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Abstract

Background: A variety of dietary components can alter gene expression and at the same
time the genetic makeup of an individual may coordinate its response to diet. Antioxidants,
such as blueberry, are known to have protective effects against age related diseases but
studies that examine their mechanism of action in human are lacking.

Objective: This study aims to investigate the possible interactions between blueberry-apple
juice and single-nucleotide polymorphisms (SNPs) in drug metabolizing and DNA repair
genes, in particular GSTT1 and XRCC1, in order to identify molecular pathways associated
with polymorphisms which may be contributing to health benefits of blueberry intervention.

Design: The present study is follow-up to a previous study to assess the impact of genetic
polymorphisms following a dietary blueberry intervention and investigates transcriptomic
changes. This study will investigate the whole genome gene expression changes in
lymphocytes of healthy human subjects receiving a four-week blueberry-apple juice
intervention in pre- identified subgroups based on their outcome of intervention on protection
against oxidative DNA damage. To our knowledge, this is the first research of whole genome
gene expression analysis together with the impact of genetic polymorphism following a
dietary intervention in humans.

Subjects and Methods: The study population consists of 147 healthy subjects, including 46
male and 101 female subjects with average age of 28 + 1 year, who met the inclusion criteria
and for whom transcriptomic data is available. In this study, the impact of genetic variations
of the GSTT1*0 (wildtype and deletion) and XRCC1*4 (wildtype, heterozygote and
homozygote) following a 4-week blueberry intervention is reviewed.

Two-Colour Microarray-Based Gene Expression Analysis is used to find significantly
modulated genes (pair wise t-tests, p <0.05). Significantly correlated genes (p <0.05) are
analyzed in MetaCore™ to identify involvement in specific biological pathways. Gene
networks based on modulated genes are created in MetaCore™ using the shortest paths
algorithm.

Results: MetaCore GeneGo analysis of cellular processes for subjects following the 4-week
blueberry intervention, identified top important pathways that are significantly (p < 0.05)
modulated in the GSTT1*0 and XRCC1*4 variants.

Regarding GSTT1*0 wildtype variant, the significant pathways found are predominantly part
of the immune response while for the GSTT1*0 deletion variants, significant pathways are
related to G-protein signalling. Regarding the XRCC1*4 wildtype variant, the significant
pathways modulated are found to be mainly related to immune response while for the
XRCC1*4 heterozygous and homozygous, significantly modulated pathways are mainly
related to glutathione metabolism.

Conclusion: This study provides insight into the relevant molecular targets on gene
expression levels modulated after a blueberry intervention. These data illustrate that
chemoprotective actions of berry phytochemicals on defence against DNA damage and
degenerative diseases are related to certain signalling pathways which are of biological
relevance in the etiology of chronic diseases. More studies in humans are needed to
elucidate the relevance and magnitude of nutrient-gene interactions.

Key words: Blueberry, GSTT1*1, XRCC1*4, Polymorphism, DNA damage, Oxidative stress



Introduction

In order to survive, we spend a lot of money and energy making food choices every day that
impact our health. It is increasingly appreciated that the chances of developing chronic
diseases such as diabetes, cardiovascular disease and cancer are significantly affected by
the choice of our lifestyle. Intake of fruits and vegetables is thought to protect against the
development of many cancers. Healthy lifestyle behaviours for cancer risk reduction include
a healthy diet. Several studies have shown that chemopreventive agents possess strong
cancer-preventive properties that might interrupt different stages of cancer. Epidemiological
studies suggest that cancer risk can be reduced by an overall dietary pattern that favours a
high intake of plant foods rich in a wide range of phytochemicals (1, 2, 3, and 4).

To prevent, the onset of cancer, the National Institutes of Health (NIH) recommends a high
fibre, low fat diet, consisting of more fruits and vegetables. In recent years, there has been
increasing interest in the use of dietary factors rich in chemopreventive substances and
several studies indicate that consumption of fruits and vegetables are a suggested way of
defence against DNA damage and degenerative diseases (2, 4). Several natural products,
such as, grains, nuts, cereals, spices, fruits, vegetables, and herbs and their various
phytochemical constituents including, phenolics, flavonoids, carotenoids, alkaloids, nitrogen
containing as well as organosulfur compounds confer protective effects against wide range
of cancers(5).

Oxygen is essential for metabolic processes in the body. Oxidative stress is the condition
where the balance between oxidising and reducing compounds is disrupted. Oxygen derived
free radicals known as reactive oxygen species (ROS) are reported to exert detrimental
effects, such as membrane lipid peroxidation, alteration of lipid-protein interactions, enzyme
inactivation, and DNA breakage. Excess in radicals, may interact with biomaterials and thus
induce cellular oxidative damage. ROS such as H,0, and hydroxyl radicals readily damage
biological molecules including DNA and protein which can eventually lead to apoptotic or
necrotic cell death. Therefore, removal of excess ROS or suppression of their generation by
antioxidants may be effective in preventing oxidative cell death (6).

There are increasing evidences that antioxidants such as polyphenols may protect cell
constituents against oxidative damage and, therefore, limit the risk of various degenerative
diseases associated with oxidative stress. Research on the effects of berry intake on human
cardiovascular and neurological diseases, diabetes and cancer has increased significantly in
the past 10-15 years. Scavenging of reactive oxygen species and reactive carcinogen
metabolites, as well as induction of phase Il detoxification enzymes may explain the
suggested anticarcinogenic potential of fruits and vegetables (7 and 8).

Blueberries are perennial flowering plants with indigo-coloured berries in the section
Cyanococcus within the genus Vaccinium. The flowers are bell-shaped, white, pale pink or
red, sometimes tinged greenish. The fruit is a berry with a flared crown at the end; they are
pale greenish at first, then reddish-purple, and finally dark blue when ripe. They have a
sweet taste when mature, with variable acidity. Blueberries are ranked very highly among
fruits and vegetables for their antioxidant capacity. A higher antioxidant capacity has been



reported in blueberry that can neutralize free radicals which cause neurodegenerative
disease, cardiovascular disease, and cancer. Polyphenols are naturally occurring
compounds found largely in the fruits, vegetables, cereals and beverages. Berries contains
up to 200-300 mg polyphenols per 100 grams fresh weight. Polyphenols are secondary
metabolites of plants and are generally involved in defence against ultraviolet radiation or
aggression by pathogens. Polyphenols and other food phenolics are the subject of
increasing scientific interest because of their possible beneficial effects on human health (8).

Flavonoids comprise the most studied group of polyphenols. This group has a common
basic structure consisting of two aromatic rings bound together by three carbon atoms that
form an oxygenated heterocycle. Flavonoids comprise about 4000 different structures,
varying in occurrence in the food chain and in chemical properties. Flavonoids can be
subdivided into some of the following classes: flavanols, flavanones, flavonols, flavones and
anthocyanins (9). Flavonoids form a class of naturally occurring polyphenolic compounds,
many of which provide attractive colours to flowers, fruit and leaves. Flavonoids are found in
high quantities in blueberries and are claimed to be able to protect against certain forms of
cancer and aging, possibly by preventing initial DNA damage. Flavonoids comprise about
4000 different structures, varying in occurrence in the food chain and in chemical properties.
Flavonoids can be subdivided into some of the following classes: flavanols, flavanones,
flavonols, flavones and anthocyanins (10). Quercetin, myricetin, catechins etc., are some
most common flavonoids.

Quercetin, the best studied flavonoid, is present in high levels in blueberries. Quercetin,
being a strong anti-oxidant, is renowned as scavengers for highly reactive species and has
been shown to protect against oxidative DNA damage in vitro in human lymphocytes (11).

Blueberry also contains other flavonoids such as anthocyanins and catechins which also
possess antioxidant capacity and these components may also attribute to the
anticarcinogenic properties as observed. Anthocyanins present in berries provide the natural
pigmentation and exhibit a wide range of antioxidant protection and therapeutic benefits
including the integrity of genomic DNA, anti-inflammatory, and anticarcinogenic properties
(12). Anthocyanins are novel antioxidants and potent inhibitors of lipid peroxidation which
trigger genetic signalling in promoting human health and disease prevention (13).

Epidemiological studies have repeatedly shown an inverse association between the risk of
chronic diseases and the consumption of polyphenolic rich diet. The phenolic groups in
polyphenols can accept an electron to form relatively stable phenoxyl radicals, thereby
disrupting chain oxidation reactions in cellular components. Many studies have been
performed on individual phytochemicals found in blueberries in relation to their
chemopreventive activity (14, 15, 16), but only a few have investigated the effect of a
blueberry dietary intervention on biomarkers of disease risk in humans.

Evidence that genetic variation at genes involved in the etiology of chronic diseases could
interact with environmental exposures, such as diet, to modulate individuals' susceptibility to
developing these conditions support the notion that more tailored dietary recommendations
may be helpful in the prevention of disease related co morbidities.

Epigenetic regulation is a modification of DNA without a change in the sequence that results
in a change in gene expression or phenotype. Unlike mutations in the genetic code, these
epigenetic alterations may be modifiable. Coordination of histone acetylation and
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deacetylation is an important regulatory mechanism for gene expression. In cancer, the
balance between acetylation and deacetylation is often deregulated, and tumour suppressor
genes are frequently silenced. Constituents in the diet, including berries, may have the
potential to alter a number of these epigenetic events (64 and 65).

In order to explore the mechanism underlying the beneficial health effects of blueberries,
Wilms et al. investigated a direct association between increased flavonoid intake in healthy
volunteers and protection at the biomarker level. Furthermore, in a pilot study on
supplementation of healthy volunteers by administering a quercetin-rich blueberry/apple
juice, Wilms demonstrated that a 4-week intervention period is suitable for enhancing
antioxidant defence, and that a quercetin plasma level was reached that reduced ex vivo
induced DNA damage (17).

In a more recent study, Wilms explored the impact of multiple genetic polymorphisms on
effects of a 4-week blueberry juice intervention on ex vivo induced lymphocytic DNA damage
in 168 healthy human volunteers. The researchers reported that subjects bearing specific
genetic polymorphisms in drug metabolizing and DNA repair genes, in particular GSTT1-
and XRCC1 wild-type variants may benefit more from DNA damage-protecting effects of
berries than their genetic counterparts (18).

Glutathione S-transferase theta 1 (GSTT1) is a member of a super family of proteins, mainly
known as phase Il enzymes. Drugs, poisons, and other compounds are usually modified by
the phase | and/or phase Il mechanisms, and finally excreted from the body. GSTs
contribute to this type of metabolism by conjugating these compounds with reduced
glutathione to facilitate dissolution in the aqueous cellular and extracellular media, and, from
there, out of the body. They also play an important role in protection against oxidative stress
(22).

Endogenous and environmental agents can cause DNA damage in cells. Variability in DNA
repair genes may contribute to human cancer risk. Dietary mutagenic chemicals, ultraviolet
and ionizing radiation, and heavy metals are environmental agents that damage the
genome, causing DNA cross-links, adducts, and oxidative cleavage. DNA single-strand
breaks can be induced by endogenous reactive molecules such as reactive oxygen species
and pose a continuous threat to genetic integrity. X-ray cross-complementing group 1
(XRCC1) protein plays a major role in facilitating the repair of single-strand breaks via an
ability to interact with multiple enzymatic components of repair reactions (23).

Several studies have reported that polymorphisms in GSTT1 and/ or XRCC1 can alter the
rate of apoptosis and intracellular reactive oxygen species (ROS) levels (19, 20, 22, and 23).
Thus, evaluation of the role of genetic polymorphisms in polymorphisms in the above
mentioned drug metabolizing and DNA repair genes may provide a helpful tool in assessing
susceptible groups that benefit from specific dietary interventions.

Moreover, despite the fact that our understanding of some of the potential mechanisms of
berry phytochemicals and their antioxidant, anti- inflammatory and anti-angiogenesis effects
has increased over the past decade, studies in humans are are still needed to better
illustrate the cause-and-effect relationship between blueberry antioxidant intake and their
chemo-preventive actions in defence against DNA damage and degenerative diseases. At
present, the genetic pathways associated with the genetic polymorphisms that contribute to
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health benefits of berries are not yet known. The wide consumption of berry fruits and their
potential impact on human health, demand an evaluation of the underlying mechanism.

The current study will expand the understanding of the effects of blueberries on differential
gene expression and the subsequent biological pathways in which they play a role. Through
this approach, we hope to be able to elucidate the associations between blueberry intake
and the (reduced) incidence of oxidative stress and cancer. For that reason, we will assess
the contributions of genetic variations of GSTT1*0 and XRCC1*4 on biological pathways and
cellular processes on outcomes of oxidative stress and cancer.

Furthermore, the evidence for the potential protective role of blueberries will be reviewed. In
this unique unparalleled study, a comparison will be made between the cellular processes
affected by berry intervention in different polymorphism of GSTT1 and XRCCL. It is essential
to mention that, to our knowledge, this is the first investigation of whole genome gene
expression analysis together with the impact of genetic polymorphism, following a dietary
intervention in humans.

Using ArrayTrack™, lists of significantly differentially expressed genes following the 4-week
blueberry intervention, were generated by means of pair wise t-tests (p <0.05) in order to
analyse the whole genome gene expression changes induced in lymphocytes before and
after the blueberry intervention. Venn diagrams were created in which the significantly
differentially expressed gene lists were incorporated for subjects showing the gene
expressions occurring in the different polymorphisms of GSTT1*0 and XRCC1*4 separately.
Next, the gene sets were exported from the Venn diagrams and transferred into MetaCore in
order to identify the involvement of the genes in specific cellular GeneGo pathways.

Understanding the role of dietary interventions and their molecular mechanisms are
essential in designing more personalized dietary interventions and have the potential to lead
to therapies for broad-spectrum prevention and treatment of chronic diseases such as
cardiovascular disease and cancer. Dietary approaches may hold promise as effective and
safe preventive interventions for future.



Materials and Methods

Study Population

In the present study, we use the data characteristics of the subjects who had participated in
a previous study by Wilms et al. (18) on the evaluation of a four-week blueberry/apple juice
intervention, providing 97 mg quercetin and 16 mg ascorbic acid a day.

Genetic polymorphisms of genes involved in biotransformation, DNA repair and oxidative
stress were expected to influence the antioxidative and antigenotoxic efficacy of intervention
by micronutrients. Study subjects had a five day washout period for which they had to avoid
dietary substances rich in flavonoids and quercetin.

Wilms study reported an increase in the total plasma antioxidant capacity (TEAC) and the
defense against ex vivo induced oxidative DNA damage in lymphocytes (measured by comet
assay) following a four-week blueberry intervention. Analysis of 34 genetic single nucleotide
polymorphisms (SNP) in genes related to metabolism, oxidative stress, and DNA repair had
shown that 6 SNPs significantly influenced the effect of the intervention, indicating that
particular subpopulations, identified by specific gene-polymorphisms, may benefit more from
the chemopreventive actions of blueberry than others.

Wilms study details a significant impact by GSTT1 polymorphism on the effect of blueberry
juice intervention on plasma TEAC. More patrticularly, study reported that while the GSTT1*0
wildtypes may have the largest benefit from antioxidant intervention with regard to protection
against ex- vivo induced oxidative DNA damage in lymphocytes, the GSTT1 deletion
variants are the ones which show the largest increase in plasma antioxidative capacity
(TEAQC). It is of interest that GSTT1*0 deletion variants, are more susceptible to oxidative
damage than the GSTT1* 0 wildtypes.

Additionally, Wilms study reported that lymphocytes of subjects carrying XRCC1*4 wildtype,
showed a larger intervention related decrease in single strand breaks than lymphocytes from
those carrying the XRCC1*4 heterozygous and homozygous variants.

Therefore a profound investigation of the modifications of gene expression level following the
blueberry intervention is warranted. Investigating markers of oxidative stress and linking
them to gene expression modulation at the whole genome level is an interesting approach,
by which, we may be able to increase the understanding of molecular pathways
accompanying changes in phenotypic biomarkers of disease risk. In this study, we will focus
on GSTT1*0 and XRCC1*4 polymorphism in order to investigate different biological
pathways and cellular processes in response to antioxidants received through the dietary
intervention.



Microarray Data Analysis

In the whole study population, subgroups were defined based on the significant outcome of
the intervention on protection against DNA damage as measured by the comet assay. and
subgroups were created according to polymorphism. This approach enables the
identification of the relevant pathways and biological processes which are indicative for the
chemopreventive action of a fruit-juice rich in phytochemicals.

As the whole study population is genetically heterogenic, subjects were genotyped for 34
single nucleotide polymorphisms associated with oxidative stress; biotransformation and
DNA repair (Table 1). With respect to the effect on oxidative DNA damage, the
polymorphisms GSTT1*0 and XRCC1*4 were significant predictors.

Using ArrayTrack™, for each group, gene lists comprising genes which were significantly
differentially expressed after the intervention were generated by means of pair wise t-tests (p
<0.05) in which each subjects acted as its own control. The Benjamini—-Hochberg false
discovery rate (FDR) at this p-value was <15%.

To correlate gene expression data for the different subgroups with the measured difference
in mean tail moment as parameter of DNA damage, Spearman’s rank correlation analyses
were used. Only genes present in at least 70% of subjects were used. Prior to correlation
analysis, missing values were imputed by finding the k nearest neighbors (k was set to 15),
using a Euclidean metric and imputing the missing elements by averaging the (non-missing)
elements of its neighbors. The online Gene Expression Profile Analysis Suite (GEPAS,
http://gepas.bioinfo.cipf.es/) was used to perform the Spearman’s correlation analyses.

Next, Venn diagrams were created in ArrayTrack™ in which the significantly differentially
expressed genes were incorporated for each group, thereby showing the number of genes
which were specifically modulated in each subgroup separately (Table 2).

To identify the involvement of the genes in specific cellular GeneGo pathways, the gene sets
were transferred into the online commercially software suite MetaCore™ version 6.1
(GeneGo, San Diego, CA). Pathways with a p-value < 0.05 were considered significantly
modulated.

Gene networks based on a select number of genes for a selection of cellular processes were
created in MetaCore™ using "Dijkstra’s shortest path" algorithm. The resulting networks
were prefiltered on a sub-cellular level indicating the localization of gene expression. By
default, these sub-cellular levels comprise of extracellular, membrane, cytoplasm and
nucleus. From each network, those genes of which the gene product eventually result in a
cellular effect were defined as target genes and grouped at the baseline of the network.
Based on the interpretation of gene annotation and function retrieved from EntrezGene
(http://mwww.ncbi.nlm.nih.gov/igene/) and MetaCore™, the modulated target genes were
linked to the involved biological processes.
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Results

In the current study, in order to identify the pathways and processes significantly modulated
in lymphocytes of Wilms study subjects, we utilized the significant gene lists of GSTT1*0 and
XRCC1*4 and examined their involvement in Metacore™ GeneGo cellular processes and
biological pathways (Tables 3, 4, 5 and 6).

The top twenty pathways and cellular processes significantly associated with the difference
in ex-vivo induced oxidative DNA damage in lymphocytes of subjects, as listed in Tables 5
and 6, are further visualized in Venn diagrams, for the results of correlation analysis of
GSTT1*0 and XRCC1*4 respectively (Figures 1 and 2).

Comparison of the results between the paired t-test and correlation analysis showed that
biological pathways impacted are mostly different. Analysis shows that consumption of a diet
rich in blueberry antioxidants in the GSTT1*0 and XRCC1*4 wildtype variants trigger the
response through the immune system. While in the GSTT1*0 null genotype subjects, the
blueberry intervention triggers the G-protein signalling pathways. In the case of XRCC1*4
heterozygote and homozygote variants, impacts on glutathione metabolism pathways are
observed. Figures 10 and 11 represent a visual and comprehensive summary of results of
this investigation in GSTT1*0 and XRCC1*4 variants, respectively.

A more detailed biological interpretation of the data will focus on the identified pathways in
each subgroup, namely, the immune response in GSTT1*0 wt and XRCC1*4 wt variants and
the G-protein signalling in the GSTT1*0 deletion variant. In addition, we will discuss a
selection of significant gene modulations (up- or down- regulation) observed in these
processes following the blueberry intervention. Since the gene expression changes in
XRCC1*4 heterozygote and homozygote variants are not as significant when compared to
the wildtypes, we will only briefly review the glutathione metabolism pathway in this
group.GeneGo analysis of cellular processes in the networks related to significant biological
pathways in each variant subgroup will be presented in this study.

GSTT1*0 Variants

Using GeneGo by Metacore™, several biological pathways were found to be significantly (p
< 0.05) modulated in both the GSTT1*0 wildtype and the deletion variants. The results at the
level of pathways were visualized using Venn diagram of GeneGo biological pathways.
Overall comparison of the results between the paired t-test and correlation analyses of
significantly modulated pathways for GSTT1*0 deletion and GSTT1*0 wt variants showed no
similarity at the level of specific biological pathways (Figure 1).

As for the GSTT1*0 wild types, most of the gene expression changes occurred in biological
pathways involved in the immune response while for GSTT1*0 deletion variants significant
pathways for the correlating genes were found to be part of the cellular processes G-protein
signaling (Table 6).
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Networks of modulated genes were identified for both variants using GeneGo shortest path
networks. As for the GSTT1*0 wildtypes, significant networks include regulation of cell death
and apoptosis, lipid catabolic process, phospholipid and organophosphate metabolic
processes and regulation of platelet activation. Whereas for the GSTT1*0 deletion variants,
significant networks of modulated genes include intracellular signal transduction, wound
healing, platelet activation, regulation of body fluid, response to external and endogenous
stimuli and to peptide hormones and nerve growth factor receptor signaling (Table 8).

In the following pages we will review and discuss the cellular processes, significant gene
modulations and gene networks for each of the subgroups under investigation.

. GSTT1*0 Wildtypes

Gene expression changes following the 4-week blueberry intervention in lymphocytes of
subjects bearing GSTT1*0 wt mostly involved immune response pathways. Biological
functions of these cellular processes are diverse and among the highest ranking by GeneGo
Metacore™ (Table 6).

The top 5 immune response pathways that were significantly modulated in GSTT1*0 wt
variants include:

HGMB1 release from the cell

HMGB/TLR signaling

CD16 signaling in NK cells

PGE2 in immune and neuroendocrine system interactions

IFN gamma signaling

® 20T

In the immune response cellular processes listed above, several genes were modulated.
Those involved in significant networks of cellular processes identified by GeneGo will be
summarized below. Gene networks for the immune response biological processes were
generated in MetaCore™ in order to visualize the complex set of connections between the
genes and their interactions (Figures 3 and 4).

In this section, we will review the immune response pathways and provide relevant details
on modulated genes and related networks.

Immune response- High mobility group box 1 (HMGB1) release from the cell and
Immune response- HMGB/TLR signaling

HMGBL1, an evolutionarily conserved chromosomal protein, was recently re-discovered to act
as a “danger signal” (alarmin) to alert the innate immune system for the initiation of host
defense or tissue repair (24). HMGBL is a nuclear transcription factor. It is the prototypic
damage-associated molecular pattern molecule that has been implicated in several
inflammatory disorders. HMGB1 is the multifunctional protein. Primarily, it is the nuclear
DNA-binding protein. Being released into the extracellular milieu either by active secretion by
cell or by passive release from damaged or necrotic cells, HMGB1 can function as a
cytokine.
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HMGBL1 exerts different biological functions dependent on its cellular localization. Once
released from cells, HMGB1 can mediate inflammatory response. Once HMGBL1 is released
by damaged cells or activated immune cells, it acts as danger molecule and triggers the
inflammatory signaling cascade. Currently, evidence is accumulating that post-translational
modifications such as oxidation may modulate the pro-inflammatory potential of danger
signals (25).

Immune response- CD 16 signaling in NK cells:

Besides the HGMBL1 release and signaling pathways, members of the CD16 signaling
pathway were also modulated. Accumulating data has highlighted the importance of NK cells
in host immune response against cancer and in therapy-induced antitumor response. The
recognition and the lyses of tumor cells by NK cells are regulated by a complex balance of
inhibitory and activating signals. The majority of NK cells in blood or at inflammation sites
have a a strong expression of CD16. These cells possess a high cytotoxic potential NK cells
have a role in immuno surveillance of cancer and the ability to prevent the tumor growth (26,
27, and 28).

Immune response- PGE2 in immune and neuro endocrine systems interactions
Besides the HGMBL1 release and signaling and CD16 signaling pathways, members of
PGE2 neuroendocrine system were also modulated. During systemic infections, the immune
system can generate signals in the brain and act on different neuronal circuits via soluble
molecules such as pro-inflammatory cytokines that act on the cells forming the blood-brain
barrier and the circumventricular organs. These activated cells release Prostaglandin E2
(PGEZ2) that triggers pathways involved in the control of homeostasis and provide inhibitory
feedback to the innate immune system. Activation of circuits that control plasma release

of Glucocorticoids is probably the most critical among such neurophysiologic functions for
the survival of the host affected by pathogens (29).

Immune Response- Interferon-gamma ( IFN gamma) signaling

Besides the HGMBL1 release and signaling , CD16 signaling and the PGE2 neuroendocrine
system pathways, members of the IFN gamma signaling pathways were also modulated.
Interferons (IFNs) are pleiotropic cytokines that mediate anti-viral responses, inhibit
proliferation and participate in immune surveillance and tumor suppression by inducing the
transcription of a number of IFN-stimulated genes. Interferon-gamma (IFN-gamma) is
produced by activated T cells and natural killer (NK) cells (22).

There are many known STAT1-targets in IFN-gamma-mediated signaling. These are SMAD
family member 7 (SMAD?7), Interferon regulatory factor 1 (IRF1) and proteins involved in cell
cycle regulation. Several proteins interact with STAT1 and modulate its transcriptional
activity: CREB-binding proteins (CBP and p300), Minichromosome maintenance protein 5
(MCMb5) and Breast cancer susceptibility gene 1 (BRCAL) (23). In addition, IFN-gamma may
activate JAK-STAT-independent pathways.

In the immune response cellular processes, impacted by the 4-week blueberry dietary

intervention, several genes were modulated (Table 7) for which we will include a brief
summary in the following section.
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Overall, an up regulation of CREB binding protein (CBP), Cyclin-dependent kinase inhibitor
1A (p21, Cipl), nucleolar protein 3 (NOL3), TNF receptor-associated factor 6 (TRAF6),
apoptosis-related cysteine peptidase (Caspase 3), Calmodulin (CALM1) have and a down
regulation of Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1(NF-kB),
(TNFRSF6)-associated via death domain (FADD), TNF receptor super family, member 6
(FAS R), Phospholipase C and gamma 1 (PLC gamma) have been observed in this study.

Furthermore, in order to visualize the complex set of connections between the genes and
their interactions two gene networks for the immune response pathways were generated in
MetaCore™ as identified by GeneGo analysis using shortest paths networks. The network of
genes including p21, CBP, TRAF6, RelB (NF-kB subunit) and NOL3 are involved in
regulation of cell death and apoptosis. The network of genes including Calmodulin,
Caspase-3, FasR(CD95), PLC-gamma 1 and FADD are involved in lipid catabolic process,
phospholipid metabolic process, organophosphate metabolic process, positive regulation of
molecular function and platelet activation (Figures 3 and 4).

Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1(NF-kB):

NF-kB is a transcription regulator that is activated by various intra- and extra-cellular stimuli
and has been detected in numerous cell types that express cytokines, chemokines, growth
factors, cell adhesion molecules, and some acute phase proteins in health and in various
disease states.

NF-kB is activated by a wide variety of stimuli such as cytokines, oxidant-free radicals,
inhaled particles, ultraviolet irradiation, and bacterial or viral products. Inappropriate
activation of NF-kB has been linked to inflammatory events associated with autoimmune
arthritis, asthma, septic shock, lung fibrosis, glomerulonephritis, atherosclerosis, and AIDS.
In contrast, complete and persistent inhibition of NF- kB has been linked directly to
apoptosis, inappropriate immune cell development, and delayed cell growth.

NF-kB is essential for promoting inflammation-associated cancer and is therefore a potential
target for cancer prevention in chronic inflammatory diseases Activation of NF- kB, which is
frequently detected in tumors, may constitute a missing link between inflammation and
cancer. Pikarsky et al. reported that activation of the NF- kB pathway by the TNF receptor
EDAR and its downstream adaptor EDARADD is essential for the development of hair
follicles, teeth, exocrine glands, and other ectodermal derivatives (71).

In addition, Reuter et al. reported that NF- kB1 plays a major role in the expression of pro-
inflammatory proteins that lead to increased blood vessel permeability, tissue edema, and
pain sensitization that underlie the pathogenesis of migraine and that blockade of NF- kB 1
could be a transcriptional target of antimigraine drugs (72).

CREB binding protein (CBP)

The CBP gene is ubiquitously expressed and is involved in the transcriptional co activation
of many different transcription factors. The protein encoded by this gene has intrinsic histone
acetyltransferase activity and also acts as a scaffold to stabilize additional protein
interactions with the transcription complex. This protein acetylates both histone and non-
histone proteins.
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Mutations in this gene cause Rubinstein-Taybi syndrome (RTS), a multiple congenital
anomaly syndrome, characterized by mental retardation. Affected individuals also have an
increased risk of tumor formation (73).

Cyclin-dependent kinase inhibitor 1A (p21, Cipl)

This gene encodes a potent cyclin-dependent kinase inhibitor. The expression of this gene is
tightly controlled by the tumor suppressor protein p53, through which this protein mediates
the p53-dependent cell cycle G1 phase arrest in response to a variety of stress stimuli.

This protein plays a regulatory role in S phase DNA replication and DNA damage repair. It
plays a critical role in the cellular response to DNA damage, and it's over expression results
in cell cycle arrest. Up regulation of CDKN1A mRNA and protein following ionizing radiation
is dependent on p53 and CDKN1A mediates cell cycle arrest in response to the p53
checkpoint pathway (74). Telomere shortening limits the proliferative life span of human cells
by activation of DNA damage pathways, including up regulation of the cell cycle inhibitor
p21, encoded by the CDKN1A gene. Telomere shortening is associated with impaired organ
maintenance and shortened life span in humans (75).

Nucleolar protein 3 (NOL3)

NOL3 (apoptosis repressor with CARD domain) encodes an anti-apoptotic protein that has
been shown to down-regulate the enzyme activities of Caspase 2, Caspase 8 and tumor
protein p53. Multiple transcript variants encoding different isoforms have been found for this
gene (76).

TNF receptor-associated factor 6 (TRAF6)

The protein encoded by this gene is a member of the TNF receptor associated factor (TRAF)
protein family. TRAF proteins are associated with, and mediate signal transduction from
members of the TNF receptor super family. TRAF®6 is a signal transducer in the NF-kappa-B
pathway that activates I-kappa-B kinase in response to proinflammatory cytokines.

Interaction with TRAF6 leads to ECSIT ubiquitination and enrichment at the mitochondrial
periphery, resulting in increased mitochondrial and cellular ROS generation. ECSIT- and
TRAF6-depleted macrophages have decreased levels of TLR-induced ROS and are
significantly impaired in their ability to kill intracellular bacteria (77). This is a novel pathway
linking innate immune signaling to mitochondria and implicates mMROS as an important
component of antibacterial responses, and further establishes mitochondria as hubs for
innate immune signaling.

Apoptosis-related cysteine peptidase (Caspase 3)

This gene encodes a protein which is a member of the cysteine-aspartic acid protease
(Caspase) family. Sequential activation of Caspases plays a central role in the execution-
phase of cell apoptosis. It is the predominant Caspase involved in the cleavage of amyloid-
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beta 4A precursor protein, which is associated with neuronal death in Alzheimer's disease.
Caspases thus appear to play a dual role in proteolytic processing of APP and the resulting
propensity for amyloid-beta peptide formation, as well as in the ultimate apoptotic death of
neurons in Alzheimer disease. Fernando reported that skeletal muscle differentiation
depends on the activity of the key apoptotic protease Caspase-3.

Calmodulin (CALM1)

Calmodulin is the archetype of the family of calcium-modulated proteins. They are identified
by their occurrence in the cytosol or on membranes facing the cytosol and by a high affinity
for calcium. Calmodulin mediates the control of a large number of enzymes, ion channels
and other proteins by Ca (2+). Among the enzymes to be stimulated by the calmodulin-Ca
(2+) complex are a number of protein kinases and phosphatases. Together with CEP110
and centrin, is involved in a genetic pathway that regulates the centrosome cycle and
progression through cytokinesis. Mototani et al. suggested that the transcriptional level of
CALM1 may be associated with susceptibility for hip OA through modulation of chondrogenic
activity (78).

Fas (TNFRSF6)-associated via death domain (FADD)

FADD is a universal adaptor protein in apoptosis that mediates signaling of all known death
domain-containing members of the TNF receptor super family (79).

The protein encoded by this gene is an adaptor molecule that interacts with various cell
surface receptors and mediates cell apoptotic signals. Through its C-terminal death domain,
this protein can be recruited by TNFRSF6/Fas-receptor, tumor necrosis factor receptor,
TNFRSF25, and TNFSF10/TRAIL-receptor, and thus it participates in the death signaling
initiated by these receptors (88). Involved in interferon-mediated antiviral immune response,
plays a role in the positive regulation of interferon signaling.

TNF receptor super family, member 6 (FAS R)

The protein encoded by this gene is a member of the TNF-receptor super family. This
receptor contains a death domain. It has been shown to play a central role in the
physiological regulation of programmed cell death, and has been implicated in the
pathogenesis of various malighancies and diseases of the immune system. The interaction
of this receptor with its ligand allows the formation of a death-inducing signaling complex that
includes Fas-associated death domain protein (FADD), Caspase 8, and Caspase 10. The
autoproteolytic processing of the Caspases in the complex triggers a downstream Caspase
cascade, and leads to apoptosis. This receptor has been also shown to activate NF-kB,
MAPK3/ERK1, and MAPK8/INK. FAS- mediated apoptosis may have a role in the induction
of peripheral tolerance, in the antigen-stimulated suicide of mature T-cells, or both. Landau
et al. reported that reduced FAS expression increases susceptibility to neuro-degeneration
and that FAS has a role in neuro-protection (80).
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Phospholipase C, gamma 1 (PLC gamma)

The protein encoded by this gene catalyzes the formation of inositol 1, 4, 5-trisphosphate
and diacylglycerol from phosphatidylinositol 4, 5-bisphosphate. This reaction uses calcium
as a cofactor and plays an important role in the intracellular transduction of receptor-
mediated tyrosine kinase activators. Also, this protein has been shown to be a major
substrate for heparin-binding growth factor 1 (acidic fibroblast growth factor)-activated
tyrosine kinase. PLC Plays an important role in the regulation of intracellular signaling
cascades. It becomes activated in response to ligand- mediated activation of receptor-type
tyrosine kinases, such as PDGFRA, PDGFRB, and FGFR1-4. It also plays a role in actin
reorganization and cell migration. Chuang et al. has reported that activation of PLC signaling
systems regulates other members of the TRP channel family (81).

Il GSTT1*0 Deletions

Gene expression changes following the 4-week blueberry intervention in lymphocytes of
subjects bearing GSTT1*0 deletion, mostly involved G-Protein signaling pathways. Biological
functions of these pathways are diverse and among the highest ranked by GeneGo
Metacore™ (Table 6).

The G-Protein Signaling pathways that were significantly modulated include:

Rap2A regulation

b. Rap2B regulation

c. RhoA regulation

d. G-Protein alpha-12 signaling

o

In the G-protein signaling pathways and cellular processes listed, several genes were
modulated which will be summarized below. In addition, gene networks for the immune
response biological processes were generated in MetaCore™ in order to visualize the
complex set of connections between the genes and their interactions (Figures 5 and 6).

G protein signaling is comprised of G protein coupled receptors (GPCRSs) that detect ligands
or sense cations, heterotrimeric G proteins, and downstream effectors and regulators. G
protein signaling plays important roles in bone development, remodeling, and disease. In
human cases, mutations of certain GPCRs and G proteins impair bone development and
metabolism, resulting in bone diseases (42).

The metabotropic glutamate receptors (mGIuR) consist of a family of eight G-protein-coupled
receptors that differ in their function, distribution and physiological roles within the central
nervous system. In recent years substantial efforts have been made towards developing
selective agonists and antagonists which have proven useful for elucidating their potential as
novel targets for the treatment of psychiatric and neurological diseases (43).

In this section, we will review the G-protein Signaling pathways involved and describe the
details of modulated genes and their related networks.
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a. G-Protein signaling : Rap2A regulation pathway

In this study, members of Rap2A regulation pathway were modulated. Rap2A belong to a
family of the small GTP-binding proteins (G-proteins) - monomeric G proteins. The Rap
subfamily consists of four members: Rap1A, RaplB, and Rap2A, Rap2B proteins.

Rap?2A is localized at the cytoplasmic surface of the plasma membrane. Like other G-
proteins, Rap2A has two interconvertible forms: GDP-bound inactive and GTP-bound active
forms (24).

Conversion from GDP-bound form to GTP-bound catalyzed by the guanine nucleotide
exchange factor (GEF), of which the activity is often regulated by an upstream signal. GEF
first interacts with the GDP-bound form and releases bound GDP to form a binary complex
of a small G protein and GEP. Then, GEF in this complex is replaced by GTP to form the
GTP-bound form.

Proteins named "GTPase activated proteins" (GAP) stimulate that reaction of conversion
hydrolysis. Among Rap2A effectors RPIP8 is a specific effector of the Rap2 protein in cells
exhibiting neuronal properties. The second messenger cAMP-pathway modulates G-protein
activity via Rap2A and PKA (33).

b. G-Protein signaling: Rap2B regulation pathway

In addition to Rap2A regulation, members of Rap2B regulation pathways were also
modulated in this study. RAP2B member of RAS oncogene family (Rap-2B) is a member of
the Ras-like small GTPases family expressed in platelets. The protein is known to influence
platelet activation (34, 35).

Activity of Rap-2B is mainly regulated by guanine nucleotide exchange factors (GEFSs) that
promote GTP-bound (active) state of Rap-2B. Main GEFs for Rap-2B are Rap guanine
nucleotide exchange factors 2 and 5 (PDZ-GEF1 and MR-GEF) (36). Activated Rap-2B can
stimulate enzymatic activity of Phospholipase C epsilon 1 (PLC-epsilon) (37).

c. G-Protein signaling: RhoA regulation pathway

In addition to Rap2A and Rap2B regulation pathways, members of RhoA regulation pathway
were also modulated in this study. Ras homolog gene family, member A (RhoA) is a member
of a family of small GTPases. Rho GTPases control multiple cellular processes, including
actin and microtubule dynamics, gene expression, the cell cycle, cell polarity and membrane
transport, through their ability to bind to numerous downstream effectors, which lead to
diverse parallel downstream signaling pathways (38).

RhoA pathway can be activated by different signaling events that lead to various Rho GEFs
activation. Insulin-like growth factor 1 (IGF-1) signaling promotes activation of Insulin-like
growth factor 1 receptor (IGF-1 receptor) that forms a complex with Rho guanine nucleotide
exchange factor (GEF) 12 (LARG). G-proteins alpha-g/11 and G-protein alpha-12 family can
also associate with LARG thus promoting RhoA activation (39). Binding of RhoA to key
effectors leads to actin polymerization and cytoskeleton rearrangements.

d. G-Protein signaling : G-Protein alpha-12 signaling pathway

In addition to Rap2A and Rap2B regulation pathways and RhoA regulation pathway, we also
noticed that members of alpha 12 signaling pathway were also modulated in this study
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Activation by ligands of G-protein coupled receptors that interact with the trimeric G-protein
alpha-12/beta/gamma causes the exchange of GDP for GTP bound to G protein alpha
subunits followed by dissociation of the beta/gamma heterodimers. Free alpha and
beta/gamma subunits are active and transmit signals into the cells.

G-protein alpha-12 family subunits directly bind to and stimulate Ras GTPase-activating
protein (RASA2). RASA2 hydrolyzes the bound GTP of the small GTP-bound GTPase to
produce the GDP-bound form of the protein. This conversion inhibits small GTPases M-Ras,
R-Ras and TC21 (32).R-Ras is implicated in regulation of various cell functions, such as
gene expression and cell proliferation via the activation of the c-Raf-1/ Mitogen-activated
protein kinase kinase 1 and 2 (MEK1 and MEK2)/ Mitogen-activated protein kinases 1 and 3
(ERK1/2) signaling pathway (33).

In the G-protein signaling cellular processes impacted by the 4-week blueberry dietary
intervention, several genes were modulated (Table 7) for which we include a brief summary
of each gene below. Overall, an up regulation of Phospholipase D1, phosphatidylcholine-
specific( PLD1) and Insulin-like growth factor 1 receptor (IGF-1 receptor) have been
observed, while a down regulation of Mitogen-activated protein kinase 1 MEKK1(MAP3 K1),
PTK2 protein tyrosine kinase 2 (FAK1), Solute carrier family 8 (sodium/calcium exchanger),
member 1(NCX1), Myocyte enhancer factor 2A ( MEF2A), Protein kinase C, beta 1 (PKC-
betal), Muscle RAS oncogene homolog (M-Ras), Rho guanine nucleotide exchange factor
(GEF) 12 (LARG) and RAS p21 protein activator 2 (RASA2) were observed in this study.

Furthermore, in order to visualize the complex set of connections between the genes and
their interactions two gene networks for the G-protein Signaling pathways were generated in
MetaCore™ as identified by GeneGo analysis using shortest paths networks. The network of
genes including MEKK1 (MAP3K1), FAK1, NCX1, MEF2A and PKC-beta are involved in
intracellular signal transduction, wound healing, platelet activation, regulation of body fluid
levels and response to external stimulus. The network of genes including M-Ras, PLD1,
LARG, IGF-1 receptor and RASA?2 are involved in response to peptide hormone and
endogenous stimulus, in response to organic substance and in nerve growth factor receptor
signaling pathway (Figures 5 and 6).

Mitogen-activated protein kinase 1 MEKK1 (MAP3 K1)

The protein encoded by this gene is a serine/threonine kinase and is part of some signal
transduction cascades, including the ERK and JNK kinase pathways as well as the NF-
kappa-B pathway. The encoded protein is activated by autophosphorylation and requires
magnesium as a cofactor in phosphorylating other proteins. MAP3K1, or MEKK1, is a
mitogen-activated protein kinase (MAPK) kinase kinase that regulates the ERK and JNK in
MAPK pathways, as well as the transcription factor NF-kappa-B and the transcriptional
coactivator p300. MAP3K1 generates antiapoptotic signaling as a full-length protein, but it
induces apoptosis following cleavage by Caspases (89).
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PTK2 protein tyrosine kinase 2 (FAK1)

This gene encodes a cytoplasmic protein tyrosine kinase which is found concentrated in the
focal adhesions that form between cells growing in the presence of extracellular matrix
constituents. The encoded protein is a member of the FAK subfamily of protein tyrosine
kinases but lacks significant sequence similarity to kinases from other subfamilies. Activation
of this gene may be an important early step in cell growth and intracellular signal
transduction pathways triggered in response to certain neural peptides or to cell interactions
with the extracellular matrix. Non-receptor protein-tyrosine kinase implicated in signaling
pathways involved in cell motility, proliferation and apoptosis. Activated by tyrosine-
phosphorylation in response to either integrin clustering induced by cell adhesion or antibody
cross-linking, or via G-protein coupled receptor (GPCR) occupancy by ligands such as
bombesin or lysophosphatidic acid, or via LDL receptor occupancy. It plays a potential role in
oncogenic transformations resulting in increased kinase activity. Wong et al. has showed
that Fak was required for scar formation after wounding (90).

Solute carrier family 8 (sodium/calcium exchanger), member 1(NCX1)

In cardiac myocytes, Ca (2+) concentrations alternate between high levels during contraction
and low levels during relaxation. The increase in Ca (2+) concentration during contraction is
primarily due to release of Ca (2+) from intracellular stores. However, some Ca (2+) also
enters the cell through the sarcolemma (plasma membrane). During relaxation, Ca (2+) is
sequestered within the intracellular stores. To prevent overloading of intracellular stores, the
Ca (2+) that entered across the sarcolemma must be extruded from the cell. The Na (+)-Ca
(2+) exchanger is the primary mechanism by which the Ca (2+) is extruded from the cell
during relaxation. In the heart, the exchanger may play a key role in digitalis action. The
exchanger is the dominant mechanism in returning the cardiac myocyte to its resting state
following excitation (91).

Myocyte enhancer factor 2A (MEF2A)

The protein encoded by this gene is a DNA-binding transcription factor that activates many
muscle-specific, growth factor-induced, and stress-induced genes. The encoded protein can
act as a homodimer or as a heterodimer and is involved in several cellular processes,
including muscle development, neuronal differentiation, cell growth control, and apoptosis.
It is also involved in the activation of numerous growth factor- and stress-induced genes. It
mediates cellular functions not only in skeletal and cardiac muscle development, but also in
neuronal differentiation and survival. It plays diverse roles in the control of cell growth,
survival and apoptosis via p38 MAPK signaling in muscle-specific and/or growth factor-
related transcription. Wang et al. detected expression of MEF2A protein in nuclei of human
proliferating smooth muscle cells. An increased smooth muscle cell proliferation is
associated with accelerated atherosclerosis (92).

Protein kinase C, beta 1 (PKC-betal)

PRKCBL1 is a member of the protein kinase C (PKC) gene family. The 66-kD isoform of the
growth factor adaptor SHC, p66 (SHC), translates oxidative damage into cell death by acting
as a reactive oxygen species producer within mitochondria.
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Pinton et al. demonstrated that protein kinase C-beta, activated by oxidative conditions in
the cell, triggers mitochondrial accumulation of the protein after it is recognized by the prolyl
isomerase PIN1 (93). Once imported, p66 (SHC) causes alterations of mitochondrial calcium
ion responses and 3-dimensional structure, thus causing apoptosis. Pinton identified a
signaling route that activates an apoptotic inducer shortening the life span.

Muscle RAS oncogene homolog (M-Ras)

M-Ras gene encodes a member of the Ras family of small GTPases. The membrane-
associated proteins function as signal transducers in multiple processes including cell growth
and differentiation, and deregulation of Ras signaling has been associated with many types
of cancer. The encoded protein may play a role in the tumor necrosis factor-alpha and MAP
kinase signaling pathways.

M-Ras may serve as an important signal transducer for a novel upstream stimuli in
controlling cell proliferation. Weakly activates the MAP kinase pathway.

Phospholipase D1, phosphatidylcholine-specific (PLD1)

This gene encodes a phosphatidylcholine-specific phospholipase which catalyzes the
hydrolysis of phosphatidylcholine in order to yield phosphatidic acid and choline. The
enzyme may play a role in signal transduction and sub cellular trafficking.

PLDs catalyze the hydrolysis of PC to produce phosphatidic acid and choline. A range of
agonists acting through G protein-coupled receptors and receptor tyrosine kinases stimulate
this hydrolysis. PC-specific PLD activity has been implicated in numerous cellular pathways,
including signal transduction, membrane trafficking, and the regulation of mitosis (94).

Cai et al. found that PLD1 enzymatic activity was decreased in N2a cells with familial
Alzheimer disease-3 (AD3). His findings showed that PLD1 regulates intracellular trafficking
of beta-amyloid, distinct from its effect on gamma-secretase activity (95).

Rho guanine nucleotide exchange factor (GEF) 12 (LARG)

Rho GTPases play a fundamental role in numerous cellular processes that are initiated by
extracellular stimuli working through G protein-coupled receptors. The encoded protein may
form a complex with G proteins and stimulate Rho-dependent signals. This protein has been
observed to form a myeloid/lymphoid fusion partner in acute myeloid leukemia.

Insulin-like growth factor 1 receptor (IGF-1 receptor)

This receptor binds insulin-like growth factor with a high affinity. It has tyrosine kinase
activity. The insulin-like growth factor | receptor plays a critical role in transformation events.
Cleavage of the precursor generates alpha and beta subunits. It has a tyrosine-protein
kinase activity, which is necessary for the activation of the IGF1-stimulated downstream
signaling cascade. It is highly over expressed in most malignant tissues where it functions as
an anti-apoptotic agent by enhancing cell survival. All-Ericsson et al. focusing on its role in
cell growth in uveal melanoma suggested a significant association between high IGF1R
expression and death due to metastatic disease. Because IGF1R is produced mainly in the
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liver, the preferential site for uveal melanoma metastases, these results pointed to the
possibility of interfering therapeutically with IGF1R in uveal melanoma (102).

RAS p21 protein activator 2 (RASA2)

The protein encoded by this gene is member of the GAP1 family of GTPase-activating
proteins. The gene product stimulates the GTPase activity of normal RAS p21 but not its
oncogenic counterpart acting as a suppressor of RAS function, the protein enhances the
weak intrinsic GTPase activity of RAS proteins resulting in the inactive GDP-bound form of
RAS, thereby allowing control of cellular proliferation and differentiation.

In addition, gene networks for the G-protein Signaling pathways, identified by MetacoreTM
GeneGo analysis using shortest paths networks, are generated in MetaCore™ in order to
visualize the complex set of connections between the genes and their interactions (Figures
5, 6).

XRCC1*4 Variants:

In contrast to GSTT1 variants, fewer biological pathways were found to be significantly (p <
0.05) affected in the XRCC1 variants. Furthermore, the numbers of significantly modulated
genes in the pathways were low.

In the XRCC1*4 wildtype variants, the most significant pathways found for the correlating
genes are related to the cellular processes immune response whereas in the XRCC1*4
heterozygous and homozygous variants, pathways modulations related to glutathione
metabolism cellular processes are mainly observed (Table 7).

Network of modulated genes was identified for XRCC1*4 variant using GeneGo shortest
path networks. The significant networks of modulated genes consisted of regulation of
metabolic and biological process, innate immune response, response to stress and
wounding, signal transduction and regulation of protein metabolic processes. Whereas in
XRCC1*4 heterozygous and homozygous variants, pathways modulations mainly related to
glutathione metabolism cellular processes are observed (Table 8).

The results at the level of pathways were visualized using Venn diagram of GeneGo
biological pathways. Overall comparison of the results between the paired t-test and
correlation analyses of significantly modulated pathways for XRCC1*4 wild type and
XRCC1*4 Homozygous and Heterozygous variants for the top twenty significant pathways
as ranked by GeneGo Metacore™, showed no similarity at the level specific biological
pathways (Figure 2).
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.  XRCC1*4 Wildtypes

For the XRCC1*4 wild types variants, the most significant pathways for the correlating genes
were among the immune response cellular processes.

Gene expression changes following the 4-week blueberry intervention in lymphocytes of
subjects bearing XRCC1*4 wt, involved a few immune response signaling pathways. In
addition, we observed some modulation of pathways related to Glutathione metabolism. The
glutathione metabolism pathway modulation was also found among the significant pathways
in the XRCC1*4 heterozygote and homozygote variant subgroup hence we will only review
this pathway when we discuss the blueberry intervention impact on heterozygote and
homozygote variants. Biological functions of selected pathways are diverse and among the
highest ranking by GeneGo MetacoreTM (Table 7). Significant Immune Response Signaling
pathways that were modulated include:

a) TLR signaling pathways
b) CD137 signaling in immune cell
c) IL7 signaling in T lymphocytes

In this section, we will review the Immune response signaling pathways involved and
describe the details of modulated genes and their related networks.

a. Immune response-TLR signaling pathways

In the present study, members of TLR signaling pathways were modulated significantly.

In the TLR signaling pathway, both gram-positive and gram-negative bacteria and their cell
wall components activate innate immune system of the host and induce secretion of
proinflammatory molecules, mainly chemokines and cytokines (44). Toll-like receptors
(TLRs) initiate signaling cascades through recognition of a variety of microbial components,
thus serving as an important link between innate and adaptive immune responses.

The main TLR-mediated immune response pathway, which is common for all TLRs, is
Myeloid differentiation primary response gene 88 (MyD88)-dependent activation of Nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor (NF-kB) and c-Jun,
transcription regulators of number of chemokines and cytokines responsible for cellular
immune response. TLR family members can induce autophagy through direct activation of
Beclin 1 by MyD88 (45).

Immune response-CD137 signaling in immune cell

Besides the TLR-signaling pathway, we have seen members of CD137 signaling pathway to
be modulated in this study. CD137 (TNFRSF9) is an inducible T cell surface receptor
belonging to the tumor necrosis factor receptor super family. It presents on the surfaces of
activated CD4+ and CD8+ T cells, monocytes and B lymphocytes. CD137 (TNFRSF9)
signaling is activated by binding to its high-affinity ligand CD137 ligand (TNFSF9) expressed
on the antigen-presenting cell surface. CD137 (TNFRSF9) signaling promotes cell growth; T
cell differentiation and survival (see anti-apoptosis of immune cells (46).

CD137 (TNFRSF9) mediates its action via association with TRAF1 and TRAF2. CD137
(TNFRSF9) binding to TRAF2 leads to activation of the NIK (MAP3K14). NIK (MAP3K14)
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activates NF-kB via the IKK-alpha/ NF- kB IA pathway. NF- kB induces transcription of Bcl-
XL, Bcl-2 and BFL1, and thus promotes survival (see anti-apoptosis of immune cells (47).
CD137(TNFRSF9)-induced ERK1/2 activation also leads to Bim phosphorylation by ERK1/2.
It promotes proteosomal degradation of Bim and leads to immune cell survival (48).

c. Immune response-IL7 signaling in T lymphocytes

Besides the TLR and CD137 signaling immune response pathways, we have noticed that
members of IL7 signaling in lymphocytes were also modulated in this study. IL-7 is an
essential cytokine for proliferation, maintenance and survival of T-lymphocytes. IL-7 receptor
activates pathways that regulate lymphocyte survival, glucose uptake, proliferation and
differentiation (41). Activated IL-7 receptor stimulates Phosphatidylinositol 3-kinase (P13K)/
V-akt murine thymoma viral oncogene (AKT/PKB) cascade via JAKs/ Insulin receptor
substrates 1 and 2 (IRS-1, IRS-2) .AKT/PKB complex induces Solute carrier family 2
member 1 (GLUTL1) activation inhibition of transcriptional factor Forkhead box O3
(FOXO03A). GLUTL1 stimulates Glucose uptake thus promoting cell survival (50).

IL-7 stimulates V(D)J recombination of T-cell receptor gamma chain (TCR gamma locus) in
T cells. STAT5 plays a key role in synthesis and V(D)J recombination of TCR gamma locus
with participation of histone acetylases p300 and CBP . It is possibly, that AKT/PKB-
dependent inhibition Forkhead box O1 (FKHR) stimulates Recombination activating gene 1
and 2 (RAG1 and RAG?2) transcription, thus inducing V(D)J recombination of TCR gamma
locus during lymphocyte development (51).

In the immune response signaling pathways , impacted by the 4-week blueberry dietary
intervention , listed above for XRCC1*4 wt , several genes were modulated which will be
summarized below. (Table 7)

Overall, an up regulation of Toll-like receptor 4(TLR4), BCL2-like 11 (apoptosis activator
)(Bim), V-rel reticuloendotheliosis viral oncogene homolog B RelB (NF-kB subunit), CREB
binding protein (CBP), Myeloid differentiation primary response gene (88) (MyD88), and
Mitogen-activated protein kinase kinase 6-MEK6(MAP2K6) have been observed. While a
down regulation of BCL2-like 11 (apoptosis facilitator) (Bcl-2 ), Activating transcription factor
2 (ATF-2), Lymphocyte-specific protein tyrosine kinase (LCK), Phospholipase D1, and
phosphatidylcholine-specific (PLD1) were observed in this study.

Furthermore, in order to visualize the complex set of connections between the genes and
their interactions two gene networks for the immune response pathways were generated in
MetaCore™ and identified by GeneGo analysis using shortest paths networks. The network
of genes including Bcl-2, TLR4, CBP, RelB (NF-kB subunit) and Bim, involved in positive
regulation of metabolic process, positive regulation of biological process and innate immune
response. The network of genes including ATF-2, MyD88, Lck, MEK6 (MAP2K6) and PLD1
is involved in response to stress, response to wounding, immune response-activating signal
transduction, immune response-regulating signaling pathway and in regulation of protein
metabolic process ( Figures 7 and 8).
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BCL2-like 11 (apoptosis facilitator) (Bcl-2)

BCL-2 family members form hetero- or homodimers and act as anti- or pro-apoptotic
regulators that are involved in a wide variety of cellular activities. The protein encoded by
this gene contains a Bcl-2 homology domain 3 (BH3). It has been shown to interact with
other members of the BCL-2 protein family, including BCL2, BCL2L1/BCL-X(L), and MCL1,
and to act as an apoptotic activator.

The expression of this gene can be induced by nerve growth factor (NGF), as well as by
the forkhead transcription factor FKHR-L1, which suggests a role of this gene in neuronal
and lymphocyte apoptosis (52).

Toll-like receptor 4(TLR4)

The protein encoded by this gene is a member of the Toll-like receptor (TLR) family which
plays a fundamental role in pathogen recognition and activation of innate immunity. TLRs
recognize pathogen-associated molecular patterns (PAMPSs) that are expressed on
infectious agents, and mediate the production of cytokines necessary for the development
of effective immunity.

This receptor is most abundantly expressed in placenta, and in myelomonocytic
subpopulation of the leukocytes. It cooperates with LY96 and CD14 to mediate the innate
immune response to bacterial lipopolysaccharide (LPS). Acts via MYD88, TIRAP and
TRAF6, leading to NF-kappa-B activation, cytokine secretion and the inflammatory
response. Age-related macular degeneration 10 (ARMD10), a variant in the TLR4 gene is
associated with susceptibility to age-related macular degeneration (53).

CREB binding protein (CBP)

CREB-binding protein, also known as CREBBP or CBP, is a protein that in humans is
encoded by the CREBBP gene. The CREB protein carries out its function by activating
transcription, where interaction with transcription factors is managed by one or more CREB
domains. This gene is involved in the transcriptional co activation of many different
transcription factors.

This gene is known to play critical roles in embryonic development, growth control, and
homeostasis by coupling chromatin remodeling to transcription factor recognition. The
protein encoded by this gene has intrinsic histone acetyltransferase activity and also acts
as a scaffold to stabilize additional protein interactions with the transcription complex.
Pasqualucci et al. reported that the 2 most common types of B cell non-Hodgkin lymphoma
, follicular lymphoma and diffuse large B-cell ymphoma, harbor frequent structural
alterations inactivating CREBBP (96). In addition, Mullighan et al. found that 18.3% of
relapse cases of acute lymphoblastic leukemia had sequence or deletion mutations in
CREBBP and that these frequently occurred in the histone acetyltransferase domain(97).

V-rel reticuloendotheliosis viral oncogene homolog B RelB (NF-kB subunit)

Nuclear factor of kappa light polypeptide gene enhancer in B-cells 3 ( NF-kappa-B) is a
pleiotropic transcription factor which is present in almost all cell types and is involved in
many biological processed such as inflammation, immunity, differentiation, cell growth, tumor
genesis and apoptosis.
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NF-kappa-B is controlled by various mechanisms of post-translational modification and sub
cellular compartmentalization as well as by interactions with other cofactors or corepressors.
NF-kappa-B complexes are held in the cytoplasm in an inactive state complexed with
members of the NF- kappa-B inhibitor (I-kappa-B) family. Vaira et al. found RELB was
required for Rankl-induced osteoclastogenesis in vitro and for TNF -induced bone resorption
in vivo. He reported that the alternative NF-kB pathway, via RELB, plays an essential and
unique role in RANKL signaling toward osteoclast development (98).

BCL2-like 11 (apoptosis facilitator)(Bim)

BIM Induces apoptosis. It has been shown to interact with other members of the BCL-2
protein family, including BCL2, BCL2L1/BCL-X(L), and MCL1, and to act as an apoptotic
activator. The expression of this gene can be induced by nerve growth factor (NGF), as well
as by the forkhead transcription factor FKHR-L1, which suggests a role of this gene in
neuronal and lymphocyte apoptosis.

Activating transcription factor 2 (ATF-2)

ATF2 gene encodes a transcription factor that is a member of the leucine zipper family of
DNA binding proteins. This protein binds to the cAMP-responsive element (CRE), an
octameric palindrome. It forms a homodimer or a heterodimer with c-Jun and stimulates
CRE-dependent transcription. This protein is also a histone acetyltransferase (HAT) that
specifically acetylates histones H2B and H4 in vitro; thus it may represent a class of
sequence-specific factors that activate transcription by direct effects on chromatin
components.

Myeloid differentiation primary response gene (88) (MyD88)

This gene encodes a cytosolic adapter protein that plays a central role in the innate and
adaptive immune response. This protein functions as an essential signal transducer in the
interleukin-1 and Toll-like receptor signaling pathways. T Acts via IRAK1, IRAK2, IRF7 and
TRAF6, leading to NF-kappa-B activation, cytokine secretion and the inflammatory
response.

These pathways regulate activation of numerous proinflammatory genes. The encoded
protein consists of an N-terminal death domain and a C-terminal Toll-interleukinl receptor
domain. Patients with defects in this gene have an increased susceptibility to pyogenic
bacterial infections.

Lymphocyte-specific protein tyrosine kinase (LCK)

This gene is a member of the Src family of protein tyrosine kinases (PTKs). The encoded
protein is a key signaling molecule in the selection and maturation of developing T-cells. The
protein localizes to the plasma membrane and pericentrosomal vesicles, and binds to cell
surface receptors, including CD4 and CD8, and other signaling molecules.
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It plays a key role in T-cell antigen receptor (TCR)-linked signal transduction pathways.
Associated with the cytoplasmic portions of the CD4 and CD8 surface receptors, once
stimulated, the TCR recruits the tyrosine kinase ZAP70, which becomes phosphorylated and
activated by LCK. Following this, a large number of signaling molecules are recruited,
ultimately leading to lymphokine production. LCK also contributes to signaling by other
receptor molecules. It also plays a role in the IL2 receptor-linked signaling pathway that
controls the T-cell proliferative response (99).

Mitogen-activated protein kinase kinase 6-MEK6(MAP2K®6)

Mitogen-activated protein kinases (MAPKSs) are key components in various cellular signal
transduction pathways that affect growth factor-induced proliferation, gene expression, and
compensation for environmental changes.

This gene encodes a member of the dual specificity protein kinase family, which functions as
a mitogen-activated protein (MAP) kinase kinase. MAP kinases, also known as extracellular
signal-regulated kinases (ERKSs), act as an integration point for multiple biochemical signals.
This protein phosphorylates and activates p38 MAP kinase in response to inflammatory
cytokines or environmental stress. As an essential component of p38 MAP kinase mediated
signal transduction pathway, this gene is involved in many cellular processes such as stress
induced cell cycle arrest, transcription activation and apoptosis.

MAP2K6/MKKE6 is the major MAPK11 activator in response to TNF. MAP2K6/MKK6
mediates apoptotic cell death in thymocytes. It acts also as a regulator for melanocytes
dendricity, through the modulation of Rho family GTPases.

Phospholipase D1, phosphatidylcholine-specific (PLD1)

This gene encodes a phosphatidylcholine-specific phospholipase which catalyzes the
hydrolysis of phosphatidylcholine in order to yield phosphatidic acid and choline. The
enzyme may play a role in signal transduction and sub cellular trafficking. Implicated as a
critical step in numerous cellular pathways, including signal transduction, membrane
trafficking, and the regulation of mitosis (100).

IV. XRCC1*4 Heterozygotes and Homozygotes

MetaCore GeneGo analysis of pathways and cellular processes for Wilms study subjects
following the 4-week blueberry intervention, showed that few pathways were significantly (p
< 0.05) modulated in XRCC1*4 heterozygote and homozygote variants (Table 6). The
modulated pathways were found to be part of the Glutathione Metabolism cellular processes
(Figures 9).
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Glutathione Metabolism

In both the XRCC1*4 wt and heterozygote and homozygote variants in this study, members
of Glutathione Metabolism pathways were shown to be modulated. In this section, we will
briefly discuss this pathway.

Human glutathione S-transferases (GST), mainly known as phase Il enzymes, are involved
in the detoxification of endogenous and exogenous electrophilic compounds and play an
important role in protection against oxidative stress.

Glutathione disulfide can be formed directly from Glutathione in the reaction catalyzed by
Glutathione peroxidase 4 (GPX4 (PHGPXx), Glutathione peroxidase 1 (GPX1), Glutathione
peroxidase 2 (GPX2) (19), Glutathione peroxidase 3 (plasma) (GPX3), Glutathione
peroxidase 6 (GPX6), Glutathione peroxidase 7 (GPX7), Glutathione peroxidase 5 (GPX5)
and GSHR. (20).These reactions produce R-S-Glutathione (glutathione conjugated to a
moiety) products.

Polymorphisms in the GSTT gene families which are involved in detoxification and
antioxidative mechanisms have been associated with alterations in cancer risk for several
different cancers (23).

As for the XRCC1*4 wt heterozygote and homozygote variants, we report that a few genes,
involved in glutathione metabolism, were significantly modulated. Study results show that
GGT1, GSTM2 homodimer, GSTM3, GSTA4, GPX7 and GSTA2 homodimer, were all up -
regulated while GCL cat, was down-regulated (Table 7).
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Discussion

To our knowledge, this is the first research of whole genome gene expression analysis
together with the impact of genetic polymorphism following a dietary intervention in humans.
Additionally, this is a unique unparalleled study by which a comparison is made between the
biological pathways affected by a 4-week blueberry dietary intake on different
polymorphisms of GSTT1 and XRCCL1. Moreover, the effects of on immune response
cellular processes, G-protein signaling and glutathione Metabolism, which may be
contributing to health benefits of blueberries in humans, are discussed here for the first time.

Our data suggests that dietary supplementation with flavonoid-rich foods, such as blueberry
has an impact on biological pathways and cellular processes in which oxidative cell damage
plays a role, such as neuro degenerative disease, cancer or cardiovascular disease.
Furthermore, mechanisms underpinning berry's ability to induce improvements in health are
linked to the potential of absorbed flavonoids and their metabolites to interact with and
modulate critical signaling pathways, transcription factors and gene and/or protein
expressions. We will compare and discuss each subgroup separately in the following
section.

GSTT1* 0 Wildtypes:

Overall in the GSTT1*0 wt variant genotype, we identified 2 important network of genes.

The network of genes including p21, CBP, TRAF6, RelB (NF-kB subunit) and NOL3
described in the result section seem to be involved in regulation of cell death and apoptosis.
In this network, we noticed that NF-kB has been up-regulated. Up regulation of RELB, one of
the NF-kB members could mean modulation of expression of genes encoding for different
IkB proteins. Also CBP and P21 both part of IFN gamma signaling - immune response
pathway have been up-regulated. Up regulation of P21 gene could imply a shortening of
telomeres and impact on aging process and its related disease. Lastly we have seen a
down-regulation of TRAF6 and an an up-regulation of TLR4 in HGMB1/TLR signaling -
immune response pathway. This results in increased mitochondrial and cellular ROS
generation. Apoptosis proceeded by increased generation of reactive oxygen species, and
associated with p21 activation, increased expression of CBP, and an up-regulation of NOL3
in immune response and over expression of NF-kB and NOL3, could imply a less protective
effect against oxidative damage.

The network of genes including Calmodulin, Caspase-3, FasR(CD95), PLC-gamma 1 and
FADD are involved in lipid catabolic process, phospholipid metabolic process,
organophosphate metabolic process, positive regulation of molecular function and platelet
activation. In this network, our findings suggest an up -regulation of Caspase 3. Activation of
CASP3 leads to the ultimate demise of the cell. No genes which play a role in inhibition of
caspases were modulated; thereby a caspase cascade ultimately leading to initiation of
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apoptosis is implied here. We have also noticed an up-regulation of CALM1 in the immune
response- CD16 signaling in NK cell pathway which may be associated with susceptibility for
Osteoarthritis. In addition, a down-regulation of PLC gamma which has an important role in
the regulation of other members of the TRP channels family. Lastly down-regulation of
FADD and FAS R has been reported. Since FAS has a role in neuroprotection (101), a
Reduced FAS expression could imply increase in susceptibility to neurodegeneration.

Overall, we illustrate here that the blueberry juice dietary intervention has a complex and
strong effect on immune response related pathways in this subgroup. Apoptosis in
lymphocytes of subjects carrying the GSTT1*0 wt genotype may describe a possible
sequence of molecular events underlying its lethal effect, and suggests that it may prove
useful in therapies of cancer and aging related diseases.

GSTT1* 0 Deletions:

Overall in the GSTT1* 0 deletion variant genotype, we identified 2 important G-protein
signaling networks of genes.

The network of genes including MEKK1 (MAP3K1), FAK1, NCX1, MEF2A and PKC-beta
described above seem to be involved in intracellular signal transduction, wound healing,
platelet activation, regulation of body fluid levels and response to external stimulus. In this
network, we have reported a down-regulation of MEKK1 in the G-protein alpha 12 signaling
pathway. This gene is thought to be associated with breast cancer and this locus interacts
multiplicatively on breast cancer risk in BRCA2 mutation carriers (82) hence the down
regulation may imply that carriers of this gene may be at a slightly lower risk of breast
cancer.

There are certainly many factors contributing to the rise in heart disease, poor diet likely
being the most important. Studies have suggested that blueberries could strengthen blood
vessels against oxidative stress that may lead to heart disease. In this study we have seen a
down-regulation of FAK1, NCX1, PKC beta 1 and MEF 2A. This could imply a cardiovascular
benefit for subjects with the GSTT1*0 deletion genotype. In addition the results of recent
study published berry to lowering cholesterol and neurodegenerative diseases like Alzheimer
(62).

The network of genes including M-Ras, PLD1, LARG, IGF-1 receptor and RASA2 are
involved in response to peptide hormone and endogenous stimulus, in response to organic
substance and in nerve growth factor receptor signaling pathway. Our findings suggest a
down-regulation of M-Ras in the G-protein-RAP2A regulation pathway. Since deregulation of
Ras signaling has been associated with many types of cancer (83), this could imply an
involvement in control of cancer cell proliferation .

Also a down-regulation of LARG which has a fundamental role in numerous cellular
processes that are initiated by extracellular stimuli working through G protein-coupled
receptors. In addition a down -regulation of (RASA2) involved in the G-protein-alpha -12
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signaling pathway. RASAZ2 acts as a suppressor of RAS function, the protein enhances the
weak intrinsic GTPase activity of RAS proteins thereby its down regulation may cause
inhibition of the control of cellular proliferation and differentiation. Recent research shows
that the IGF-1 receptor gene is involved in growth and has also shown involvement in
longevity (84).

Lastly we have observed an up-regulation of PLD1 in the G-protein-Rho a regulation
pathway. This could imply an increased involvement in regulation of intracellular trafficking,
signal transduction, membrane trafficking, and the regulation of mitosis.

Overall, the 4-week blueberry -apple juice dietary intervention has shown a complex effect
on G-protein signaling related pathways in this subgroup. The control of cell proliferation is of
central importance to the proper development of a multi-cellular organism, the homeostatic
maintenance of tissues, and the ability of certain cell types to respond appropriately to
environmental cues. Disruption of normal cell growth control underlies many pathological
conditions, including endothelial proliferative disorders in cardiovascular disease and
neurodegenerative disease as well as the development of tumors. Therefore the dietary
blueberry intake may prove to be protective for the subjects carrying the GSTT1* deletion
variants.

XRCC1*4 Wildtypes, Homozygous and Heterozygous:

With regards to XRCC1*4 wt variant, we identified two immune response networks of genes
that were significantly modulated following the 4-weeks of blueberry juice intervention.

The network of genes including Bcl-2, TLR4, CBP, RelB (NF-kB subunit) and Bim, involved
in positive regulation of metabolic process, positive regulation of biological process and
innate immune response.

Our findings suggest that the anti-apoptotic genes BCL2, involved in the CD137 signaling in
immune cell pathway were down regulated in the present study, thereby abolishing their
inhibiting effects on apoptosis. Also ATF2 which is a transcription factor that binds to the
cAMP-responsive element (CRE) was down-regulated. This down regulation may imply a
negative control on transcription by direct effects on chromatin components.

BIM, which is also involved in the CD137 signaling pathway in immune cells, was up
regulated. BIM is known to induce apoptosis and interact with other members of the BCL-2
protein family as an apoptotic activator. This suggests an activated role in neuronal and
lymphocyte apoptosis.

TLR4, involved in the TLR signaling pathway was up-regulated in the present study. Also
NF-kB which is involved in the pathway was up regulated. Modulation of Nf-kB gene
expression or protein levels by blueberries were reported in a few in vitro studies in the past
(85).
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To our knowledge, this is the first human study in which Nf-kB is reported to be modulated
after an intervention with blueberries. The positive correlation found here, can mean a less
protective effect against ex vivo induced oxidative DNA damage as it depicts the role of Nf-
KB in the response to exposure to reactive oxygen species. Additionally, CREB binding
protein (CBP) was up regulated. This over expression may result in an increase of apoptotic
activity and cell cycle arrest by stimulation of p53. This is an important gene which is known
to have a role in Non-Hodgkin Lymphoma and in Acute Lymphoblastic Leukemia (86).

The network of genes including ATF-2, MyD88, Lck, MEK6 (MAP2K6) and PLDL1 is involved
in response to stress, response to wounding, immune response-activating signal
transduction, immune response-regulating signaling pathway and in regulation of protein
metabolic process.

Our findings suggest that PLD1 was down-regulated. The enzyme may play a role in signal
transduction and sub cellular trafficking. Its down regulation can be considered a critical step
in numerous cellular pathways, including signal transduction, membrane trafficking, and the
regulation of mitosis. In addition LCK which is involved in the IL7 signaling pathway in T-
lymphocytes was down-regulated. While, MYD88 involved in the TLR signaling pathway in
immune response cell was up- regulated. This over expression could lead to NF-kB
activation. Lastly, our findings suggest that MAP2K6 was up-regulated. This gene is involved
in many cellular processes such as stress induced cell cycle arrest, transcription activation
and apoptosis hence its up regulation may have an important role in inducing apoptosis (87).

It appears that blueberry intervention has caused a complex effect on immune response. In
addition, intervention effects have also been observed on glutathione metabolism pathways
in XRCC1*4 wt variants. Further studies to elicit these effects in details are needed.

In the XRCC1*4 heterozygote and homozygote subgroup, the blueberry intervention
modulated a few genes involved in glutathione metabolism. Glutathione plays important
roles in antioxidant defence, nutrient metabolism, and regulation of cellular events (including
gene expression, DNA and protein synthesis, cell proliferation and apoptosis, signal
transduction, cytokine production and immune response, and protein glutathionylation) and
Glutathione deficiency contributes to oxidative stress, which plays a key role in aging and the
pathogenesis of many diseases (such as seizure, Alzheimer’s disease, Parkinson’s disease,
liver disease, cystic fibrosis, sickle cell anaemia, HIV, AIDS, cancer, heart attack, stroke, and
diabetes (58).

The correlation of glutathione S-transferase (GST) T1 genetic polymorphisms with oxidative
stress-related chronic diseases was proven recently (21, 22). Detoxification of exogenous
harmful compounds (such as smoking of cigarettes and consumption of alcohol) often
occurs by phase Il enzymes such as GSTs. Proper functioning of these enzymes may be
deficient due to the presence of particular genetic polymorphisms in these GSTs. Recent
studies have reported associations between head and neck squamous cell carcinoma
(HNSCC) and allelic variants of glutathione S-transferase T1 (GSTT1) in head and neck
cancer patients (23, 55). Moreover, in recent studies the GSTT1 genes were screened for
their functional impact on concerned proteins and their plausible roles in breast cancer
susceptibility (55) and in lung cancer (56)

DNA damage contributes to the mechanisms of aging and disease. It has broad relevance to
human pathobiology with its involvement in cancer, aging and elevated DNA damage is
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found in several neurodegenerative disorders such as Alzheimer and Parkinsons (57).
Endogenous and environmental agents can cause DNA damage in cells. Dietary mutagenic
chemicals, ultraviolet and ionizing radiation, and heavy metals are environmental agents that
damage the genome, causing DNA cross-links, adducts, and oxidative cleavage. The x-ray
repair cross-complementing protein 1 (XRCC1) protein plays a major role in facilitating the
repair of single-strand breaks in human cells, via an ability to interact with multiple enzymatic
components of repair reactions (58)

XRCC1 has been reported to be associated with several different diseases including
glaucoma which have been shown to be dependent upon the genetics and environmental
factors (59). Degenerative ocular diseases are widespread in the population and represent a
major cause of reversible and irreversible blindness. Scientific evidences have been
accumulating supporting the role of genotoxic damage and gene environment interactions in
the pathogenesis of these diseases including glaucoma, age-related macular degeneration
(AMD), and cataract in which there seems to be high susceptibility to oxidative stress
observed in certain population subgroups (60).

Overall, from the results of biological pathway analysis in this study, we are able to conclude
that the group of subjects with XRCC1*4 heterozygote and homozygote genotype may not
have the added-value of having a significant modulation in the immune related pathways as
it has been seen in the XRCC1*4 wt subgroup. The impact on glutathione metabolism
pathway which is observed in heterozygote and homozygote, was also seen in the XRCC1*4
wildtypes hence the wildtype variants are expected to experience a more chemoprotective
effect of blueberries if a diet rich in these fruits is consumed.

Investigation of the modifications of gene expression level following the blueberry
intervention in this study provides an update on the mechanism of action of blueberry
intervention in human subjects. In this study we have investigated markers of oxidative
stress linked to gene expression modulation at the whole genome level. Molecular pathways
and target genes, associated with GSTT1 and XRCC1 polymorphisms, which contribute to
chemopreventive effects of blueberry in human individuals, reported here for the first time,
will help us comprehend the pathways associated with changes in phenotypic biomarkers of
disease risk.

Studies with fruits and vegetables have reported that null genotypes of GSTT1 result in a
complete lack of their respective enzymes and considerable variability in the modifying effect
of GST genotypes on cancer risk (66). Biologic response may vary due to genetic and other
factors that influence exposure, metabolism and disposition of the fruit, and interaction with
target genes (67). Moreover, fruit exposure in-vivo may be influenced by the environment in
the digestive tract (e.g., hydrolysis by gut microbiota, microbiota composition, pH, nutrient
interactions, etc.), and genetic variation in enzymes involved in metabolism. These factors
may translate into Interindividual differences in the protective effects of blueberries (68, 69
and 70).

As a brief summary of this study we report the follOwings: a) Significant pathways identified
by GeneGo in GSTT1*0 and XRCC1*4 wildtypes, are found to be predominantly part of the
immune response. In these variants, a number of apoptosis and cell survival pathways
suggest useful role in therapies of cancer and age related diseases. b) Concerning GSTT1*0
deletion variants, significant pathways are found to be related to G-protein signalling.
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Additionally, a number of homeostatic pathways important in maintenance of tissues and in
response to environmental cues are found which suggest useful role in prevention of
cardiovascular and neurodegenerative diseases. ¢) With regards to XRCC1*4 heterozygous
and homozygous variants, pathways modulations are found to be mainly related to
glutathione metabolism. Blueberry intervention in these variants are shown to contribute to
pathways involved in oxidative stress which suggest a role in (prevention) of age related
diseases for subjects carrying XRCC1*4 heterozygous and homozygous variants. A visual
illustration of study results are presented by means of figures 10 and 11.
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Conclusions

By 2020, the world population is expected to have increased to 7.5 billion; of this number,
approximately 15 million new cancer cases will be diagnosed, and 12 million cancer
patients will die (4). The incidence of chronic diseases are rapidly increasing worldwide
therefore it is important to identify dietary preventive measures or complementary
approaches to existing medications.

The burden of modern lifestyle diseases is enormous as the true unifying factor for most
cancers seems to be lifestyle. The intervention with the modification of lifestyle factors
seems to be a physiological and safe approach for the prevention and management of
modern lifestyle diseases including cancer. Defining the precise role of diet and other
lifestyle factors, in the context of the pathogenesis of chronic disease, requires the
elucidation of genetic susceptibility and genetic-environmental interactions.

Through this investigation of the whole genome gene expression changes in lymphocytes
of healthy human subjects following a dietary blueberry intervention, in combination with
specific polymorphism subgroups of GSTT1- and XRCC1-, we were able to identify
differences in pathways and cellular processes modulated in each subgroup. This study
reports newly identified genes which attenuate the role of specific signaling pathways that
may play key roles in (reducing) the incidence of chronic diseases such as cardiovascular
disease, neurodegenerative disease and cancer.

Further elucidation of mechanisms of action of fruits and vegetables at the cellular and
molecular levels are essential in order to lay the foundation for the development of diet-
based strategies for the prevention and therapy of several important types of chronic
diseases. It is also important to emphasize that the study of the combined effect of SNPs in
different genes, will be promising since gene-nutrient interactions are quite complex.
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Figure 1. Venn diagram created using venny (63) of top twenty GeneGo biological pathways
after pairwise t-test and correlation analysis, as found by Metacore™ Analysis of significantly
modulated pathways for GSTT1*0 deletion and wildtype variants.

As depicted in this figure , comparison of the results between the paired t-test and correlation analysis
showed no common elements at biological pathway levels for the GSTT1*0 deletion and wildtype
variants. One (1) common pathway between the paired t-test analysis and correlation analysis of
GSTT1*0 wildtype is identified which is identified as the "cytoskeleton remodeling- Alpha-1A
adrenergic receptor-dependent inhibition of PI3K cellular process".

Numbers in each of the blue, yellow, green and red ovals refer to total quantity (20) of significant

biological pathways that were compared using venny. Common quantity of pathways are shown in the
joint areas between ovals.
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Figure 2- Venn diagram created using venny (63) of top twenty GeneGo biological pathways
after pairwise t-test and correlation analysis, as found by Metacore™ Analysis of significantly
modulated pathways for XRCC1*4 wildtype and homozygous and heterozygous variants.

As depicted in this figure , comparison of the results between the paired t-test and correlation analysis
showed no common elements at biological pathway levels for the XRCC1*4 wildtype and
heterozygote and homozygote variants. Three (3)common pathways between the correlation analysis
for XRCC1*4 wildtype and heterozygote and homozygote variants are identified as "Glutathione
metabolism"; "Glutathione metabolism / Human version" ; and "Glutathione metabolism / Rodent
version".

Additionally two(2) common pathways between the paired t-test and correlation analysis for XRCC1*4
wildtype are identified which refer to "Cytokine production by Th17 cells in CF (Mouse model)"; and
"Nicotine signaling in dopaminergic neurons, Pt. 2 - axon terminal”.

Numbers in each of the blue, yellow, green and red ovals refer to total quantity (20) of significant

biological pathways that were compared using venny. Common quantity of pathways are shown in the
joint areas between ovals.
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Figure 3- Shortest paths network pre-filtered on a sub-cellular level indicating the localization
of gene expression of a selection of genes modulated in GSTT1*0 wildtype immune
response pathways developed in Metacore™.

The genes for which the gene product eventually will result in a cellular effect were defined as "target
genes" and grouped at the bottom of the figure.

The target genes identified in this figure were all up-regulated with the exception of TRAF-6 which
was down -regulated by the 4-week blueberry intervention. The network of genes including p21, CBP,
TRAF6, RelB (NF-kB subunit) and NOL3 are involved in regulation of cell death and apoptosis. Gene
up-regulation is visualized by a red color arrow while down-regulation is visualized by a blue color
arrow.

As identified by GeneGo analysis, the cellular processes in this network are involved in regulation of
cell death (72.5%; 3.508e-24), regulation of apoptotic process (70.0%; 3.630e-23), regulation of
programmed cell death (70.0%; 4.513e-23), induction of apoptosis (50.0%; 2.006e-22) and induction
of programmed cell death (50.0%; 2.335e-22). The values in the brackets stated here indicate the
percent of involvement in the GeneGo processes followed by the related p-value.

Abbreviations: Detailed information on the symbols can be found at
http://www.genego.com/pdf/MC _legend.pdf.
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Figure 4- Shortest paths network pre-filtered on a sub-cellular level indicating the localization
of gene expression of a selection of genes modulated in GSTT1*0 wildtype immune
response pathways developed in Metacore™.

The genes for which the gene product eventually will result in a cellular effect were defined as target
genes and grouped at the bottom of the figure.

The target genes identified at the bottom of this figure were all down-regulated with the exception of
calmudulin which was up-regulated by the 4-week blueberry intervention. The network of genes
including Calmodulin, Caspase-3, FasR(CD95), PLC-gamma 1 and FADD are involved in lipid
catabolic process, phospholipid metabolic process, organophosphate metabolic process, positive
regulation of molecular function and platelet activation. Gene up-regulation is visualized by a red
color arrow while down-regulation is visualized by a blue color arrow.

As identified by GeneGo analysis, the cellular processes in this network are involved in lipid catabolic
process (40.8%; 7.416e-26), phospholipid metabolic process (40.8%; 6.174e-25), organophosphate
metabolic process (40.8%; 2.550e-24), positive regulation of molecular function (63.3%; 3.246e-23)
and platelet activation (36.7%; 2.697e-20). The values in the brackets stated here indicate the percent
of involvement in the GeneGo processes followed by the related p-value.

Abbreviations: Detailed information on the symbols can be found at
http://www.genego.com/pdf/MC _legend.pdf.
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Figure 5- Shortest paths network pre-filtered on a sub-cellular level indicating the localization
of gene expression of a selection of genes modulated in GSTT1*0 deletion G-protein
signaling pathways developed in Metacore™.

The genes for which the gene product eventually will result in a cellular effect were defined as target
genes and grouped at the bottom of the figure.

The target genes identified at the bottom of this figure were all down-regulated with the exception of
PKC-beta which was up-regulated by the 4-week blueberry intervention. The network of genes
including MEKK1 (MAP3K1), FAK1, NCX1, MEF2A and PKC-beta are involved in intracellular signal
transduction, wound healing, platelet activation, regulation of body fluid levels and response to
external stimulus. Gene up-regulation is visualized by a red color arrow while down-regulation is
visualized by a blue color arrow.

As identified by GeneGo analysis, the cellular processes in this network are involved in intracellular
signal transduction (61.4%; 4.268e-19), wound healing (47.7%; 5.140e-19), platelet activation (36.4%;
4.274e-18), regulation of body fluid levels (45.5%; 7.842e-18), and response to external stimulus
(56.8%; 1.446e-17). The values in the brackets stated here indicate the percent of involvement in the
GeneGo processes followed by the related p-value.

Abbreviations: Detailed information on the symbols can be found at
http://www.genego.com/pdf/IMC_legend.pdf
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Figure 6-Shortest paths network pre-filtered on a sub-cellular level indicating the localization
of gene expression of a selection of genes modulated in GSTT1*0 deletion G-protein
signaling pathways developed in Metacore™.

The genes for which the gene product eventually will result in a cellular effect were defined as target
genes and grouped at the bottom of the network.

The target genes identified at the bottom of this figure were all down-regulated with the exception of
IGF-1 which was up-regulated by the 4-week blueberry intervention. The network of genes including
M-Ras, PLD1, LARG, IGF-1 receptor and RASAZ2 are involved in response to peptide hormone and
endogenous stimulus, in response to organic substance and in nerve growth factor receptor signaling
pathway. Gene up-regulation is visualized by a red color arrow while down-regulation is visualized by
a blue color arrow.

As identified by GeneGo analysis, the cellular processes in this network are involved in response to
peptide hormone stimulus (56.0%; 1.366e-30), response to endogenous stimulus (70.0%; 1.411e-29),
response to hormone stimulus (64.0%; 4.296e-28), response to organic substance (78.0%; 9.738e-
27) and nerve growth factor receptor signaling pathway. The values in the brackets stated here
indicate the percent of involvement in the GeneGo processes followed by the related p-value.

Abbreviations: Detailed information on the symbols can be found at
http://www.genego.com/pdf/MC_legend.pdf.
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Figure 7-Shortest paths network pre-filtered on a sub-cellular level indicating the localization
of gene expression of a selection of genes modulated in XRCC1*4 wildtypes in immune
response pathways developed in Metacore™.

The genes for which the gene product eventually will result in a cellular effect were defined as target
genes and grouped at the bottom of the figure.

The target genes identified at the bottom of this figure were all upregulated, with the exception of
BCL-2 which was down-regulated by the 4-week blueberry intervention. The network of genes
including Bcl-2, TLR4, CBP, RelB (NF-kB subunit) and Bim, involved in positive regulation of
metabolic process, positive regulation of biological process and innate immune response. Gene up-
regulation is visualized by a red color arrow while down-regulation is visualized by a blue color
arrow.

As identified by GeneGo analysis, the cellular processes in this network are involved in positive
regulation of metabolic process (77.1%; 1.261e-20), positive regulation of macromolecule metabolic
process (74.3%; 2.361e-20), positive regulation of biological process (88.6%; 4.512e-19), positive
regulation of cellular metabolic process (68.6%; 4.370e-17), and innate immune response (45.7%;
2.392e-16). The values in the brackets stated here indicate the percent of involvement in the GeneGo
processes followed by the related p-value.

Abbreviations: Detailed information on the symbols can be found at
http://www.genego.com/pdf/MC_legend.pdf.
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Figure 8-Shortest paths network pre-filtered on a sub-cellular level indicating the localization
of gene expression of a selection of genes modulated in XRCC1*4 wildtypes in immune
response pathways developed in Metacore™.

The genes for which the gene product eventually will result in a cellular effect were defined as target
genes and grouped at the bottom of the network.

The target genes identified at the bottom of this figure were all down-regulated with the exception of
MYD88 and MEK6 which were up-regulated by the 4-week blueberry intervention. The network of
genes including ATF-2, MyD88, Lck, MEK6 (MAP2K6) and PLD1 is involved in response to stress,
response to wounding, immune response-activating signal transduction, immune response-regulating
signaling pathway and in regulation of protein metabolic process. Gene up-regulation is visualized by
ared color arrow while down-regulation is visualized by a blue color arrow.

As identified by GeneGo analysis, the cellular processes in this network are involved in response to
stress (80.9%; 9.812e-23), response to wounding (57.4%; 3.073e-21), immune response-activating
signal transduction (34.0%; 2.250e-19), immune response-regulating signaling pathway (34.0%;
5.298e-19), regulation of protein metabolic process (57.4%; 3.477e-18). The values in the brackets
stated here indicate the percent of involvement in the GeneGo processes followed by the related p-
value.

Abbreviations: Detailed information on the symbols can be found at
http://www.genego.com/pdf/MC _legend.pdf.
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Figure 9 - Glutathione metabolism pathway- XRCC1*4 Heterzygote and Homozygote
Variants.

This pathway with significant ranking is selected for its role in immune response pathways. Ranking
was done using significant gene list for XRCC1*4 heterozygote and homozygote variants compared
against the background list of genes for all study subjects.

The rankings are visualized using GeneGo ontology by Metacore™. As we can see from this picture,
a few genes involved in glutathione metabolism, were significantly modulated : GGT1, GSTM2
homodimer, GSTM3, GSTA4, GPX7 and GSTA2 homodimer, were all up -regulated while GCL cat,
was down-regulated..Gene up-regulation (equal or > 1) is visualized by a dark red while down-
regulation (1) is visualized by a dark blue color.
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Figure 10 - Summary of Study Results for GSTT1*0 Wildtype and Deletion Variants

MetaCore GeneGo analysis of pathways and cellular processes for subjects following the 4-week
blueberry intervention, identified some differences in pathways that are significantly (p < 0.05)
modulated in the GSTT1*0 wildtype and null genotypes. In case of GSTT1*0 wt variants, the
significant pathways are mainly part of the "immune response" cellular processes while for the
GSTT1*0 deletion variants, significant pathways are part of the "G-protein signalling” cellular process.

Overall, for GSTT1*0 wildtypes, an up-regulation of CREB binding protein (CBP), Cyclin-dependent
kinase inhibitor 1A (p21, Cip1l), nucleolar protein 3 ( NOL3), TNF receptor-associated factor 6
(TRAF6), apoptosis-related cysteine peptidase (Caspase 3), Calmodulin ( CALM1) have been
observed. While a down-regulation of Nuclear factor of kappa light polypeptide gene enhancer in B-
cells 1( NF-kB ), (TNFRSF6)-associated via death domain(FADD), TNF receptor super family,
member 6 (FAS R), Phospholipase C and gamma 1 (PLC gamma) were observed.

In case of GSTT1*0 null variants, overall, an up-regulation of Phospholipase D1, phosphatidylcholine-
specific( PLD1) and Insulin-like growth factor 1 receptor (IGF-1 receptor) have been observed. While
a down-regulation of Mitogen-activated protein kinase 1 MEKK1(MAP3 K1), PTK2 protein tyrosine
kinase 2 (FAK1), Solute carrier family 8 (sodium/calcium exchanger), member 1(NCX1), Myocyte
enhancer factor 2A ( MEF2A), Protein kinase C, beta 1 (PKC-betal), Muscle RAS oncogene homolog
(M-Ras), Rho guanine nucleotide exchange factor (GEF) 12 (LARG) and RAS p21 protein activator 2
(RASA2) were observed.
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Figure 11-Summary of Study Results for XRCC1*4 Wildtype , Heterozygote and

Homozygote Variants.

MetaCoreTM GeneGo analysis of pathways and cellular processes for subjects following the 4-week
blueberry intervention identified differences in pathways are significantly (p < 0.05) modulated for
XRCC1*4 wild type and XRCC1*4 heterozygous and homozygous variants.

As for the XRCC1*4 wild type, the significant pathways modulated are mostly related to the immune
response cellular processes while the XRCC1*4 heterozygous and homozygous variants involvement

is mainly in glutathione metabolism cellular processes.

In case of XRCC1*4 wild types, overall, an up regulation of Toll-like receptor 4(TLR4), BCL2-like 11
(apoptosis activator )(Bim), V-rel reticuloendotheliosis viral oncogene homolog B RelB (NF-kB
subunit), CREB binding protein (CBP), Myeloid differentiation primary response gene (88) (MyD88),
and Mitogen-activated protein kinase kinase 6-MEK6(MAP2K6) have been observed. While a down
regulation of BCL2-like 11 (apoptosis facilitator) (Bcl-2 ), Activating transcription factor 2 (ATF-2),
Lymphocyte-specific protein tyrosine kinase (LCK), Phospholipase D1, and phosphatidylcholine-

specific (PLD1) were observed in this study.

With regards to the XRCC1*4 wt heterozygote and homozygote variants, genes involved in
glutathione metabolism, were modulated. Study results show that GGT1, GSTM2 homodimer,
GSTM3, GSTA4, GPX7 and GSTA2 homodimer, were all up -regulated while GCL cat, was down-

regulated.
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Auteursrechtelijke overeenkomst

Ik/wij verlenen het wereldwijde auteursrecht voor de ingediende eindverhandeling:
Interindividual Differences in Response to Blueberry Juice Intervention in
Healthy Human Subjects: A Genomics Approach

Richting: master in de biomedische wetenschappen-milieu en gezondheid
Jaar: 2012

in alle mogelijke mediaformaten, - bestaande en in de toekomst te ontwikkelen - , aan de
Universiteit Hasselt.

Niet tegenstaand deze toekenning van het auteursrecht aan de Universiteit Hasselt
behoud ik als auteur het recht om de eindverhandeling, - in zijn geheel of gedeeltelijk -,
vrij te reproduceren, (her)publiceren of distribueren zonder de toelating te moeten
verkrijgen van de Universiteit Hasselt.

Ik bevestig dat de eindverhandeling mijn origineel werk is, en dat ik het recht heb om de
rechten te verlenen die in deze overeenkomst worden beschreven. Ik verklaar tevens dat
de eindverhandeling, naar mijn weten, het auteursrecht van anderen niet overtreedt.

Ik verklaar tevens dat ik voor het materiaal in de eindverhandeling dat beschermd wordt
door het auteursrecht, de nodige toelatingen heb verkregen zodat ik deze ook aan de
Universiteit Hasselt kan overdragen en dat dit duidelijk in de tekst en inhoud van de
eindverhandeling werd genotificeerd.

Universiteit Hasselt zal mij als auteur(s) van de eindverhandeling identificeren en zal geen

wijzigingen aanbrengen aan de eindverhandeling, uitgezonderd deze toegelaten door deze
overeenkomst.

Voor akkoord,

Hosseinzadeh, Sharareh

Datum: 19/06/2012



