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Abstract

Background & Aims: African Americans and European Americans have a similar prevalence of
gastroesophageal reflux disease (GERD) yet esophageal adenocarcinoma (EAC)
disproportionately affects European Americans. We investigated whether the esophageal
squamous mucosa of African Americans has features that protect against GERD-induced damage,
compared with European Americans.

Methods: We performed transcriptional profile analysis of esophageal squamous mucosa tissues
from 20 African American and 20 European Americans (24 with no disease and 16 with Barrett’s
esophagus and/or EAC). We confirmed our findings in a cohort of 56 patients and analyzed DNA
samples from patients to identify associated variants. Observations were validated using matched
genomic sequence and expression data from lymphoblasts from the 1000 Genomes Project. A
panel of esophageal samples from African American and European American subjects were used
to confirm allele-related differences in protein levels. The esophageal squamous-derived cell line
Het-1A and a rat esophagogastroduodenal anastomosis model for reflux-generated esophageal
damage were used to investigate the effects of the DNA-damaging agent cumene-hydroperoxide
(cum-OOH) and a chemopreventive cranberry proanthocyanidin (C-PAC) extract, respectively, on
levels of protein and mRNA.

Results: We found significantly higher levels of glutathione S-transferase theta 2 (GS772)
mRNA in squamous mucosa from African Americans compared with European Americans and
associated these with variants within the GS772locus in African Americans. We confirmed that 2
previously identified genomic variants at the GS772locus, a 37-kb deletion and a 17-bp promoter
duplication, reduce expression of GSTT2 in tissues from European Americans. The non-
duplicated 17-bp promoter was more common in tissue samples from African descendant
populations. GSTT2 protected Het-1A esophageal squamous cells from cum-OOH-induced DNA
damage. Addition of C-PAC increased GSTT2 expression in Het-1A cells incubated with cum-
OOH and in rats with reflux-induced esophageal damage. C-PAC also reduced levels of DNA
damage in reflux-exposed rat esophagi, as observed by reduced levels of phospho-H2A histone
family member X.

Conclusions: We found GSTT2 to protect esophageal squamous cells against DNA damage
from genotoxic stress and that GSTT2 expression can be induced by C-PAC. Increased levels of
GSTT2 in esophageal tissues of African Americans might protect them from GERD-induced
damage and contribute to the low incidence of EAC in this population.

Graphical Abstract:
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INTRODUCTION

EAC often arises from metaplastic mucosa called Barrett’s esophagus (BE), a predisposing
condition in which the normal squamous epithelium of the esophagus (NE) is replaced by
columnar intestinal-type epithelium. There are substantial but not uniform data to suggest
that continued esophageal reflux leads to chronic esophagitis, which then acts as a trigger for
the formation of BEL. To date, the characteristics that trigger the formation of BE and its
exact cell of origin remain unclear. It has been extensively observed, however, that both BE
and EAC primarily affect European Americans (EA) but not African Americans (AA),
despite both populations having similar risk factors including obesity, gastroesophageal
reflux disease (GERD), and smoking? 3. More importantly, it is known that the primary risk
factors including GERD and obesity* do not differ between the two racial groups®’.
Nevertheless, AA demonstrate half the incidence of erosive esophagitis when compared to
EA among subjects reporting weekly heartburn or reflux (24% vs 50%, £=0.03)° and about
a quarter the incidence of EAC8. To address this question, we sought to investigate the
transcriptional profile of the normal squamous mucosa of individuals of both populations
(EA vs. AA). Further, we sampled the squamous mucosa from both disease-free (no history
of either BE or EAC) individuals and those with a disease history (presence of BE and/or
development of EAC) from both racial groups. Our goal was to identify differentially-
expressed genes and molecular pathways that might better protect the esophageal mucosa
and thus reduce the risk of disease progression.

Here we report that a detoxifying enzyme responsible for inactivating reactive oxygen
species and reducing DNA damage?, glutathione-s-transferase theta 2 (GSTT2, GSTT2),
showed significantly higher average expression in esophageal mucosa of AA relative to EA.
Moreover, we report on two underlying genomic events that negatively affect GS772 mRNA
expression (a 37kb deletion and a 17bp promoter duplication in the GST72locus) which are
highly over-represented among individuals of European descent. Conversely, promoter non-
duplication is associated with higher levels of GS772mRNA and is proportionately more
conserved in African and African descendant populations. In addition, we show that
experimental reduction of the GSTT2 protein in an esophageal squamous cell line increases
its susceptibility to DNA damage under genotoxic stress. Together, these observations
suggest that increased GSTT2 expression may protect against esophageal mucosal damage
caused by GERD and may be one factor that underlies the low incidence of BE and hence
EAC in AA. Agents that increase GSTT2 in the esophagus could provide a
chemopreventative strategy for patients at risk for BE and EAC.
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MATERIALS AND METHODS

Biopsies of the squamous esophagus

Histologically-normal biopsies of esophageal squamous epithelium were collected from
consented individuals without a history of Barrett’s esophagus or erosive esophagitis
(population controls) of either AA or EA ethnicity who underwent a research upper
endoscopy between 2008 and 2016 at the time of a scheduled, screening colonoscopy
performed at the University of Michigan Health System, the University of North Carolina, or
the Ann Arbor Veterans Affairs Medical Center. Samples from the normal squamous
epithelium (NE) of AA and EA individuals who developed BE and/or EAC were collected
from Case Western University, Johns Hopkins University, and the University of Michigan
Health System between 1991 and 2004 using protocols approved by their respective
institutional review boards (IRB). Racial group determination (AA or EA), age, smoking
status, BMI (>25 classified as overweight), GERD status and BE/EAC status, as summarized
in Supplemental Table S1, were based on self-reporting questionnaires completed by each
recruited participant. None of the EAC patients from whom normal (NE) biopsies were
obtained had received preoperative radiation or chemotherapy. All specimens were collected
fresh and frozen in liquid nitrogen and stored at —80°C until use.

MRNA extraction and Affymetrix expression analysis

RNA was isolated from the normal esophageal squamous mucosa from individuals self-
identified as either EA or AA, as previously described!?. mRNA extraction and Human
Gene ST 2.1 array (Affymetrix, Santa Clara, CA) hybridizations were performed as
previously described?. Expression values for each gene were determined using the robust
multi-array average (RMA) method! in the Bioconductor packagel? of the R statistical
platform. Analyses were restricted to the 24,909 coding and non-coding genes for which
annotation details were available. We fitted ANOVA models with terms for the four groups:
AA without Barrett’s (AA-NE; n=12), AA with Barrett’s (AA-NE:BE; n=8), EA without
Barrett’s (EA-NE; n=12), and EA with Barrett’s (EA-NE:BE; n=8). Pvalues were
determined and calculated for four pairwise comparisons as shown in Supplemental Table
S2. We estimated false discovery rates by analyzing 10,000 data sets in which the sample
labels were randomly permuted, and averaged the number of qualifying probe-sets across
the 10,000 data sets.

Data availability

Both normalized and raw expression data for this experiment were deposited into the Gene
Expression Omnibus (GEO series GSE77563).

GSTT2 and GSTT2B probesets

Affymetrix probesets do not adequately distinguish between GS772and GSTT728B
transcripts, therefore we present mMRNA expression as GS772/2B and only report the more
complete 16933088 probeset which covers all 5 exons, rather than 16928115 which only has
probes on exons 2 and 4. The regulatory and coding sequences of RefSeq genes GS772

Gastroenterology. Author manuscript; available in PMC 2020 April 01.
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(hg38:chr22:23980123-23983911, RefSeq: NM_000854) and GST728B (hg38:
chr22:23957414-23961186, RefSeq: NM_001080843) are indistinguishable.

gRT-PCR validation

An extended normal squamous tissue cohort, consisting of the 12 AA and 12 EA examined
by ST 2.1 array, plus an additional 9 AA, 9 EA, and one AA:BE were for quantitative real-
time polymerase chain reaction (qRT-PCR) validation of selected gene transcripts. Total
RNA was converted to cDNA and used for qRT-PCR as previously described?, with details
of gRT-PCR primers and analysis provided in Supplementary Methods.

GSTT2B deletion genotype analysis

Genomic DNA was extracted from normal squamous biopsy material as described
previouslyl® and GSTT2B genotypes were resolved using three-primer PCR as previously
described®. The PCR reaction and electrophoretic distinction of alleles are detailed in
Supplementary Methods.

GSTT2/2B promoter duplication analysis

The primers and PCR protocol from Marotta er a/1° and 2% agarose gels were used to
genotype the 17bp promotor duplication status. Two examples of each promoter genotype
were confirmed by Sanger sequencing as detailed in Supplementary Methods.

1000 Genomes and HapMap data analysis for GSTT2B and GSTT2 promoter genotypes

The 17bp promoter duplication is not present in the 1000 Genomes (1000G) set, primarily
due to the duplicative nature of the variant, but exists in the raw alignment data. After
manual alignment, the duplication appears as a deletion relative to the reference sequence
(GRCh37). Subsequently, we could not use the 1000G variant calls and therefore counted
raw reads containing either the duplicated allele or non-duplicated allele sequence:

Duplicated: GTGCACGAAGTGGGAGCTCCCGCTGTCTGGCAGCTCCCGCTGTCTG
GCAG

Non-
duplicated: GTGCACGAAGTGGGAGCTCCCGCTGTCTGGCAGCAGCTGCTCTGCA
GGGG

We enumerated sequences that mapped around both paralogs, to take into account
alignments that might align to one or another. We extracted RKPM expression data for 110
lymphoblast cell lines from the tabulated GEUVADIS RNAseq data (Express Array 1D: E-
GEUV-1)16. These samples (39 AFR and 77 EUR) match those for whom raw copy number
variation data were available. We then used the non-parametric Kruskal-Wallis statistic to
investigate the frequency of GS772copy number variations and expression levels within
these matched (RNA/DNA) samples.

Gastroenterology. Author manuscript; available in PMC 2020 April 01.
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Phospho-H2A histone family member X (y-H2AX) detection in cumene-hydroperoxide
(cum-OO0H) treated of Het-1A and HelLa cell lines

Detailed methods for siRNA transfection and Western blotting are provided in
Supplementary Methods. Briefly, cultured Het-1A (immortalized normal esophageal
squamous mucosa) and HelLa (squamous cervical cancer) were exposed to mock control
(RNAimax; Thermo Fisher), scramble non-target (NT) siRNA or four commercial sSiRNAs
targeting GST72 (#LQ-011181-00-0005, Dharmacon, Lafayette, CO) at a concentration of
10nm for 48hrs before harvesting. Western blot lysates were prepared at 20ug total, resolved
using commercial SDS 4-12% gradient gels then transferred to pre-activated nitrocellulose.
Following blocking, membranes were incubated overnight at 4°C with primary GSTT2
(#514667; Santa Cruz, Dallas, TX; 1:500) or -y-H2AX (#05-636; Millipore, Burlington,
MA; 1/1500) antibodies. Membranes were then washed and exposed to secondary antibodies
for 1hr incubations at room temperature (RT) prior to imaging with ECL and X-ray film.
Duplicate plates were run each day and the experiment was repeated twice.

Immunofluorescence analysis of y-H2AX

After methanol fixation, PBS was removed from the coverslips containing fixed Het-1A or
HeL a cells and protein-DNA cross-links were formed with 10% phosphate-buffered
formalin for 20min at room temperature (RT). Cells attached to these coverslips were
washed, permeabilized with 100% cold methanol (-20°C for 5min), incubated for 1hr in
blocking buffer before overnight exposure to primary antibody (y-H2AX; 1/1500 or GSTT2;
1:500) at 4°C in a humidified chamber. Coverslips were rinsed before 1hr incubation with
secondary antibody at RT, washed and mounted onto slides using DAPI mounting solution
(#P36935, Thermo Fisher). The ratio of y-H2AX positive cells verse total viable (DAPI
stained) nuclei was averaged across 2 replicate plates for each experiment (n=2), with both
cell lines (n=2), siRNA treatments (control, siRNAO5, siRNAO06) and the presence/absence
of cum-OOH (n=2) compared in a four-way ANOVA model.

Evaluation of GSTT2 levels in the Het-1A esophageal cell line treated with cranberry
proanthocyanidins (C-PAC)

Het-1A (150,000) cells were seeded in triplicate 35mm tissue culture treated dishes
(Corning; ThermoFisher) and adhered overnight prior to treatment with C-PAC [50 and
75ug/mL] as previously described!’ or vehicle control (0.1% ethanol) dissolved in DMEM
with 10% fetal bovine serum (Thermo Fisher). Cell lysates were harvested at 0, 24 and 48hr
post-treatment using lysis buffer (1% Triton X-100, 50mM HEPES, pH 7.4, 150mM NacCl,
1.5mM MgCI2, ImM EGTA, 100mM NaF, 10mM sodium pyrophosphate, 1mM sodium
orthovanadate, 10% glycerol) with cOmplete™ EDTA-free protease and PhosSTOP
phosphatase inhibitors (Sigma-Aldrich) following published protocols!®. Immunoblotting
was performed using commercially available antibodies from Cell Signaling Technology
(Danvers, MA): GAPDH (#2118; 1:40,000) and Santa Cruz Biotechnology: GSTT2
(#514667; 1:500) and HSP60 (#13115; 1:1000). Images were captured via the ChemiDoc
Molecular Imager and band quantification with ImagelLab analysis software (both Bio-Rad).
Expression values normalized to loading controls were determined by chemiluminescent
immunodetection with fold-change from vehicle reported.

Gastroenterology. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrer-Torres et al.

Page 7

Evaluation of GSTT2 and y-H2AX levels in rat esophageal tissue

RESULTS

Sprague Dawley rats were purchased from Charles River Laboratories (Wilmington, MA) at
5-6 weeks of age and an esophagogastroduodenal anastomosis (EGDA) was performed as
previously reported!® to create chronic reflux of bile salts and stomach acid which leads to
esophageal adenocarcinoma and precursor lesions. Animals were group-housed in a
dedicated animal facility under a 12-hr light/dark cycle and fed AIN93M (Dyets Inc,
Bethlehem, PA) ad libitum. Rats were provided water ad libitum or water with C-PAC
[690ug/rat/day] and euthanized at 40 weeks of study. Rat lower esophageal lysates (n=3/
experimental group) were prepared by homogenization (PRO Scientific Inc., Oxford, CT) in
T-PER® Tissue Protein Extraction Reagent (Thermo Fisher) with cOmplete™ EDTA-free
protease inhibitor cocktail and PhosSTOP phosphatase inhibitors (Sigma-Aldrich) according
to the manufacturer’s instructions. Equivalent protein amounts (30ug/lane) were loaded into
precast 4-20% Mini-Protean TGX gels (Bio-Rad). Immunoblotting was performed as
indicated above and fold-change from water treated animals reported for each treatment
group. Phospho-H2AXSer139 protein levels were detected using the commercially available
Cell Signaling Technologies (Danvers, MA) rabbit antibody #2577 at a 1:1000 dilution.

Transcriptional Profile of Normal Squamous Mucosa in AA vs. EA

To determine whether the NE of AA demonstrates a different transcription profile from that
of EA, we used Affymetrix GeneChip 2.1 ST analysis. Total RNA was isolated from the NE
of four subject groups: healthy control individuals (no history of BE or EAC) from both
racial groups (AA-NE n=12; Cau-NE n=12) and patients histologically positive for BE
and/or EAC (AA-NE:BE n=8; Cau-NE:BE n=8). We summarize key demographic data
available for these patient groups in Supplementary Table S1. We fitted a one-way ANOVA
model with terms for the means of four groups to log-transformed gene expression data, for
gene probesets annotated with both gene symbol and Entrez Gene ID (n=24,909), and tested
differences in means for specific pairs of groups as follows: between control populations
(AA-NE vs EA-NE); between disease groups (AA-NE:BE vs. EA-NE:BE) and control vs.
disease comparisons within each population (AA-NE vs. AA-NE:BE and EA-NE vs. EA-
NE:BE). Similar to previous reports?%: 21, we found strong differences between the
squamous of EAC patients compared to both BE and non-disease patients (detailed in
Supplementary Array Analysis) consistent with the idea of an etiologic field effect?2. This
result directed our initial comparisons towards expression differences between nondisease
groups, within esophageal squamous tissue.

When comparing NE profiles of healthy AA and EA groups 5 probe-sets gave fold-changes
greater than 3 and A<0.01 in an ANOVA model with means for 4 groups (GS772, GSTTZ2B,
HLA-DBPI, IGHD and IGHAI; Supplementary Table S2), whereas 10,000 data-sets with
random permutations of the sample labels gave just 2.28 probe-sets with these properties on
average, so that nearly half (false discovery rate = 0.46) of the 5 selected probe-sets were
expected to be false-positives. The FDR for a list satisfying "~ < 0.01 and fold-change >3"
can be much different than for a list merely satisfying "~ < 0.01”. Previous studies also
found few AA vs EA gene expression differences?3-25. Nevertheless, the appearance of both
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrer-Torres et al.

Page 8

GSTT2and GSTTZB, and a review of their possible functions, lead us to investigate them
further.

The GSTT2mRNA demonstrated the largest FC difference (FC=5.15) between the two
racial groups, while the paralog, GST72B, demonstrated the fourth largest FC (Figure 1A;
Supplementary Table S2). Both genes produce the same protein and have nearly identical,
but inverted, structure and sequence, accounting for their strongly correlated transcript
abundance (Pearson coefficient of 0.95 across log2 array data for all 40 samples; data not
shown). Since the Affymetrix probesets do not adequately distinguish between GS772and
GSTTZB transcripts, we present mMRNA expression as GS772/2B (detailed in Methods). We
observed a similar trend of increased GST72/2B expression (FC=2.17) when comparing the
population-based disease groups, but without a supportive Pvalue (P=0.14; AA-NE:BE to
EA-NE:BE in Supplementary Table S2). Within the AA population there was a trend
(P=0.048; FC=0.39) towards lower expression in the disease group, when compared to the
control group (Supplementary Table S2). We then validated the array results using an
extended cohort of non-diseased squamous mucosa samples (AA-NE n=20 vs. EA-NE
n=21) with reverse transcription followed by qRT-PCR. This confirmed that GST72/2B was
overexpressed in the NE of AA relative to EA (FC=6.3, P=0.0013; one-way ANOVA with
Tukey’s post-hoc adjusted); Supplementary Figure S1A) and correlated with the array data
across the arrayed samples (r=0.86; Supplementary Figure S1B). Other between-group
comparisons were not significant.

Further, we investigated whether GSTT2 protein was differentially expressed in the NE of
AA and EA individuals, with or without GERD. We obtained biopsies of NE from an
independent cohort of individuals that self-identify as either AA or EA and had either a
history of GERD or no history of GERD, BE or EAC. We measured GSTT2 protein levels in
the NE from these individuals using Western blot analysis, normalized against a-tubulin. A
history of GERD did not appear to change the level of GSTT2 expression among EA
(P=0.50). We observed that GSTT?2 is over-expressed in the mucosa of AA compared to EA
(AA with GERD vs. EA with GERD P=0.00019; AA with GERD vs. EA without GERD
P=2.1x1075, each using one-way ANOVA with Bonferroni multiple comparison adjustment)
(Figure 1B, C). Together the above observations suggest that GSTT2 expression is lower in
the NE of a healthy EA population as well as in those who develop BE or EAC.

Zhang et al.2® noted differential HLA-DPBI expression while comparing non-disease AA
and EU groups using the Affymetrix ST array platform and were able to show that this was
due to differential binding of one ST array probeset as a result of a frequent, population-
variable SNP causing difference in response of one probe.

Genomic events associated with mRNA levels of GSTT2

To further address the basis for the differential MRNA expression of GSTT2/2Bin AA vs
EA, we examined the chromosomal region surrounding the GSTT72locus. Resulting from an
inverted chromosomal segmentation duplication, both genes (GS772and GST72B) are
located in chromosome band 22q11.23, with DDT and its inverted homolog DDTL, located
between them?8 (Supplementary Figure S2C). GSTT1, the only other Theta class GST
present in humans, shares 55% protein homology and is located ~50kb telomeric to both
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GSTT2and GSTT2B%8 (Supplementary Figure S2C). Greater expression of GSTT2and
GSTTZB (FC>3, P<0.002; as discussed above and Supplementary Figure S2A-B,
Supplementary Table S2), but not neighboring genes DDT (FC=0.85, P=0.013), GSTTP1
(FC=0.80, P=0.16), or GSTT1 (FC=0.70, P=0.23), was observed between AA-NE vs. EA-
NE (Supplementary Figure S2D-F). This suggests the increased expression of GST72/2B in
AA is not due to regional DNA amplification and/or chromosomal translocation, but is
GSTT2and GSTTZB specific. We further assessed other genomic events within the
chromosome 22g11.23 loci that may affect the regulation of GST72/2B expression. Zhao et
al1* characterized a 37kb deletion of GSTT2B (Figure 2A; Supplementary Figure S3A),
which they associated with lower levels of GS7T72expression. We genotyped GSTTZ2B copy
number for both AA and EA NE cohort samples using the method of Zhao et a/* and
observed a higher frequency (Fisher Exact £=0.018) of the GST72B deletion in EA-NE
(80.6%) relative to AA-NE (54.8%; Supplementary Figure S3B). However, the GSTT28
deletion genotype alone did not explain the expression differences observed between NE
from AA and EA groups (Supplementary Figure S3C-D).

In a study examining tandem duplications across the genome, Marotta et a/1° identified a
17bp tandem duplication within the promoter of GST72and GSTT72B (Figure 2A), and
using a luciferase-linked assay to assess promoter function, showed the presence of the 17bp
tandem duplication associates with lower GST72and GSTTZB promoter activity. Utilizing a
PCR-based methodology, and Sanger sequencing confirmation (Supplementary Figure S4),
to differentiate the 17bp promoter duplication, we genotyped gDNA from the EA and AA
samples. We observed a significantly higher frequency (EA-NE vs. AA-NE: 97.5% to
67.5%, P=0.000062 by two-sided Fisher Exact Test) of the promoter duplication in EA
relative to AA (Figure 2B). The promoter duplication frequency between AA-NE and AA-
NE:BE was not significantly different (£=0.34), possibly due to there being only 9 AA-
NE:BE samples. We then examined matched lymphoblast genotype and mRNA expression
data available for a subset of the 1000 Genomes Project samples?” and confirmed
individuals of African descent tended to have higher GS7TT72mRNA levels than those of
European ancestry (P=0.030) (Figure 3A). Furthermore, we confirmed homozygosity for the
GSTT2promoter duplication correlated with lower levels of GSTT72expression in both local
esophageal (one-way ANOVA P=8.2x107° and P=0.00078 with a post-hoc linear trend test;
Figure 2C) and 1000G (ANOVA P=3.9x1078; 4.7x1076, with linearity test; Figure 3B)
cohorts. The GSTT2B deletion also strongly correlated with GS772expression in the
1000G data (Figure 3C), however, the most important contribution to low GST72/2B
expression occurs when the 17bp GST72/2B promoter duplication is homozygous (Figure
3D) and thus similar to the results seen in the esophagus (Figure 2D). These results suggest
the presence of the promoter duplication is more frequent in EA and may underlie reduced
esophageal GST72/2B expression in this population. In terms of potential confounding
effects, we did not observe significant differences in GST72/2B mRNA levels between
males and females (Supplementary Figure S5A-B) nor in relation to GERD history or
smoking status (Supplementary Figure S5C-D). We did note a trend (Welsh test £2=0.056)
towards an older age among AA relative to EA controls (Supplementary Table S1), but no
evidence for interaction between age and GS772/2B mRNA expression, nor the 17bp
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promoter or GST72B deletion variant genotypes (2-way ANOVA Pvalues of 0.27, 0.84,
0.95 respectively).

To elucidate the promoter duplication frequency, we used 1000G data to examine the
distribution of the 17bp GST72/2B promoter duplication allele across world populations and
found it to be more prevalent in each of the non-African super-populations (AMR=92%,
EUR=93%, SAS=96% and EAS=95%) when compared to AFR (AFR=71%) (/<0.0001 by
Fisher Exact Test for each of the four vs AFR; Figure 3E). In particular West African
populations showed the lowest frequency, with <70%, which is similar to the 64% we
observed in our American population with African descent (Figure 3F; Supplementary Table
S3).

GSTT2 functions to prevent DNA damage in cells undergoing genotoxic stress

To investigate the effect of GSTT2/2B gene dose (GST72B deletion) and GST772promoter
duplication /n vitro we genotyped a cohort of cell lines including those derived from normal
esophageal squamous mucosa (Het-1A), as well as cancers of squamous cell origins from
head/neck and cervical cancer (HeLa) (Supplementary Figure S6A). We observed that
Het-1A is homozygously deleted for the 37kb fragment, indicating that it only carries 2
copies of GSTT2/2B while HelLa cells are homozygously non-deleted, and therefore have 4
copies of GSTT2/2B (Supplementary Figure S6A, top panel). We further assessed whether
these gene copies of GSTT72/2B harbor the promoter duplication. Het-1A is homozygous
and Hel a is heterozygous for the promoter duplication, respectively (Supplementary Figure
S6A bottom panel). We found that HeLa cells had about 4 times more endogenous GSTT2,
at both the mRNA and protein level, with comparable amounts of housekeeping gene/protein
levels (Supplementary Figure S6B-C). The relative mRNA difference between these two cell
lines is consistent with their GSTT2 genotypes, based esophageal squamous cohort (Figure
2D) and the 1000 Genomes lymphoblast cell line panel (Figure 3D), comparing bars for
“some Dup” sample average to the “2/2 DUP” average. Thus we chose to investigate the
potential importance of GSTT2 in the DNA damage response of these two squamous cell
lines with key differences in GST72 structural alleles.

GSTT2 has been previously shown to protect cells against DNA damage following exposed
to the oxidative agent, cumene-hydroperoxide (cum-OOH)28. To confirm that GSTT2 plays
a role in protecting squamous cells against genotoxic stress, we performed knockdown
experiments in both Het-1A and HeLa cell lines, with and without genotoxic stress induced
by cum-OOH treatment. We transfected Het-1A and HeLa cells using four commercial
GSTT2targeting siRNAs and confirmed successful GSTT2 mRNA and protein knockdown
of >50-80% in both cell lines (Supplementary Figure S7TA-G). While we observed
knockdown of GSTT2 across all four siRNAs, 05 and 06 had the better knockdown
performance overall, and were chosen for subsequent experiments.

We hypothesized that Het-1A cells may be more susceptible to DNA damage following
cum-OOH exposure. DNA damage was measured using immunofluorescence staining for
the DNA double strand break marker, gamma-H2AX (y-H2AX) as a ratio against nuclear
foci (DAPI stained, see Methods). Cum-OOH treated, GSTT2 knocked-down Het-1A cells
showed dramatically more DNA damage compared to controls (control vs. sSiRNA-05, 06)
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(P=4.8x107°, 1.0x1075, respectively), with more than 50% of the cell population positive for
DNA damage response (Figure 4A-B). We saw a similar trend in HeLa cells (Supplementary
Figure S71-J). These data confirm that GSTT2 protects cells against genotoxic stress,
however, we saw no evidence that Het-1A had more y-H2AX-positive nuclear foci than
HeLa cells, either with or without genotoxic stress (Supplementary Figure S6D). Both cell
lines showed a significant shift from about 1-2% of cells with active damage (>10 y-H2AX
nuclear foci) to around 20% following 100uM cum-OOH treatment, but the change was not
different between the two cell lines. Thus, while the level of GSTT2 mRNA and protein in
these cell lines may be different, we did not see this translate into a difference in DNA
damage response under the genotoxic stress conditions (Supplementary Figure S6C-D).

C-PAC induces GSTT2 expression and reduces DNA damage in rats with
esophagogastroduodenal anastomosis (EGDA)

Cranberries are rich in bioactive constituents, including proanthocyanidins (C-PAC), which
are known to possess cancer inhibitory properties in preclinical models and thus an avenue
for potential chemopreventionl’. We observed that C-PAC significantly induces the
expression of GSTT2 in Het-1A esophageal cells after 48hrs exposure (FC=2.5) (Figure 4C).
In a rat esophagogastroduodenal anastomosis (EGDA) model for reflux-induced
development of EAC, esophageal tissue showed significantly reduced GSTT2 and increased
v-H2AX levels relative to surgically naive rats, as measured at 40 weeks (Figure 4E). In
contrast, the C-PAC treated EGDA rats had low esophageal y-H2AX levels, similar to the
non-surgical controls, yet maintained significantly high GSTT2 levels compared to EGDA
positive rats without C-PAC treatment (Figure 4E). C-PAC treatment therefore reduced
esophageal DNA damage associated with surgically-induced chronic acid reflux (EGDA)
and concomitantly maintained protective levels of GSTT2.

DISCUSSION

When we compared the transcriptome profiles of normal esophageal squamous mucosa
(NE), we observed very few group differences between mRNA from individuals that self-
identified as AA or EA. The most striking difference was the relative over-expression of
GSTT2/2B among the AA group (Figure 1; Supplementary Table S2). We observed a
substantially higher frequency of the 17bp promoter duplication in EA as compared to AA
that strongly correlated with lower levels of GST72/2B expression in both our NE cohort
(Figure 2) and the 1000G cohort (Figure 3A). This promoter variant was a much stronger
predictor of GST72/2B mRNA level than the whole gene duplication variation that leads to
humans inheriting 2, 3 or 4 GSTT2/2B copies (Supplementary Figure S3). Our data confirm
the original report!® that homozygosity for the tandem-duplicated GST72/2B form
associates with lower expression (Figure 2D), but we now extend this to human tissues. With
this in mind, we observed the homozygous frequency of the 17bp duplication as 100% in
EA-NE (Figure 2B), compared to 88% for the EUR super population (homozygous carrier
frequency estimate of Figure 3E value), vs. 46% of AA-NE (compared to 56% for the AFR
super-population, with considerable variation (41% to 69%) seen between West African
populations (homozygous carrier frequency estimate of Figure 3E, F values). Using
esophageal tissue samples and the 1000G/HapMap data, we observed that the non-
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duplicated promoter is conserved in populations of African descent. Our findings suggest the
change in the 17bp promoter duplication frequency arose in conjunction with the trans-
global migration of ancient humans, perhaps in response to new, or diverse selection
pressures. It is interesting to note that Denisovan sequencing tracks (USCS browser tracks
for GSTT2B and GSTT2)?% 30 show that several individuals from this ancient population
had the 17bp duplication variant, while, so far, none of the Neanderthal sequences do
(JBrowse regions for GSTT2B and GSTT2)3. Thus, we speculate that the distribution of
these variants accompanied ancient hominid migration/integration. Lower levels of the only
other human theta-class GST family member, GS7 71, have been similarly associated with
an increased prevalence of cancer of the esophageal squamous mucosa, but in this case
restricted to Asian populations32.

Despite different substrate specificities, GSTs function to protect cells against genotoxic
stress, and in colon mucosa it has been shown than having high or low levels of GSTT2
contributes to a cell’s susceptibility to DNA damage®. Here we report that GSTT2 functions
in the same manner in the Het-1A esophageal squamous mucosa cell line. We observed that
after knockdown of GSTT2, cells are more susceptible to DNA damage following genotoxic
stress (Figure 4A-B). While we did see relative differences in mMRNA and protein levels of
GSTT2 between Het-1A and HeLa consistent with the particular GSTT2 genotypes they
carry, this did not translate into a differential DNA damage response, either endogenously, or
when we applied genotoxic stress via cum-OOH treatment. While background differences
between these cell lines may mask a differential GSTT2 response, or alternatively DNA
damage induction treatment may be concentration dependent, it is also possible that
phenotypically differential GSTT2 responses are subtle. Even though the incidence of
esophageal cancer has risen dramatically over the past few decades, the average age of onset
has not changed, based on SEER data from the 1970s, 80s, 90s and into the 2000s33, So
while risk factor exposure appears to have increased, the average time for cancer detection
has not decreased, suggesting that time may be a key factor in disease etiology, and perhaps
reflux-induced genotypic expression differences are subtle.

While EAC continues to be more prevalent among EA, its incidence has continued to
increase among other racial groups within developed countries. EI-Serag et a/® and others
have reported no difference in the frequency of GERD symptoms (weekly heartburn and/or
regurgitation: AA 29%, EA 28%, other 25%, P=0.80) as well as other risk factors including
obesity, smoking, or age between ethnic groups present in the USAS7. However, AA
participants had a much lower risk of esophagitis (adjusted OR 0.22-0.46, £<0.001)°, which
translates into reduced tissue damage for comparable reflux exposure. AA continue to have a
substantially lower EAC incidence than EA. Our findings provide the first evidence for a
genetic and a molecular basis to explain part of the disparity between these two populations.

The prevalence of GERD in East Asia is estimated to be 2.5-7.8% while populations in the
US and Europe, with higher EAC risk, have more frequent GERD (18-28%)34. Global
obesity levels follow a similar pattern, with higher rates among high-risk EAC populations
(15-25%) when compared to lower risk populations in Asia (5-15%)3°. Thus, the potential
intersection between lower GSTT2/2B levels and obesity should be evaluated to determine
the combined influence an individual’s risk of developing BE and EAC. Among non-African
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populations, where the 17bp promoter duplication is the prominent allele, obesity rates may
offer a partial explanation for the difference in EAC incidences. If true, then the current
trend of increasing global obesity levels should be viewed with concern in terms of
esophageal adenocarcinoma cancer risk.

Non-steroidal anti-inflammatory drugs (NSAIDs) have been shown to reduce the risk of
EAC development by >40-50%36. In addition, NSAIDs and apple polyphenols have been
observed to induce the levels of GSTT2% 28.37_ Although it has been suggested that the
effect of NSAIDs in reducing the risk of EAC is through inhibition of inflammation, we
propose that NSAIDs could also lower an individual’s risk for GERD-related damage
through increasing esophageal GSTT2 expression. Specific studies looking at the effect of
NSAIDs on esophageal GSTT2 levels in subjects at various stages of disease ‘progression’
would be needed to test this hypothesis. Potentially, treatment with these or other
compounds in high-risk populations with GERD may increase protective GSTT2 protein
levels and help reduce or delay the risk of progression towards EAC. We show that a
cranberry extract enriched for proanthocyanidins, known to have inhibitory effects on
multiple cancer types3® including EAC cell lines’: 18 mitigates GSTT2 protein loss in a rat
surgical model for reflux-induced EAC, potentially reducing oxidative damage caused by
bile salts, thus offering a possible alternative, or adjunct, to prophylactic NSAID treatment.

Strengths and Limitations

We report a significant difference in the levels of a key-detoxifying enzyme, GSTT2, which
is differentially-expressed between EA and AA populations. Two genetic variants (37kb
deletion and 17bp promoter duplication) negatively associate with the levels of GS772and
are highly frequent in the EA population. We also examine a large cohort of patients who
develop EAC and confirm these associations. In addition, we report that esophageal
squamous cells with low levels of GSTT2 are more susceptible to DNA damage following
treatments that induce genotoxic stress. We provide evidence that GSTT2 can be induced via
cranberry proanthocyanidin exposure in human and rat esophageal cells and tissue,
suggesting a novel preventive approach for individuals at greatest risk for the disease.
Altogether, these observations suggest that increased GSTT2 expression may be protective
against esophageal mucosal damage caused by GERD and might underlie the low incidence
of EAC in AA populations. We have limited the scope of our analysis to the normal
squamous epithelium of patients and controls and have not measured the expression of
GSTTZ2or variants in BE or EAC since the 1000G data indicate that the allelic differences in
GSTTZ2are constitutive with genotype. We also have not yet examined methods to induce
GSTT2 in BE patients and are at present limited to model systems but these studies are
currently being planned.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Editor’s Notes
BACKGROUND AND CONTEXT

Esophageal adenocarcinoma (EAC) primarily affects European Americans and is rare in
African Americans. The basis for this racial difference is unknown and insights into its
underlying mechanism may have significant impact on strategies to reduce the incidence
of EAC.

NEW FINDINGS

We demonstrate that the protective detoxifying enzyme, glutathione Stransferase theta 2
(GSTT2), is more abundantly expressed in the normal esophageal mucosa of African
Americans relative to European Americans and find that a 17bp GSTT2/2B promoter
duplication associates strongly with expression levels. Further, we demonstrate that
GSTT2 functions to protect esophageal cells from DNA damage under genotoxic stress,
and in a preclinical model of EAC, chemopreventative cranberry proanthocyanidins (C-
PAC) increased expression of GSTT2 while reducing esophageal DNA damage.

LIMITATIONS

We have limited the scope of this paper to understanding the differential expression of
GSTT2 in the normal squamous tissue of patients and controls, since we hypothesized the
presence of a chemopreventative factor. Thus, we have not presented the expression level,
nor differential variant level in BE or EAC tissue. However, the 1000G data offers the
expression in transformed (environmental influence normalized) white cells, suggesting
that the allelic differences in GSTT2 are constitutive with genotype.

IMPACT

These results have important implications for understanding EAC risk and offer the
potential for chemopreventative treatment of at-risk patients.
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Figure 1. GSTT2 and GSTT2B expression in the NE of AA vs EA.
(A) Array analysis of normal squamous esophageal tissue (NE) from AA and EA reveals

differential MRNA expression of GST72and GSTT72B (right panel), respectively. One-way
ANOVA Pvalues are quoted, as shown in Supplementary Table S2. (B) Western blot
depicting GSTT2 expression in an independent cohort of AA and EA normal esophagus
with a-tubulin as the loading control. (C) Quantification of protein expression of GSTT2 in
AA and EA normal esophagus biopsies (GSTT2 expression in each sample relative to a-
tubulin). AA individuals with a history of GERD have significantly higher GSTT2 protein
levels than either EA individuals with or without a history of GERD. One-way ANOVA with
Bonferroni multiple comparison adjustment (allowing for three pairwise tests) was used to
compare between groups with multiple samples. The EA-GERD vs. EA-nonGERD
comparison was not significant (P=0.50).
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Figure 2. GSTT2/2B 17bp promoter duplication is associated with reduced mRNA expression.
(A) Two genomic events influence GSTT72/2B mRNA levels: a 37kb deletion that removes

the GSTTZB gene, and the 17bp tandem GSTT2/2B promoter duplication. (B) The 17bp
GSTT2/2B promoter duplication frequency is significantly lower in AA vs. EA NE (non-
disease) populations, with a similar trend between NE:BE disease groups by Fisher Exact
test. Allele numbers are shown below each bar. (C) When all squamous samples are
combined and analyzed (one-way ANOVA, with a post-test for linear trend P value of
0.00078) we observed that the 17bp promoter duplication shows a dose-dependent
association with GS772/2B mRNA expression. (D) The combination of the 17bp
GSTT2/2B promoter duplication with the gene-dose effect of the GST72B8 whole gene
deletion shows that individuals with only (homozygous) the 17bp promotor duplication had
lower expression as compared to individuals having at least one copy of the non-duplicated
promoter, irrespective of how many GS772 copies they have. We used a student T-test and
Mann-Whitney tests to compare genotypes that included at least one non-duplicated 17bp
allele (first 2 bars) to those with only alleles containing 17bp duplicated GS772 promotors
(3 bars on the right). We quote the MWU P value as it was more conservative than the two-
sample T-test (P=0.00004).
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Fig. 3. 1000 Genomes Data analysis of GSTT2/2B genotype and mRNA.
We used publicly available, matched RNAseq and DNA copy number data from cultured

lymphoblasts from a subset of 1000G population controls (n=116) from normal African
(AFR) and European (EUR) individuals that show: (A) the same trend as our esophageal NE
samples of higher average GSTT72/2B expression in individuals of African descent. We also
confirmed that both the (B) GST72/2B promoter duplication and (C) GS7TT2B deletion have
gene dose-related effects upon expression such that (D) individuals homozygous for the
promoter duplication have much lower GST72/2B expression than individuals with at least
one non-duplicated copy. (E) Frequency of GST72/2B promoter duplication and non-
duplicated alleles in super populations (1000G data) (£<0.0001 by Fisher Exact for each of
the other 4 superpopulations against AFR). (F) Frequency of the non-duplicated GST72/2B
promoter is highest among African and African descent populations. Subpopulation
abbreviations are described in Supplementary Table S3.
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Fig. 4. Effect of GSTT2 knockdown, cum-OOH and cranberry proanthocyanidin extract (C-
PAC) on GSTT2 expression and DNA damage response.

(A-B) Quantification of y-H2AX positive foci in Het-1A, with and without GSTT2 specific
siRNA knockdown. Nuclei with >10 y-H2AX-stained foci considered as positive for DNA
damage, for duplicate experiments. Analyses were modelled as a 4-way ANOVA with terms
of cum-OOH (0 vs 100uM), cell type (Het-1A vs Hela), treatment (control, siRNAQO5,
siRNAOG6) and experiment day, as detailed in Supplementary Methods. In Het-1A both
GSTT2siRNA knockdowns dramatically increased the response to cum-OOH. Contrasts
between OuM Cum-OOH treatments were P=0.026 and P=0.14 for control to sSiRNAO5 or
SiRNAG, respectively, and £=0.34 for siRNAOQ5 to siRNA06, with 7-20% more cell showing
damage. Both siRNAs gave significantly more foci than control (£=3.9E-05 and 2.9E-05,
respectively) at 200uM Cum-OOH, but were not different from each other (£=0.83). (C)
Western blot of Het-1A showing that treatment with C-PAC induces GSTT2 protein. Log,
ratios (GSTT2 vs HSP60) for 24 and 48hr time points were used in separate 2-way ANOVA
models, each with terms for experiment (triplicate ratios) and C-PAC treatments. Unadjusted
vehicle vs treatment group comparison Pvalues are shown, while between treatment (50 vs
75 pg/mL C-PAC) comparisons were not significant (P=0.58 and P=0.84 for 24 and 48hr
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time points respectively). (D) Western blot showing that C-PAC mitigation of GSTT2 loss
coincides with protection against the DNA damaging effects of gastroduodenal reflux in an
esophagogastroduodenal anastomosis (EGDA) rat model, with relative esophageal protein
levels of GSTT2 and y-H2AX contrasted with and without C-PAC treatment. Log 2 ratios
(HSP60 as reference) for GSTT2 and y-H2AX were used in separate 2-way ANOVA
models, each with terms for experiment (triplicate ratios) and treatment groups. Unadjusted
water vs treatment group comparison P values are shown. EGDA rats with C-PAC had
significantly more GSTT2 (P=0.00041) and less y-H2AX foci (P=0.0088) than EGDA rats
not given C-PAC.
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