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Abstract

Human estrogen sulfotransferase (SULT1E1) and nuclear factor erythroid 2-related factor 2 (Nrf-2) expression influences
each other in advanced human breast carcinogenesis. The difference in the metabolism of estradiol (E2) in pre- and post-
menopausal women remains to be connected with post-menopausal breast cancer. A synergism between ROS production
and E2 generation has been demonstrated. No definite mechanism for simultaneous functions of Nrf2, oxidative stress E2
regulating enzymes (SULT1E1) has been yet clarified. Our present review demonstrates that ROS dependent regulation of
Nrf-2 is one of the most important determinants of E2 regulation by altering SULT1EI expression. This study also focuses
the idea that estrogen receptor cased subtypes of cancer may have different molecular environments which has an impact
on the therapeutic efficacy.
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Abbreviations HO-1 Heme oxygenase-1
SULTIEI Estrogen sulfotransferase GPX Glutathione peroxidase 1
Nrf-2 Nuclear factor erythroid 2-related factor 2 NQOI1 NADPH dehydrogenase, quinone 1
VAT Visceral adipose tissue GST Glutathionine S transferase
16aOHE1 160-Hydroxyestrone SOD Superoxide dismutase
STa Hydroxysteroid sulfotransferase Keapl Kelch-like ECH-associated protein 1
MTX Methotrexate DLG Low-affinity binding site
AST-IV Aryl sulfotransferase IV LPS Lipopolysaccharides
MDA Malondialdehyde CBP Cyclic-AMP response element binding
NADPH  Nicotinamide adenine dinucleotide phosphate protein

hydrogen MafF Musculoaponeurotic fibrosarcoma homolog F
MDA DG Deoxyguanosine malondialdehyde MafG Musculoaponeurotic fibrosarcoma homolog G
MDA DA Deoxyadenosine malondialdehyde MafK Musculoaponeurotic fibrosarcoma homolog K
ENU Ethyl nitroso urea HNF4a Hepatocyte nuclear factor 4o
ARE Antioxidant response element FXR Farnesoid X receptor

PXR Pregnane X receptor
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The aerobic life system in the mammalians has extensive
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USA Carcinogenesis is a multi-step and multi-factorial disease.
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Oxidative stress is one of the steering factors in the initia-
tion and pathogenesis of cancer. Modifiable risk factors are
related to breast cancer pathogenesis and severity [4]. Even
the obesity associated risk of breast cancer differs on the
basis of estrogen receptor (ER) status in pre- and postmeno-
pausal women [5]. Estrogen and estrogen receptor influences
several factors that may cause breast cancer. An animal study
confirms the effect of estrogen (mainly estradiol) on adipose
tissue. Some studies also reports that visceral adipose tis-
sue (VAT) is a major site of estrogen production. Obesity
can induce pulmonary hypertension and causes changes in
estrogen metabolism. This condition results in an increased
production of 16a-hydroxyestrone (16aOHE]1) instead of
normal estrogen from visceral adipose tissue (VAT) and
16a-OHEL1 contributes to oxidative stress [6]. These reports
suggest influence of estrogen and its metabolite directly or
indirectly on the occurrence of breast cancer.

The Sulfotransferase family 1E member 1 (SULTIE1)
disrupts estrogen homeostasis by sulfo-conjugation/deacti-
vation of estrogen and may control tumorigenesis and or
progression of breast and endometrial cancers. The pro-
tein levels of SULT1E1 were found to be reduced in breast
cancer cell line (MCF-7, T47D and MDA-MB-435 cells).
Whereas the same study have also shown that inducing
SULTI1ELI overexpression were able to inhibit the growth of
breast cancer cell, induced apoptosis and arrested cell cycle
progression [7]. Studies also suggest that an impairment of
SULTIEI activity occurs via redox modulation [8]. Oxida-
tive stress takes regulatory actions on estrogen metabolizing
proteins. Studies suggested that Nrf2 induces the expres-
sion of SULT1EI1, which subsequently increases sulfation
of estrogen leading to its deactivation. This sequentially is
able to limit the estrogen-mediated activation of Nrf2 [9].
Hence, there seems to have an existence of a fulcrum which
balances E2 and Nrf2 or making them interdependent.
This review aimed to conduct an in-depth review based on
our earlier studies and few results, in order to find the link
between Nrf2 and SULT1E1 expressions in breast cancer
patients. There are other sulfotransferases which also plays
vital role in estrogen metabolism and metabolism of xeno-
biotics. These SULTS are known to metabolize drugs used
in breast cancer treatments and thus they pose important
effect during breast cancer treatment. Rat hydroxysteroid
sulfotransferase a (STa) is reported to metabolize alpha-OH-
TAM [10]. Methotrexate (MTX) treatment induces mRNA
expressions of aryl sulfotransferase (AST-IV) and hydrox-
ysteroid sulfotransferase (SULT1A1) in liver and intestine
of rats [11]. Ethanol induces hSULT1A1/hSULT1E]1 protein
expressions along with their enzymatic-activities [12]. Sul-
fotransferases were found to be induced at transcriptional
level by retinoic acid [13]. These studies suggest that oxida-
tive stress in disease and reactive oxygen species (ROS) pro-
ducing drugs influence SULTSs expressions. This may have

@ Springer

long course effects on disease outcome, drug metabolisms,
drug-drug interactions and even in the normal physiological
processes.

Overview of the function of SULT1E1, Nrf2
and their impact on each other

Oxidants and antioxidants are fundamentals of a balanced
physiological state. Redox imbalance is known to be the core
cause of several metabolic disorders and plays a vital role in
carcinogenesis too. A number of transcriptional regulatory
components have evolved to be ROS responsive and have
formed a complex network. Nrf2 seems to be a dominant
regulator, and guards cells from oxidative and electrophilic
stress. Elevated amount of ROS activates tyrosine kinases
to dissociate Nrf2: Keapl complex, nuclear import of Nrf2
and coordinated activation of cytoprotective gene expression
[14]. Hence, ROS is one of the known factors responsible
as an inducer or supporter of metabolic disorder and cancer.
Role of Nrf2 in oxidative stress maintenance may also hold
a role in breast cancer.ROS such as superoxide, hydroxyl
radical, and peroxyl radicals are metabolic by-products
leaking from the complexes I and III of the mitochondrial
respiratory chain [15]. Thymidine phosphorylase enzyme
which is highly expressed in most breast cell carcinoma
plays an important role in the production and enhancement
of ROS in cancer cells. Rise in gene expression of thymidine
phosphorylase in breast tumour cells is one of the causes of
oxidative stress in these patients [16]. Eventually, there are
several ways in which ROS are accumulated in the cancer
tissue, thus elevating oxidative stress.

Increased oxidative stress in terms of malondialdehyde
(MDA) an end product of lipid peroxidation was found
in the breast tumour samples as compared to their sur-
rounding [17]. ROS generation may occur via inflamma-
tory pathways also. Inflammation, a process in a variety
of cancers, also takes place in breast cancer and involves
immune cells, including macrophages and neutrophils, in the
immune response. Therefore, breast tumors are susceptible
to macrophage penetration. Macrophages through NADPH
oxidase cause ROS to increase in these cells. Studies also
reveal that normal adjacent tissue from patients with breast
tumours (cancer) exhibited significantly higher levels of
the putative MDA adducts (MDA-deoxyguanosine [DG]
and MDA-deoxyadenosine [DA]) than their corresponding
tumors [18]. As a result of elevated MDA in tumours [17],
MDA-adducts would probably be higher in surrounding tis-
sue as reported earlier. This also suggests that lipid peroxida-
tion increases in breast tumours and its product form DNA
adducts which accumulate in adjacent breast tissues in breast
cancer patients [18]. If the cellular repair system is unable
to mend MDA adducts in transcribed genes, underlies the
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worsening of the patients pathological state, because MDA-
DG adducts in repetitive CpG sequences causes frame shift
mutation [19]. Thus, lipid peroxidation and MDA adducts
may contribute to the progression and or upgradation of
these disease. Generation of high ROS levels is detrimental
for the cells as it can lead to DNA damage and oxidation
of proteins and lipids changing their functions. Accumulat-
ing evidence indicates that apart from their harmful effects
ROS act as second messenger signaling molecules regulat-
ing numerous pathways including cell cycle, autophagy,
apoptosis, endoplasmic reticulum stress and cellular energy
metabolism [20].

The breast tumour tissue also exhibited elevated E2
concentrations as compared to the surrounding [17]. Nrf2
expression was intensely increased in breast tumour tissue
as compared to the corresponding surrounding (Fig. 1). In
the tumour tissue of an established breast cancer patient
who have undergone whole mastectomy, it was found
that there persists a scenario with elevated E2 that may be

responsible for carcinogenesis, elevated Nrf2 (inducer of
antioxidant genes), along with an elevated SULT1EI [21],
Here is the difference between patients tumour cell and cell
lines like MCF-7, Since studies report reduced SULT1E1
expression in MCF-7 cells [22]. An earlier study revealed
Nrf2 as an inducer of SULT1E1 [9], so an elevated Nrf2 is
directly responsible for an elevated SULT1E1. Since, Nrf2
is an oxidative stress responsive transcription protein and
so SULT1E1 may also be considered as a stress responsive
protein, as Nrf2 is an inducer of SULT1E1. Thus, regulating
E2 via E2 metabolizing enzyme may physiologically be con-
sidered as stress regulation. However elevated SULT1E1 did
not led to low E2 in breast tumours, tumours had elevated
E2, Suggesting that SULUTIEI is either non-functional
or not sufficiently available. Earlier studies revealed that
SULTI1EI may be unable to bind to E2 due to oxidation of
a cysteine in the E2 binding site [23] and ultimately leading
to no sulfation and no E2 inactivation under oxidative stress
environment.

Nrf2 and SULT1E1 expression in Breast tumour

surrounding
E K%

SULT1E1

Fig. 1 Expression of Nrf2 and SULTIE]1 protein in tumor tissue and
adjacent surrounding breast tissue in breast cancer patients. Demar-
cated arrows are (1) Adipose tissue, (2) Low Nrf2 expression in
stromal and cellular regions, (3) Highly expressed Nrf2, (4) Stromal

region, (5) Adipose tissue, (6) Stromal region with low expression of
SULTIEL, (7) Adipose tissue, (8) Increased expression of SULT1E1
in the stromal region
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Earlier study shows that ENU treated rat livers represents
an elevated MDA with no significant change in E2 level [24]
and the current study shows low or negligible increase in
Nrf2 levels in the ENU treated group. Nrf2 in ENU group
was more aggregated and localized instead of being distrib-
uted. This infers that the existing Nrf2 in the cytosol are
forced to get activated and enter the nucleus or to a particu-
lar location in the cell. This immunohistochemistry result
reveals a direct relationship between increased oxidative
stress and translocation of Nrf2. A small or negligible quan-
tity of Nrf2has been induced in response to the ROS threat

in ENU group (which altogether seems to encircle nucleus).
On the other hand the animal group treated with E2 alone
shows a significant increase in Nrf2 expression and distribu-
tion (Fig. 2), whereas according to the earlier studies the E2
treated group shows an elevated MDA [24]. A comparison
between these results declares that Nrf2 is activated to move
and function due to oxidative stress but induction of Nrf2
expression at a larger scale is clearly influenced by E2 in this
case and denotes that Nrf2 expression is dependent on some
other pathway accompanied with oxidative stress (Fig. 3).
This study also infers that only an extensive oxidative stress
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Fig.2 Immunohistochemistry of rat liver tissues. Tumor shows an increased expression of Nrf-2 as compared to their corresponding surround-

ing tissue. The red arrows are pointing the central vein
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The pathways for Induction of SULT1E] are different in different organs

Fig.3 Stress activation of Nrf2 and HNF o mediated induction of SULT1E1 and its role in Estradiol regulation via P13K pathway

is not enough to induce Nrf2, evident from ENU group of
animals where there is elevated MDA but low distributed
Nrf2 as compared to control and E2 group. However, Nrf2 is
noticed to be increased in E2 group despite of low oxidative
stress in this group. It is evident from low MDA i.e., lipid
peroxidation (marker of oxidative stress). Hence, E2 group
shows a reductive stress and however E2 seems to be directly
proportional to Nrf2 according to both ENU and E2 group
[24]. This suggests that E2 is anyhow extremely involved
in the Nrf2 regulation along with a stress that might be an
oxidative or other stress. Oxidative stress alone may effec-
tively cause Nrf2 to detach from keapl and translocate to
the nucleus where it heterodimerizes with musculoaponeu-
rotic fibrosarcoma (Maf), the Nrf2-Maf heterodimer binds to
ARE to induce the expression of antioxidant and metabolic
genes [25]. However, induction of Nrf2 synthesis depends
on some other factor also (or pathway) accompanied with
oxidative stress. The ROS alone may not be the core reason
of Nrf2 expression, but is the most important factor in Nrf2
activation. As evident from the ENU and E2 animal experi-
ment, the elevated Nrf2 in breast tumor may be because of
elevated E2 along with Oxidative stress. Either an E2 asso-
ciated pathway or E2 induced oxidative stress play some
significant role in Nrf2 expression.

The biphasic activity of ROS or oxidative stress may
probably depend on the grade and environmental require-
ments of the cancer cells. After the attainment of a certain
cellular properties a cancer cell becomes enormously intel-
ligent and this study hypothesize that E2 dependent cancers
are more intelligent, tolerant, resistant which makes cancer
cells pathologically more severe. Nrf2 in non E2 dependent
cancer cases may get activated by oxidative stress in order to
protect against oxidative stress. Nrf2 may not be expressed
or synthesized, if the Nrf2 expressing factors or pathway is
not activated, as evident from our studies. This study infers
that probably oxidative stress can only activate Nrf2 and

translocates it to nucleus, but E2 is capable of inducing Nrf2
expression [24]. Thus E2 may be one among the several
Nrf2 inducing (via synthesis) factor.

Oxidative stress is the link between SULT1E1
and Nrf2 expression

Basic biological response towards oxidative stress is initiated
by a group of molecules that is keap1, Nrf2, Maf and deliv-
ered via expression of antioxidant response element (ARE).
On requirement, Nrf2 escapes degradation by Keapl and
translocate to the nucleus, and activates gene expression of
antioxidant response element and induces enzymes such as
c-glutamyl cysteine synthetase, heme oxygenase-1 (HO-1),
glutathione peroxidase 1, NADPH dehydrogenase, quinone 1
(NQO1), glutathionine S transferase (GST), and glutathione
reductase (GR) [26]. These proteins are antioxidative and
cytoprotective in nature. In recent study SULT1E1 was also
shown to be a transcriptional target of Nrf2 [9]. SULTIEI
deactivates estradiol and estrone by adding a sulphate group
and forming estrogen sulphate which has least addiction
towards ER and unknown functional contributions, rather
more prone to be eliminated from the tissue.

Transcriptional signaling and inflammatory
responses

Nrf, Maf and antioxidant response element (ARE) com-
plex executes its function in terms of anti-inflammatory
responses, antioxidative responses, detoxification of toxins,
autophagic activity, and proteasome actions and contributes
vital physiological role. Breakage in the Nrf2 and Keapl
interaction triggers the initiation of the Nrf2 pathway. As
in the case of p21Cip/WAF1 which successfully competes
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Keap1 to bind to the DLG motif (low-affinity binding site) of
Nrf2 protecting it from ubiquitination [26]. The first selected
autophagy protein, p62 also competes with Nrf2for binding
to Keapl. p62—Keapl complex enables the ubiquitinated
aggregate formation and creating a positive feedback loop
with Nrf2 [27-30]. Thus, autophagy and p62 both have a
grip on Nrf2 activation. p62 is degraded through autophagy
under normal conditions.post-translational autophagic deg-
radation regulates the intracellular level of p62. Oxidative
stress modulates the transcription of p62 via Nrf2 by the
Ras/MAPK pathway, the JNK/c-Jun pathway. Resvera-
trol is an inducer of autophagy [31]. P62 protein mediates
aggresome formation and triggers the activation of selective
autophagic degradation [32]. In addition, protein kinase C,
mitogen-activated protein kinases, and phosphotidylinositol
3-kinase (PI3K) have been implicated in the regulation of
Nrf2/ARE signaling [33].

Estrogen and autophagy share deep Crosstalk signal-
ing between them. Estrogenic effectors affect autophagy.
Autophagy-targeted transcription factors (TFs) and translo-
cation of estrogen receptors, as well as histone modifications
is regulated by E2. Estrogen is able to delay the apoptosis in
breast cancer patients allowing longer survivals of the cells
via ESRs [34]. Antagonizing estrogen is the most important
action in treatment of estrogen- induced or -dependent can-
cers. Antagonizing estrogen may disrupt cell balance pro-
vided by it via regulation of apoptosis and autophagy which
might be a protective effect of estrogen towards cancer
growth. There are reports and cases which reveals that E2
promotes autophagy [35-37], but a few studies also report
that when hypoxia, lipopolysaccharides (LPS), or ovariec-
tomy stimulated cellular autophagy, presence of E2 restricts
gene expression of some autophagy proteins [38, 39]. Thus,
E2 mediated inhibition of autophagy via hypoxia induced
oxidative stress may be one of the pathways for Nrf2 overex-
pression and activation in the breast cancer tissue as reported
in the current study (Fig. 1). Earlier study found an elevated
MDA along with over-expressed Nrf2 in Breast tumor tis-
sue and the surrounding tissue represented comparatively
less MDA and Nrf2 expression [17]. This implies that cel-
lular environment plays a crucial role in the modulation of
molecular pathways.

Nrf2-mediated expression of genes on ARE is depend-
ent on Small Maf proteins. Among all the domains and
motifs on Nrf2, NESzip motif (nuclear export signal co-
localized with the leucine zipper (ZIP) domain) is one of
the most important one. Nrf2 heterodimerizes with MafG
via ZIP-ZIP binding which enhances retention of Nrf2 in
the nucleus. Nrf2/Maf heterodimer binds specifically to
antioxidant response element which is a cis-acting enhancer
stimulating transcription of a series of genes which possess
antioxidant and detoxification properties [40]. The Mus-
culoaponeurotic fibrosarcoma (Maf) oncogene or protein
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has three homologs that Maf F, Maf G, and Maf K. Maf
G is acetylated by cAMP-response element-binding protein
(CBP) in erythroid cells. The transcriptional activity of the
heterodimer Nrf2/MafG is reported to be enhanced due to
acetylation [41]. This suggests an important role of CBP
in delivering the Nrf2/Maf G heterodimers transcriptional
activity. Inhibitor of DNA binding protein (Id1/3) inhibi-
tion reduces the expression of small MafF, MafG and MafK
transcription factors [42]. The overexpression of SULT1E1
inhibits proliferation in vitro and tumorigenesis in vivo [7].
Thus, modulation of SULT1E1 expression and activation is
crucial stepin maintenance of a healthy physiology or occur-
rence of disease.

Earlier studies report that bile acid induced by cholestasis
activates farnesoid X receptor (FXR). Now FXR tends to
compete with CBP for binding hepatocyte nuclear factor
4a (HNF4a). HNF4a is the transcription factor involved in
the transactivation and a determination of gender-specific
expression and activation of signaling pathways impor-
tant in the regulation of phase II enzymes and transport-
ers in hepatocytes. The competition between CBP and FXR
tends to decrease acetylation of Hepatocytes nuclear factor
4a (HNF4a) and its nuclear retention, which sequentially
repressed HNF4a-dependent SULT1E] gene transcription
[43].

Both Nrf2 and pregnane X receptor (PXR) actively par-
ticipated in hepatic signaling in HNF4a Null mice. HNF4«a
deficiency markedly alters hepatic mRNA expression of a
large number of phase II enzymes and transporters [44]. It’s
a good example of how molecular pathways act differently
on the basis of cellular environment as well as type. Nrf2 is
an inducer of SULT1E] in breast tissue and some other tis-
sue also and HNF4a is a major inducer of SULT1E] in liver.
Earlier studies also indicate that hepatic Nrf2 signaling is
enhanced by of HNF4a [44]. It seems like HNF4a does not
utilizes Nrf2 for SULTIEI1 expression since Nrf2 is active
in liver when HNF4a is absent and vice versa. Rather, we
can also assume presence of HNF4a may have some inhibi-
tory role of Nrf2 in certain environments. An earlier study
from our lab has shown that MDA level was much lower
in the liver tissue of E2 administered group whereas MDA
was highly increased in the ENU administered animal group
[23]. The same animal group with E2 administration has
shown an increased serum MDA level; this infers that E2
acts in different ways and via different pathways in different
organs depending on the organs cellular environment .E2
may also induce Nrf2 in breast cancer tissue by activation of
P13K pathways along with the inactivation of GSK3B, via
increasing the phosphorylation of both the proteins.

Two points can be explained in relation to the SULT1E1/
Nrf-2 expression and disease condition. First, it may be
clarified that cancer is a stepwise process that is initiated
and influenced by several factors. Breast cancer pathogenesis
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usually occurs in months to years with different degrees of
severity and designated as stages of the diseases. On the
course of time, when severity is increases, disease causing
factor dominates over the adaptive factors. Now, SULT1E1
is an adaptive factor that decreases active E2 level which
restricts E2 dependent breast carcinogenesis. The SULT1E1
expressions vary in relation to disease types and disease
stages. If 1E1 expression is high so E2 is low and disease is
less severe and when 1E1 is low E2 is high and the disease
is at a progression stage. The second point is little paradoxi-
cal in relation to the oxidative burden in the internal milieu
of the cells. When oxidative stress increased in the cells the
reducing environment (NADPH and GSH) is depleted. In
this environment the 1E1 remain in inactive form though
the protein expression remain high. So, to get more activ-
ity tissue express more amount of 1E1 protein. So, higher
expression does not always impart sufficient activity. As a
result, disese progression is not restricted. So, to judge the
state we need to consider two states, that is 1E1 expression
and intracellular redox environment. Though in our result
SULTI1ET1 is highly expressed but it may be interpreted to
be active or inactive.

Conclusion

These data indicates that E2 associated cancer may be more
severe when in collaboration with ROS or oxidative stress.
Where, Oxidative stress have an ability to turn normal path-
way into a carcinogenic one, as well as switch factors on and
off differently in separate organs. Cancers might be able to
resist against oxidative stress more strongly in comparison
to E2 independent cancers. There are several therapies which
utilizes oxidative or ROS as the therapy to kill or destruct
cancer cells. In the cases of cancers where E2 is high, the
E2 mediated Nrf2 expression and activation (induction) may
make cancer cells resistant to therapeutically used oxidative
stress than those cases where Nrf2 is only activated but not
expressed by oxidative stress. Oxidative stress may regulate
Nrf2 and thereby SULT1EI by modulating organ specific
transcription factors like HNF4a in liver and directly Nrf2
in other tissue. In certain cases once the stock Nrf2 is uti-
lized and oxidative stress overrules the antioxidant status,
cell starts to be victim of excessive oxidative stress. There
is yet no specific marker to identify the level of oxidative
stress (OS) that is working in favour of tumorigenesis or the
level of OS that may inhibit the disease, but here our study
brings forward the possibilities of inter-regulations among
Oxidative stress responsive genes such as Nrf2, prolifera-
tive molecules responsible for disease severity that is E2
and oxidative-stress itself. Future research works may clarify
these facts more clearly.
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