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Pharmacogenetics of SULT1A1

Cytosolic SULT1A1 participates in the bioconversion of a plethora of endogenous and
xenobiotic substances. Genetic variation in this important enzyme such as SNPs can
vary by ethnicity and have functional consequences on its activity. Most SULT1A1
genetic variability studies have been centered on the SULT1A7*1/2 SNP. Highlighted
here are not only this SNP, but other genetic variants associated with SULT1A1 that
could modify drug efficacy and xenobiotic metabolism. Some studies have investigated
how differential metabolism of xenobiotic substances influences susceptibility to or
protection from cancer in multiple sites. This review will focus primarily on the impact
of SULT1A1 genetic variation on the response to anticancer therapeutic agents and
subsequently how it relates to environmental and dietary exposure to both cancer-

causing and cancer-preventative compounds.
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Background

Human cytosolic sulfotransferases (SULTs)
are Phase II biotransformation enzymes that
catalyze the sulfation of a wide variety of
structurally diverse endo- and xeno-biotics
(1]. They are members of the SULT gene
superfamily and are divided into two major
families that are well characterized, the phe-
nol sulfotransferase family, SULT1, and the
hydroxysteroid family, SULT2. The SULT1
family is further classified into four major
SULTs (SULT1A),
thyroid  hormone SULTs (SULT1B),
hydroxyarylamine SULTs (SULT1C), and
estrogen SULTs (SULTIE) [2]. At the time
of this review, SULT pharmacogenetic stud-

subfamilies:

phenol

ies have focused primarily on SULT phenol-
preferring isoform 1Al and the functional
consequences of a common SNP, a non-
synonymous G to A transition at nucleo-
tide 638 in exon 7. This SNP results in an
amino acid change at codon 213 from argi-
nine (designated SULTIAI*I) to histidine
(SULT1A1*2). The variant allozyme confers
lower enzymatic activity and lower ther-

mostability of the expressed protein [34].
There is, however, another coding region
SULT1A1 SNP that is has not been com-
monly examined in pharmacogenetic stud-
ies until just recently. It is defined by an A
to G conversion at nucleotide 667, resulting
in a nonsynonymous change in amino acids
from methionine to valine at codon 223
(SULT1A1 Met223Val) and it is given the
designation SULT1AI*3. This allozyme is
fairly common among African—Americans as
opposed to Caucasians and Chinese, with an
allele frequency of 0.229, 0.012 and 0.006,
respectively [s]. This SNP is not included in
many studies likely due to its low prevalence
in the Caucasian populace and the under-
representation of African—American subjects
in pharmacogenetic studies. Several SNPs
that are in linkage disequilibrium with each
other and with SULT1AI*I have also been
identified in both the distal and proximal
promoter region of SULT1AI, and are asso-
ciated with platelet enzymatic activity [67].
Haplotype analysis also showed that there
was considerable variability in the frequency
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of the haplotypes among different populations. Addi-
tionally, in 2007, copy number variation (CNV) was
described in SULT1AL1 [8]. Copy number was associ-
ated with enzymatic activity, and African—American
subjects were significantly more likely to have higher
CNYV than Caucasians, providing a potential biologi-
cal basis for the observation that African—Americans
tend to have higher basal platelet SULT1AL activity
than Caucasians [9]. Other SNPs have been identi-
fied in the 3’-flanking region of the gene. These are
in linkage with each other and in strong linkage
with SULTIAI*I (D’ = 0.85). When the collective
effects of 3>-UTR SNPs, SULT1A1*1/2, and CNV on
SULTIAL activity were examined in 498 Caucasian
and 127 African—-American subjects, SULTIAI*1/2
did not significantly contribute to the variation in
SULT1AL1 enzymatic activity when the 3"-UTR SNPs
were included in the statistical model. Two major
haplotypes (ACG and GTA) were significantly associ-
ated with SULT1AL1 activity, and when stratified by
copy number, the SULT1A1 3-UTR SNPs remain
significantly associated with SULT1Al enzymatic
activity, explaining 21% of the variation seen in Cau-
casians. These models, however, accounted for little
(12%) of the interindividual variability in activity
observed in African—American subjects [10]. A recent
genotype/phenotype association study in a Japanese
population demonstrated that CNV was the strongest
predictor of SULT1AL platelet activity, and that all
variants combined predicted only 14% of the observed
variability in this population [11].

Nagar et al. discovered that the *2 allozyme dem-
onstrated an almost sixfold lower half-life in both Sf-9
insect cells and stably transfected MCF-7 cells when
compared with the *7 and *3 allozymes. They also sug-
gest that *2 is ubiquitinated in the Sf-9 lysates while */
is not [12]. Ubiquitination signifies a more rapid protein
degradation and may explain the lower half-life and
why *2 exhibits lower activity. Moreover, the 3-UTR
SNPs, which are linked to the *1/2 allele, confer differ-
ences in mRNA half-life, and could also explain activ-
ity differences. Functional characterization revealed
that the 3'-UTR SNPs disrupted a binding site for the
miR-631, thus also regulating SULT1A1 expression in
a genotype-specific manner (Figure 1) [10].

SULT1A1 genetic variation & therapeutic agents
The efficacy of tamoxifen (TAM), the gold standard of
treatment for estrogen receptor-positive breast cancer,
varies widely between individuals. TAM is a prodrug
that must be converted to its active metabolites by
phase I and II drug-metabolizing enzymes, including
SULT1AL, in order to exert its anti-estrogenic effects
(Figure 2). Thus, SULT1A1 pharmacogenetic studies

involving TAM have been conducted to interrogate
patient outcome (Table 1). An initial report in 2002
by Nowell ¢z al. involving 337 breast cancer cases in
Arkansas, USA, of which 160 received TAM and 177
did not, indicated that the SULTIAI*I high activity
allele was significantly associated with improved over-
all survival in breast cancer patients receiving TAM.
In fact, those individuals who were homozygous for
the *2 allele had almost three-times the risk of death
compared with either homozygous or heterozygous
carriers of the *I allele (hazard ratio [HR]: 2.9; 95%
CI: 1.1-7.6) 13]. The same group conducted another
study in TAM-treated breast cancer patients and
found that carriers of the UGT2B15*2 allele along with
homozygous SULTIAI*2 had significantly increased
risk of recurrence and reduced 5-year survival [14].
In another early study the SULTIAI*] homozygous
patients treated with TAM in Sweden were found
to have a decreased risk of recurrence (relative risk:
0.48; 95% CI: 0.21-1.12; p = 0.074). The associa-
tion achieved significance when combined with carri-
ers of the CYP2D6*4 SNP (relative risk: 0.38; 95%
CI: 0.19-0.74; p = 0.0041) [15]. A subsequent study in
the context of a clinical trial in the Stockholm Breast
Cancer Group reported an improved recurrence-free
survival for homozygous carriers of the SULTIAI*I
allele with 2 years of TAM treatment (HR: 0.33; 95%
CI: 0.12-0.96; p = 0.04), but the same result was not
evident in patients receiving TAM for 5 years [16].
No associations were found between the SNP and
disease-free or overall survival for 216 lymph-node-
positive breast cancer patients in Austria receiving
TAM, hormonal, anthracycline or nonanthracycline
therapy (17]. SULT1A1 CNV has also been explored
in TAM pharmacogenetics with no significant asso-
ciations reported either with disease-free survival or
with recurrence after a 14 year median follow-up of
190 postmenopausal women in the North Central
Cancer Treatment Group receiving TAM monother-
apy [18]. A contradictory report came from a study of
Finnish breast cancer patients. Those homozygous
for the *2 low activity allele demonstrated a signifi-
cantly improved overall survival (HR: 0.50; 95% CI:
0.29-0.88; p = 0.015). There was a similar yet sta-
tistically insignificant improvement in breast can-
cer specific survival (HR: 0.53; 95% CI: 0.26-1.05;
p = 0.069) and no statistical difference was detected
in relapse-free survival (p = 0.091). Nevertheless, these
findings were in a cohort comprised of 145 patients
who received either TAM, cyclophosphamide-based
chemotherapy, or both [19].

The role SULT1A1 genetic variation plays in the
pharmacokinetics of TAM has also been evaluated.
To determine whether genetic variation in TAM-
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metabolizing enzymes would influence TAM active
metabolite bioavailability, Jin ¢z a/. conducted a small
study in 80 patients across the USA, which would
provide at least 93% power to detect a statistically
significant increase or decrease in plasma drug con-
centration. They found that plasma concentrations
of TAM and its metabolites were not significantly
affected by SULT1AI*1/2 genotype. However, a trend
toward higher concentrations of the active metabolites
of TAM, 4-hydroxy-TAM (4-OHT) and endoxifen,
could be seen among carriers of the *2/*2 genotype
[22]. Additionally, in a study observing 151 Caucasian
women in Norway, similar results were reported. Nei-
ther SULTIA1*1/2 genotype nor copy number was
able to significantly influence TAM and TAM metab-
olite levels in patient serum. Yet, when ratios of metab-
olites were examined, increasing SULTIAI*I alleles
had significant trends in positive associations with
N-demethyltamoxifen/TAM and negative associations
with  N-dedimethyltamoxifen//N-demethyltamoxifen
[23]. More recently, Fernandez-Santander et al. con-
ducted a small study in 135 Spanish breast cancer
patients. SULTIAI*2 had a minor allele frequency of
30.08% in this population and there were no associa-
tions between SULT1AL1 genotype and serum levels of
TAM and TAM metabolites observed [24].

Based on available TAM pharmacogenetic data that
was available at the time, Williams ez /. in 2008 con-
cluded that SULT1A1 pharmacogenetic screening was
not warranted before administration of drug therapy,
but that future studies involving novel drugs metabo-
lized by SULT1A1 should take into consideration the
contribution of genetic variation in the enzyme [26].
Moving forward, in a Phase 1 clinical trial, Innocenti
et al. reported that SULT1A1 CNYV plays a major role
in the pharmacokinetics of a novel anticancer agent,
ABT-751. When ABT-751 undergoes phase II metabo-
lism by conjugation with a glucuronide (ABT-751G) or
sulfate (ABT-751S), the antitubulin compound is ren-
dered inactive. In cancer patients treated with ABT-751,
those with greater than two copies of SULT1A1 expe-
rienced an average 34% increase in ABT-751 clearance
(p = 0.044), an 18% reduction in ABT-751 area under
the plasma concentration-time curve (p = 0.045), and a
50% increase in sulfation metabolic ratios (p = 0.025).
They also observed a gene—dose effect of increasing
metabolic ratios with increasing copies of SULT1A1
(25]. These data concordantly suggest a decrease in
active ABT-751 bioavailability with higher SULT1A1
gene copies, implying that patients receiving this drug
may have to have the dose adjusted based on individual
genetic profiles of phase II enzymes.

SULT1A1 variation has been studied in vitro for
its effects on other therapeutic agents it metabolizes.

Pharmacogenetics of SULT1A1

Figure 1. miR-631 binding site by in silico analysis.
miR-631 differentially regulates SULT1A1 in allele-
specific manner at 973C>T. In silico analysis of the
pairing of miR-631 to the binding site in the 3-UTR
of SULT1A1. The Cto T allele change decreased free
energy from -26.8 to -31.4 kcal/mol.

Reproduced from [10] with permission from Oxford
University.

Aminoflavone (5-amino-2-[4-amino-3-fluorophenyl]-
6,8-difluoro-7-methylchromen-4-one; AF) is a pro-
drug that must be metabolized by phase I and II meta-
bolic enzymes to exert its oxidative cytotoxic effects on
breast cancer cells, inducing oxidative DNA damage
and reactive oxidative species-mediated apoptosis [27].
Zheng et al. were able to stably express either human
SULTIAI*1, *2 or *3 along with CYPIAI*] and found
that AF has an allele-specific sensitivity to SULT1AI
3 (IC,,, 0.01 pmol/l) > *I (IC,,, 0.01 pmol/l) > *2
(IC,,, 0.01 pmol/l; Table 2). This suggests that patients
receiving AF could benefit from the high metabolic
activity alleles whereas carriers of the low-activity
SULTI1A1*2 allele may experience a poor therapeutic
response [28]. Other in vitro studies in human liver
cytosols have also been conducted to investigate the
role of SULT1A1 3’-UTR SNPs and CNV. Fulves-
trant is a pure antiestrogen that is approved to treat
hormone receptor-positive metastatic breast cancer
in postmenopausal women and its sulfation was cor-
related with both SULTIAI*1/2 genotype (p = 0.023)
and copy number (p < 0.0001) [29]. Toremifene (TOR)
is a selective estrogen receptor modulator given as adju-
vant therapy for breast cancer and is being evaluated
for prostate cancer prevention. Its active metabolite,
4-hydroxy-TOR, is sulfated by SULT1Al. SULT1A1

copy number <0.0001) was significantly

) - (Panova = i
associated with 4-hydroxy-TOR sulfation demonstrat-
ing increasing activity with increasing copies. The

SULTI1AI1*1/2 genotype was significant in influencing
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Figure 2. Tamoxifen metabolism. TAM undergoes bioconversion to form its active metabolites by phase |
drug-metabolizing enzymes. The active metabolites are substrates for SULT1A1.
4-OHT: 4-hydroxy-TAM; SO,-TAM: 4-sulfoxy-TAM; TAM: Tamoxifen.

activity as well (p, ., = 0.024). Even when haplo-
types were constructed with 3’-UTR SNPs, significant
= 0.008); however,
these associations were not affected by the addition of
SULT1AI*1/2 to the model [30]. To date, these variants
have not been investigated in many disease-association

associations were evident (p,

rend

studies. Seth ¢t al. postulated that variations in enzy-
matic activity of sulfotransferases due to SNPs could
influence breast cancer risk when they observed an
increase in gene expression of the SULT1A subfamily
of phenol SULTs in ZR75-1 human breast carcinoma
cells by 4-OHT treatment. Although SULT1A1 SNP
alone was not enough to modulate risk of develop-
ing breast cancer (p = 0.69), in this large study of
444 breast cancer patients and 227 controls they did
report that carrying the SULTIAI*I allele was associ-
ated with an earlier onset of disease and with presence
of other tumors [31]. When Grabinski ez 4/. sought to
determine if associations exist between SULTIAI*1/2
genotype and prognostic clinical and biological mark-
ers in breast cancer patients that included Hispanics
who received TAM, none were made [20). TAM has
also been approved for use in reducing the incidence
of breast cancer in high-risk women. TAM efficacy
in preventing breast cancer was evaluated in a nested

case—control study from the Italian Tamoxifen Preven-
tion Trial. Breast cancer risk was not altered by the
SULT1A1*1/2 SNP across subjects participating in the
placebo or TAM arms of the study [21]. Since the origi-
nal hypothesis, genetic variation in SULT1AI alone
has been found to have varying effects on the risk of
developing cancer in multiple sites [32-34]. It has been
reported that approximately 80% of all human can-
cers can be attributed to lifestyle choices, such as diet,
smoking and environmental chemical exposures, as a
causal factor [35-38]. Those factors that are both con-
trollable, such as environmental exposure to putative
carcinogens and dietary lifestyle choices, and uncon-
trollable, that is, interindividual variation in xenobi-
otic-metabolizing enzymes, must be taken into consid-
eration in order to perform pharmacogenetic analysis
of disease risk and response.

SULT1A1 genetic variation, well-done meat
consumption (heterocyclic amine exposure) &
cancer risk

SULT1A1 utilizes the obligatory cosubstrate, 3’-phos
phoadenosine-5-phosphosulfate, to transfer a sulfonyl
group to acceptor molecules including hydroxyl, sulf-
hydryl, amino and N-oxide groups of numerous sub-
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strates [39,40]. Sulfation tends to make molecules more
water soluble and, therefore, more readily excreted, but
in the case of certain promutagenic and procarcinogenic
compounds, sulfation bioactivates to reactive metabo-
lites capable of adducting to DNA, forming biological
lesions that can initiate carcinogenesis if not repaired
[4142]. Heterocyclic amines (HCAs) are such com-
pounds. They are present in meat cooked at high tem-
peratures and N-hydroxy-HCAs, hydroxylated by phase
I metabolic enzymes, are substrates for SULT1A1. The
predominant HCA formed from cooking meat at high
temperatures, 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP), is a potent prostate carcinogen in rats
[43,44). N-OH-PhIP is a substrate for and is bioactivated
principally by SULT1A1 to form DNA adducts [4s).
In platelet cytosols the SULTIAI*2 low-activity vari-
ant was shown to decrease its DNA-binding capability
when compared with SULT1AI*] (46). Another dietary
HCA, 2-amino-3-methylimidazo[4,4-f]quinoline, has
the ability to form DNA adducts and become carcino-
genic in both mice and rats [47]. One study revealed that
a single human prostate cytosol with the SULT1A1*2/*2
low-activity genotype was able to form less DNA adducts
than cytosols with the *//*2 and *I/*I genotypes in the
presence of 2-amino-3-methylimidazo[4,4-f]quino-
line (48]. These findings infer that this genetic variant
is important in evaluating the carcinogenic potential of
HCAs.

Studies examining the relationship between the con-
sumption of well-done meat, SULT1A1 genetic varia-
tion and cancer risk have been performed (Table 3).
A recent meta-analysis of available data revealed a
slight increase in breast cancer risk among overall
(odds ratio [OR] pooled overall = 1.12;95% CI: 1.02-1.24)
and postmenopausal (OR_ = 117; 95% CI:
1.03-1.32) carriers of the SULTIAI*2 low-activity

variant allele. This finding was enhanced in Asian
women (ORpooled nia = 2015 95% CI: 1.24-3.20).
This same group also performed a case—control study
involving 400 cases and 400 controls that revealed no
association between breast cancer risk and the SNP
alone. However, upon further investigation, a posi-
tive interaction between high smoked meat intake and
the SULTIAI*2 low-activity variant allele resulted
[49]. They later reported that *2 was indeed associated
with elevated breast cancer risk among premenopausal
(OR: 3.31; 95% CI: 1.66—6.62) and postmenopausal
women with high smoked meat intake (OR: 3.81;
95% CI: 1.79-8.10) [s0].

Colorectal cancer risk associated with frequent con-
sumption of red meat was found to be significantly
elevated among carriers of the SULTIAI*2 allele but
not increased among subjects with the SULTIAI*1/*1
genotype (OR: 2.1, 95% CI: 1.1-4.1; and OR; 1.0,
95% CI: 0.5-2.1, respectively) [s1]. Another colorectal
cancer study corroborated this finding, with colorectal
cancer risk increasing when variants of SULT1A1 and
a phase I metabolic enzyme, CYP1B1, were incorpo-
rated into the analysis along with red meat doneness
intake [s2]. High cooked meat intake can significantly
increase the risk of both breast and colorectal cancer.
The SULT1AI1*2 allele can further modulate this asso-
ciation. The SULT1AI1*1/2 SNP has also been inter-
rogated in prostate cancer risk with the consumption
of well-done meat and no significant associations were
found in two studies [53.54]. Because SULT1A1 pheno-
type is dependent upon more than just SULTIAI*1/2,
one of the studies also investigated the effects of
SULT1AI activity on prostate cancer risk. A signifi-
cant association was then observed between increasing
SULT1A1 activity, meat consumption and prostate
cancer risk (p__ . =0.02) [s3].

trend

Table 2. SULT1A1 genetic variation in vitro and therapeutic agents.
SULT1A1 source

Study (year) Drug

Zheng et al. (2010) Aminoflavone

Edavana et al. Fulvestrant

Chinese hamster V79
cells stably coexpressing
CYP1AT*1 with either
SULT1AT*1, *2 or *3

104 liver cytosols

(2011) (Cooperative Human Tissue  between fulvestrant
Network) sulfation and SULT1A1*1/2
genotype and copy number
Edavana et al. 4-OH 104 liver cytosols Significant trend with [30]
(2012) toremifene (Cooperative Human Tissue  SULT1A1 3"-UTR haplotypes
Network) and activity

Main findings Ref.
IC*3 > *1 > *2 [28]
Significant correlation [29]

Significant increase in
activity with increasing
copy number
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Table 3. SULT1A1 genetic variation, well-done meat consumption (heterocyclic amine exposure) and cancer risk.

Study (year) Cancer site Population Cases/ Main findings Ref.
controls (n)
Lee et al. (2012) Breast Chinese mixed 400/400 NA with SULT1A7*2 alone [49]
(meta-analysis) Positive interaction between
high smoked meat intake and
SULT1AT1*2
Tao et al. (2012) Breast Chinese 400/400 Significantly increased risk with [50]
SULT1A1%*2 among both pre-
and post-menopausal women
and high smoked meat intake
Lilla et al. (2007) Colorectal German 505/604 Significantly increased risk [51]
with SULT1A7*2 and frequent
consumption of red meat
Cotterchio et al. Colorectal Canadian (Ontario 842/1251 Increased risk with SULT1A7*2 [52]
(2008) Familial Colorectal Cancer and CYP1B1 variant and red
Registry) meat doneness intake
Nowell et al. (2004) Prostate African—American and 464/459 NA between genotype (53]
Caucasian American and meat consumption.
Significantly increased risk with
increasing SULT1A1 activity and
well-done meat consumption
Koutros et al. (2009) Prostate Mixed (Prostate, Lung, 1126/1127 NA [54]
Colorectal and Ovarian
Cancer Screening Trial)
NA: No association.
SULT1A1 genetic variation, smoking (polycyclic =~ A meta-analysis examining lung cancer risk in a
aromatic hydrocarbon exposure) & cancer risk ~ mixed population of 1669 cases and 1890 controls
Polycyclic aromatic hydrocarbons (PAHs) are envi- revealed an increase in risk for those with at least one
ronmental pollutants that are procarcinogenic, pro- SULTIAI*2 allele (OR: 1.66; 95% CI: 1.06-2.62;
mutagenic and/or proteratogenic. Benzo[a]Pyrene p = 0.03) in the dominant model. No significant
(B[4]P) has long been used to study the process of association between this SNP and smokers versus
activation of PAHs to genotoxic compounds [55,56]. nonsmokers in lung cancer risk was found [61]. Like-
Environmental sources of B[a]P include smoke wise, in a small Turkish study, carriers of the *2 low-
from automobile exhaust, wood burning and ciga- activity allele had significantly increased risk for lung
rettes, and, like HCAs, they can also be formed from  cancer (p = 0.027), yet when stratified by smoking
the cooking of meats at high temperatures [57.58]. status, no significant relationship was found [62]. The
Benzo[a]pyrene-7,8-dione is a representative PAH same researchers conducted another small Turkish
O-quinone that is reduced to B[#]P-7,8-catechol in  study to identify the SNP’s role in prostate cancer
a futile redox cycle; this reduction product is electro-  and found similar results. Although carriers of the
philic and genotoxic [59]. When metabolism by SULT ~ *2 allele had increased risk of prostate cancer, it was
isoforms 1A1, 1A3 and 1E1 was examined, Zhang, not significant. Neither was there a significant dif-
et al. found that SULT1A1 is the major isoform that ference observed between smokers and nonsmokers
can intercept B[a]P-7,8-catechol in human lung [63]. In another meta-analysis of 20 case—control
cells, thereby limiting its ability to redox cycle. They studies with 5915 cases and 7900 controls evaluat-
report that the catalytic efficiency of SULTIAI*3 for ing environment-related cancer (lung, esophageal
sulfation of B[a]P-7,8-catechol was about half that and colorectal) risk, ten of those studies involved
observed with SULT1AI*I [60]. 1867 case and 1785 control subjects who smoked.
Individuals exposed to a smoking environment Within the smoking population there were only mar-
are exposed to PAHs as well. The link between this  ginally significant increases in risk between carriers
environmental exposure and SULT1A1 genetic varia-  of the SULTIAI*2 allele and susceptibility to both
tion and cancer risk has been explored (Table 4). lung and esophageal cancers in the random-effects
fsg future science group www.futuremedicine.com 1829
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model (OR: 1.49, 95% CI: 0.99-2.24, p = 0.058;
OR: 1.46, 95% CI: 1.00-2.14, p = 0.052, respec-
tively). When subgroup analysis by ethnicity was
performed, a stronger association between *2 car-
riers and cancer risk was clear among Asian smok-
ers compared with Caucasian smokers (OR Asians:
2.00, 95% CI: 1.55-2.57, p < 0.001; OR Caucasians:
1.22,95% CI: 1.02-1.46, p = 0.031) [64]. Liang et al.
observed a significant increase in lung cancer risk
among smokers with the variant SULTIAI*2 allele
(OR: 1.85; 95% CI: 1.44-2.37). A more pronounced
association was seen among younger smokers (OR:
2.28;95% CI: 1.66-3.13, p, ... = 0.000). More-
over, risk increased with increases in smoking dose
(OR: 1.66, 95% CI: 0.75-3.68; OR 2.28, 95% ClI:
1.47-3.54; OR: 3.35, 95% CI: 1.71-6.57 for those
who smoked <15 pack-years, 15-36 pack-years and
>36 pack-years, respectively, p__ = 0.000) [65].

Associations have also been seen in colorectal can-
cer risk. The aforementioned meta-analysis conducted
by Li ¢t al. to understand the involvement of the
SULTIAI*1/2 SNP in environment-related cancer risk
found no significant association with colorectal carci-
noma in smokers [64]. Conversely, Canadian smokers
who were carriers of the SULTIAI*1/*I genotype, who
were either current or former smokers, and who had
reported smoking >15 years were at statistically sig-
nificant increased risk of colorectal cancer [¢6]. By con-
trast, an increased risk of the disease was found among
German carriers of the SULT1A1*2 allele who reported
30+ pack-years of active smoking (OR: 1.7; 95% ClI:
1.0-3.2) compared with those with the SULT1A1*1/*1
genotype (OR: 1.1; 95% CI: 0.6-2.1) [51].

Smokinghasbeen implicated in bladder canceras well,
yet there have been conflicting results for risk and smok-
ing status with the SULT1A1*1/2 SNP. Three different
studies in Spanish and Belgian populations reported no
significant association [67-69], whereas two others from
the same Taiwanese population of 300 urothelial can-
cer cases and 300 controls reported an increased risk for
ever/heavy smokers homozygous for the */ allele. In one
of these studies, there was a significant increase in risk
among those who had ever smoked and who had the
SULTIAI*I/*] high-activity genotype (OR: 5.3) and
the observed association was made even stronger with
gene—gene interactions between SULTIAI*I/*I and
NQOL1 SNPs (OR: 8.6; 95% CI: 2.5-29.7) [70]. In the
second study, those individuals who were ever-smokers,
carried the SULTIAI*I/*] genotype and had been
exposed to more than one item of hazardous chemicals
had the highest significantly increased bladder cancer
risk (OR: 16.15 95% CI: 2.9-87.2) [71].

A Brazilian study with 202 oral cancer cases and 196
sex- and age-frequency matched controls also reported

increases in the risk of oral cancer and cigarette smok-
ing regardless of SULT1A1 genotype, but individu-
als with the high-activity *1/*I genotype exhibited
greater risk (OR: 10.19; 95% CI: 3.90-26.61) than
those with at least one *2 allele (OR: 4.50; 95% CI:
2.09-9.69) [72]. By contrast, pancreatic cancer and
heavy smoking had no significant interactions with
SULT1A1 genotypes in a study involving 755 cases
and 636 healthy frequency-matched controls from the
Gastrointestinal Center at The University of Texas
MD Anderson Cancer Center (TX, USA) (73].

In light of the evidence that SULT1ALI activity is
positively correlated with CNV, Palli e# 4/. investi-
gated gene CNV in male breast cancer patients and
found that 10 out of 72 (13.9%) had gene deletions.
Of the ten patients with gene deletions, all had one
copy of SULT1A1 in the tumor samples and two cop-
ies in the corresponding blood samples, whereas copy
number in blood and normal breast tissue were con-
cordant. A link was also realized between SULT1A1
gene deletion and BRCA2 mutation (p = 0.0005)
in a multivariate analysis. The researchers surmised
that BRCA2 male breast cancer patients are sus-
ceptible to an increased exposure to estrogens and
environmental PAHs and that this is due in part to
lowered SULT1A1 copy number implying decreased
enzymatic activity [74].

SULT1A1 genetic variation & chemopreventives
(flavonoids, isoflavonoids & other phenols)
Flavonoids and other dietary polyphenols found in cof-
fee, tea, red wine, soy and various fruits and vegetables
represent potent noncompetitive inhibitors of SULT
activity (75-80]. Owing to the role that SULTs play in
the bioactivation of promutagens and procarcinogens, it
has been postulated that dietary exposure to these com-
pounds can exert a chemoprotective effect via inhibi-
tion of SULT activity [81], and tissue-specific expression
of SULTS: can lead to differential effects when compar-
ing target tissues [82]. SULTs have a widespread tissue
distribution with SULT1A1 being the most highly
expressed isoform in the liver [8384]. Coughtrie et al.
found that epicatechin gallate and epigallocatechin gal-
late (components of green tea) showed noncompetitive
inhibition of SULT1A1 whereas with SULT1A2 and
1A3 they demonstrated mixed type inhibition, suggest-
ing that the mechanism of inhibition varies depending
on the individual isoform [81].

Inhibition of SULT1Al-induced carcinogenesis
has been the target of research with dietary flavo-
noids (Table 5). These substances are potent inhibitors
of SULTTAI activity, therefore the capacity of each
SULT1ALI allozyme (*1, *2 and *3 recombinant pro-
teins) to sulfate chrysin, genistein and quercetin was
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Table 4. SULT1A1 genetic variation, smoking (polycyclic aromatic hydrocarbon exposure) and cancer risk.

Review

Study (year) Cancer site Population Cases/ Main findings Ref.
controls (n)
Liao et al. (2012) Lung Mixed 1669/1890 Significantly increased risk with [61]
(meta-analysis) SULT1AT7*2, but NA between smokers and
nonsmokers
Li et al. (2012) Lung and Mixed 1867/1785 Marginally increased risk with SULT1A71*2 [64]
esophageal (meta-analysis) and smoking. Asian smokers had a
stronger association
Arslan et al. (2009) Lung Turkish 106/271 Significantly increased risk with (62]
SULT1AT7*2, but NA between smokers and
nonsmokers
Liang et al. (2004) Lung Han Chinese 805/809 Significantly increased risk with SULT1AT*2 [65]
and smoking. Risk increased with smoking
dose
Arslan et al. (2011) Prostate Turkish 104/151 NA [63]
Li et al. (2012) Colorectal Mixed 1867/1785 NA (64]
(meta-analysis)
Cleary et al. (2010) Colorectal Canadian (Ontario 1174/1293 Significantly increased risk with [66]
Familial Colorectal SULT1AT*1/*1 and smoking >15 years
Cancer Registry)
Lilla et al. (2007) Colorectal German 505/604 Significantly increased risk with SULT1A71%*2 (s1]
and 30+ pack-years of active smoking
Figueroa et al. Bladder Spanish Bladder 1150/1149 NA [67)
(2008) Cancer Study
Fortuny et al. Bladder Spanish 958/1029 NA [68]
(2006)
Kellen et al. (2006) Bladder Belgian 200/385 NA (69]
Wang et al. (2008) Bladder Taiwanese 300/300 Significantly increased risk with [70]
SULT1AT*1/*1 and NQO1 C/T and T/T
genotypes among ever-smokers
Wang et al. (2008) Bladder Taiwanese 300/300 Significantly increased risk with [71]
SULT1AT*1/*1 and exposure to more
than one item of hazardous chemicals.
Greater significantly increased risk
with SULT1AT*1/*1 and heavy smoking.
Greatest significantly increased risk with
SULT1AT*1/*1 and exposure to more than
one item of hazardous chemicals among
ever-smokers
Santos et al. (2012) Oral Brazilian 202/196 Significantly increased risk with (72]
SULT1A7*1/*1 and smoking
Suzuki et al. Pancreatic Gastrointestinal 755/636 NA (73]
(2008) Center at
University of Texas
MD Anderson
Cancer Center
NA: No association.
interrogated and significant differences were apparent.  zyme producing the lowest sulfation rates [12]. The
The highest rate of sulfation (V) for each substrate same kinetic measures were determined for three other
was produced by */ followed by *3, with the *2 allo- compounds, apigenin, epicatechin and resveratrol, and
fsg future science group www.futuremedicine.com 1831
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Table 5. SULT1A1 genetic variation and chemopreventives (flavonoids, isoflavonoids and other phenols).

Study (year)

Nagar et al.
(2006)

Ung et al.
(2007)

Kellen et al.
(2006)

(2011)

Rybicki et al.

Chemopreventive Population Cases/ Main findings Ref.
agent controls (n)

Chrysin, genistein, Recombinant None V1> *3> %2 [12]
quercetin proteins

Apigenin, epicatechin, Recombinant None V51> 3> %2 (85]
resveratrol proteins

Fruit (antioxidants) Belgian 200/385 NA between SULTTA1*1/2 SNP and [69]

African—-American 391
and Caucasian
American

Red wine (resveratrol)

NA: No association; PhIP: 2-amino-1-methyl-6-phenylimidazo[4,5-f].

prostate
cancer cases African ancestry

ever-smokers in bladder cancer risk
Decreased risk with high daily fruit
consumption

33% PhIP-DNA adducts explained (86]
by SULT1A1 and UGT1A10 SNPs, and

again the *2 allozyme was less effective at conjugation
than * and *3, following the same pattern for this set
of substrates [85].

One study evaluated the role of fruit consumption in
reducing the risk of developing bladder cancer among
ever-smokers. They reported a higher risk for those
with a low daily consumption of fruits (<188.7 g) than
those with an increased daily consumption of fruits
(>188.7 g; OR: 4.23, 95% CI: 1.91-9.0; OR: 2.15,
95% CI: 1.15-4.05, respectively). No significant asso-
ciations were found between the SULTIAI*1/2 SNP
and bladder cancer risk or fruit consumption in this
population. The protective effect of fruit consumption
was not modified by metabolic SNPs [69].

Resveratrol is a compound found in the skins of
grapesand is therefore acomponent of red wine. Because
PhIP must be bioactived by SULT1A1 to a genotoxic
species and resveratrol can compete with PhIP as a sub-
strate for SULT1A1, a study was conducted to measure
PhIP-DNA adducts by beverage consumption and the
genetic factors of SULT1AI*1/2 and UGT1A10 SNPs,
and African ancestry. Red wine consumption could
account for 13-16% of the variability in PhIP-DNA
adduct formation in both African—Americans and
white subjects. The genetic factors explained 33% of
the PhIP-DNA adduct variation in African—American
cases, while only 19% in white subjects. The authors
conclude that red wine consumption does play a role in
PhIP-DNA adduct variation but to a lesser extent than
genetic variation [86].

Conclusion

Earlier pharmacogenetic studies observed correlations
whereas many later investigations report no significant
associations with SULTIAI*1/2 genotype or CNV
with outcome of TAM-treated patients. Having higher
SULT1AI enzymatic activity does not result in a more

rapid clearance of the active metabolites of TAM.
These findings suggest that the bioavailability of active
TAM metabolites due to variations in the most com-
monly studied coding region SNP, SULT1AI*1/2, and
SULT1A1 copy number are not the major determin-
ing factors in TAM pharmacokinetics. Therefore any
observed differences in outcome must be attributed
to some other factor(s). The mechanistic basis for
improved outcomes associated with the *7 high activ-
ity allele could be attributed to the observation that
sulfated metabolites of TAM induced apoptosis in
breast cancer cell lines [87]. In this case, rapid sulfation
of the active metabolites of TAM in breast tumor cells
could result in an increase in apoptosis and, hence,
improved survival in individuals with the high activ-
ity SULT1A1 genotype. Because functional SNPs and
CNVs cannot fully account for variable SULT1AI
activity, Yao-Borengasser ¢t al. explored the role that
transcription factor regulation plays in SULT1A1 gene
expression. They found that the nuclear factor 1 (NF1)
family members each have an impact on SULT1A1
gene expression in ZR75-1 cells. When NF1-A, -B, -C
and -X were knocked down with siRNA, SULT1A1
expression was also decreased. While only some of
these associations were significant (NF1-A and -C),
the trend was still evident in others (NF1-B and -X)
88]. Taken all together, we are left with the knowledge
that there is more to SULT1A1 variation than can be
explained by functional SNPs, CNV and ethnic dif-
ferences in allele frequency. More studies are needed
to elucidate the pharmacogenetic implications of this
dynamic protein. Like Innocenti et al. [25], data gen-
erated in preclinical trials can be used to prequalify
candidate genes and therefore guide future pharmaco-
genetic studies.

HCAs are environmental procarcinogens found in
meat cooked at high temperatures and they are bio-

1832

Pharmacogenomics (2014) 15(14)

fsg

future science group



activated by SULTI1AL. Individuals demonstrating
high SULT1A1 activity would be expected to exhibit a
greater risk of developing cancer owing to a supposed
increase in exposure to carcinogenic and mutagenic
compounds. Risk of prostate cancer was found to have
no associations with genotype in two studies; but when
phenotype was considered, one of these studies did find
significant associations. Against the a priori hypothesis,
high cooked meat consumption consistently increased
the risk of both breast and colorectal cancer for carri-
ers of the SULTIAI*2 allele. One explanation for this
could be the fact that chemopreventive intake was not
included in the analyses. Evaluating exposures to both
cancer-causing and cancer-preventing agents in dietary
assessments may allow for a more complete analysis.
Intraindividual SULT1TA1 expression is also tissue spe-
cific. Varying levels of SULT1ALI at each site of action
could also explain differences in metabolic potential to
initiate carcinogenesis.

Smoking exposes individuals to PAHs and
SULT1AL1 is able to intercept the formation of geno-
toxic metabolites. However, this exposure also yielded
conflicting results with SULT1A1 genetic variation.
Because SULT1AL activity is thought to be protec-
tive against PAH damage, genetic variations that
confer lower enzymatic activity are expected to have
an increased risk of cancer susceptibility. Being a
carrier of at least one SULTIAI*2 low-activity allele
and a smoker appears to increase risk of prostate and
esophageal cancer marginally. *2 alone was sufficient
to increase risk of lung cancer, but when stratified by
smoking status the significant association only per-
sisted in one study which was a meta-analysis. There
were associations between smokers, SULTIAI*1/*]
high-activity genotype, and increased risk for other
cancers. Bladder cancer risk was only increased when
*1/*1 and another factor was involved. Increased
risk could also be seen among colorectal case—con-
trol studies, but not in a meta-analysis. Oral cancer
subjects who smoked had increased risk regardless of
SULT1A1 genotype; however, individuals homozy-
gous for the *I allele were at much greater risk. No
association was observed in the single studies involv-
ing pancreatic and prostate cancer. More studies of
SULT1A1l genetic variability and pancreatic and
prostate cancer susceptibility are needed to under-
stand how smoking can modulate this relationship.
Current results vary greatly by ethnicity, another
important factor in determining cancer pharmaco-
genetic risk. There are undoubtedly other gene—gene
and gene—environment interactions as well as ethnic
differences that can explain the inconsistent findings
between the case—control studies and meta-analyses
presented here.

Pharmacogenetics of SULT1A1

Environmental exposure to promutagens, procar-
cinogens and chemopreventives along with variation
in the SULT1AI enzyme could exhibit a cumulative
effect in modulating individual response to disease-
related chemicals. Allele specific variation in the sul-
fation of chemopreventives has been demonstrated.
The *I allele has the greatest, *3 lower and *2 lowest
activity toward chemopreventive compounds. The
*2 low-activity SULT1A1 SNP may indeed decrease
the formation of genotoxic species, thereby confer-
ring lower susceptibility to those cancers that arise
from SULT1A1-catalyzed HCA (meat cooked at high
temperatures) bioactivation. Conversely, having lower
SULT1Al enzymatic activity could be detrimental
in the case of detoxifying PAH (smoke) compounds.
Further investigation into the role chemopreventive
agents and SULT1A1 variation plays in modulating
SULT1AL activity and disease outcome is warranted,
addressing cancer site differences, as well as ethnic
differences in allele frequencies where an allele—dose
effect may be observed.

Future perspective

Data presented in this review demonstrate the impor-
tance of evaluating genetic variation beyond the tra-
ditional SULT1A1*1/2 SNP in predicting response to
chemicals and therapeutic agents. Future SULT1A1
pharmacogenetic studies should be more inclusive
and take into consideration CNV, 3-UTR SNDPs and
the SULTIAI*3 allozyme. The idea that SULT1A1
is not an inducible enzyme has been challenged.
Discovering that 4-OHT may upregulate and NF1
knockdown can downregulate SULT1AL expression
affirms that these influences should not be ignored.
Epigenetic evaluation is undoubtedly in the future
for SULT1A1 genetic variability studies. Differential
CNVs between tumor and matched blood samples
warrants further exploration of the tumor microen-
vironment. Larger, more ethnically diverse studies of
sufficient statistical power need to be conducted to
more fully understand the contribution of SULT1A1
genetic variation and environmental and dietary con-
tributors to cancer causation and prevention, as well
as therapeutic efficacy.
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Executive summary

SULT1A1 genetic variation & therapeutic agents

e Most pharmacogenetic studies with tamoxifen (TAM) report no significant associations with SULT1A1
genetic variation and either recurrence-free survival, prognostic clinical or biological markers, breast cancer
prevention efficacy, disease-free survival, overall survival, recurrence or pharmacokinetics.

- Conflicting significant associations with the *2/*2 genotype were found. One study reported improved
overall survival and breast cancer specific survival, whereas another reported an almost threefold greater
risk of death in *2/*2 carriers. Homozygous *2/*2 and UGT2B15*2 carriers were also associated with
increased recurrence and decreased survival.

- SULT1AT1*1/*1 homozygotes were found to have a decreased risk of recurrence with the CYP2D6*4 variant
allele and improved recurrence-free survival with 2 years of TAM treatment.

- Pharmacokinetic analyses showed no significant associations between SULT1A1 genotype or copy number
with plasma concentrations of TAM and TAM metabolites except when ratios of metabolites were
considered in one study.

e Results from a Phase 1 clinical trial investigating a novel anticancer therapeutic agent, ABT-751, reveals a
clear indication for SULT1A1 copy number testing before prescribing this medication. Patients with high
copy number variation of SULT1A1 receiving ABT-751 could potentially exhibit decreased benefit in terms of
outcome owing to increased clearance of the active parent compound.

¢ Aminoflavone has an allele specific sensitivity toward the SULT1A1 variants *3 > *7 > *2 suggesting that
carriers of the low activity *2 allele may not respond to aminoflavone treatment as well as high activity
carriers.

e SULT1TA1*1/2 and copy number could potentially influence the metabolism of fulvestrant and toremifene
adjuvant therapies in that they were significantly associated with substrate sulfation in in vitro assays.

SULT1A1 genetic variation, well-done meat consumption (heterocyclic amine exposure) & cancer risk

e N-hydroxylated heterocyclic amines are present in well-done meat and must undergo metabolism by SULT1A1
to form activated DNA damaging species that can initiate carcinogenesis.

e Because the SULT1A7*2/*2 low activity genotype has been shown to produce less DNA adducts than the
heterozygous or homozygous *1/*1 genotypes, one would expect this allele to be associated with lower risk of
developing cancer.

e No associations were observed for prostate cancer risk between well-done meat consumption and SULT1A1
genotype.

e Surprisingly, the SULT1A71*2 low-activity variant allele was associated with increased risk of both breast and
colorectal cancer among subjects who had high smoked meat intake.

SULT1A1 genetic variation, smoking (polycyclic aromatic hydrocarbon exposure) & cancer risk

e Polycyclic aromatic hydrocarbons found in smoke are carcinogenic, but sulfation from SULT1A1 metabolism is
able to intercept the carcinogenic redox cycle, which is a protective benefit.

e The *2 variant allele is expected to exhibit a greater risk of cancer due to its lower enzymatic activity in the
detoxication of polycyclic aromatic hydrocarbons; however, smoking and SULT1A1 SNP yielded conflicting
results in cancer risk at multiple sites.

e Increased risk for both lung and esophageal cancer were associated with smoking and SULT1A7*2 allele, albeit
marginally, in a meta-analysis and more profoundly with lung cancer in another study. Otherwise there were
no associations found with lung cancer.

e Colorectal cancer risk with smoking had either no associations in a meta-analysis, increased risk with carrying
the *7*1 genotype in Canadians or the *2 allele in Germans.

e Bladder cancer and smoking had no associations with the SULT1A1 SNP except in two studies of the same
population where other gene—gene and gene-environment factors were considered in those homozygous for
*1/*1.

e Oral cancer risk was increased among smokers with the *1/*7 genotype.

¢ No associations were observed with prostate or pancreatic cancer risk.

¢ Male breast cancer was associated with a decrease in SULT1A1 copy number and with the BRCA2 mutation.

SULT1A1 genetic variation & chemopreventives (flavonoids, isoflavonoids & other phenols)

e Dietary flavonoids including epicatechin gallate, epigallocatechin gallate, chrysin, genistein, quercetin,
apigenin, epicatechin and resveratrol are potent inhibitors of SULT1A1 and therefore may prevent
sulfation-induced carcinogenesis.

e The trend in recombinant SULT1A1 V__ toward certain dietary flavonoids was *7 > *3 > *2, suggesting that *2

max

carriers might be at a greater disadvantage in preventing sulfation-induced carcinogenesis.
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