifen patients to relieve depression and hot-
flashes that significantly reduce endoxifen
plasma concentrations, limiting the effective-
ness of tamoxifen therapy, and increasing the
risk of recurrence [5, 6, 37]. While CYP2D6 is
critical in the hepatic production of endoxifen,
our data suggests that SULT1A1 expression and
activity may be equally important in eliciting an
apoptotic response in breast tumor cells.

In conclusion, we found a mechanism of action
that corroborates our report and other reports
that high activity SULT1A1*1 allele is beneficial
to patients receiving tamoxifen [12, 13]. Based
on these data, it appears that SULT1A1 expres-
sion in breast tumor cells enhances the existing
antiproliferative/apoptotic responses of ta-
moxifen’s active metabolite, 4-OHT, and reveals
a unique role for SULT1A1 in patient response
and efficacy of tamoxifen therapy.
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