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Abstract

the cancer inhibition of EGCG remains unclear.

of EGCG in vivo.

Background: Green tea polyphenol epigallocatechin-3-gallate (EGCG) has been demonstrated to inhibit cancer in
experimental studies through its antioxidant activity and modulations on cellular functions by binding specific proteins.
By means of computational analysis and functional genomic approaches, we previously identified a set of protein
coding genes and microRNAs whose expressions were significantly modulated in response to the EGCG treatment in
tobacco carcinogen-induced lung adenocarcinoma in A/J mice. However, to what degree these genes are involved in

Results: In this study, we further employed statistical methods and literature research to analyze these data in
combination with The Cancer Genome Atlas (TCGA) lung adenocarcinoma datasets for additional data mining.
Under the assumption that, if a gene mediates EGCG's cancer inhibition, its expression level change caused by
EGCG should be opposite to what occurred in the carcinogenesis, we identified Myb and Peg3 as the primary
putative genes involved in the cancer inhibitory activity. Further analysis suggested that the regulation of Myb
could be mediated through an EGCG-upregulated microRNA, miR-449c-5p.

Conclusions: Although the actions of EGCG involve multiple targets/pathways, further analysis by mining the
existing genomic datasets revealed that the upregulations of Myb and Peg3 are likely the key anti-cancer events

Background

Green tea polyphenol epigallocatechin-3-gallate (EGCG)
has been shown to have preventive effect for several dis-
eases including cancer [1-4]. A substantial number of
studies have been conducted to uncover the cancer pre-
ventive mechanisms of EGCG at the cellular and molecular
levels including experimental studies using animal models.
The results from these studies support that the treatment
with EGCG or EGCG-rich tea extract leads to a wide range
of responses and that the cancer prevention activities are
most likely to be mediated through multiple mechanisms
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resulted from direct scavenging of stress molecules such as
reactive oxygen species (ROS) and/or the physical interac-
tions of EGCG with specific proteins to modulate gene
expression and cellular signaling. However, most experi-
mental evidence supporting anti-cancer mechanisms of
EGCQG are obtained from in vitro studies. Whether or not
these mechanisms play significant roles in the cancer
prevention/inhibition in vivo remains to be determined.
The tobacco carcinogen-induced lung carcinogenesis
in A/] mice is a well-characterized animal model. It has
been shown using this animal model that tumor multi-
plicity and size are effectively inhibited when mice are
fed an experimental diet containing EGCG [2, 5]. Using
this animal model, our recent study has demonstrated
that cellular changes in lung cancer cells treated with
EGCG are associated with alterations in both messenger
RNA (mRNA) and microRNA (miRNA) expressions [6)].
Computational analysis on microarray data revealed that
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the EGCG-induced expression changes of some genes
also involved miRNA-mediated gene regulation [6].

It is well-recognized that EGCG treatment can cause a
wide range of responses at both the cellular and molecular
levels [2]. Using “EGCG” as the keyword to search through
NIHs TOXNET databases, specifically the Comparative
Toxicogenomics Database (CTD) which provides scientific
data describing relationships between chemicals, genes,
and human diseases, we found that EGCG treatment or
co-treatment with other agents can impact the expression
of about 2000 genes in both humans and mice. Our recent
study also showed that, in the carcinogen-induced lung
tumor in A/] mice, EGCG treatment induces the expres-
sion level change of 367 genes (at least onefold change)
[6]. Since the large group of genes up- or down-regulated
by EGCG includes genes which are not related to lung
carcinogenesis [7, 8], identifying the relevant genes would
advance our understanding of the cancer inhibition mech-
anism of EGCG.

In this study, we employed statistical approaches and lit-
erature research and combined the data from The Cancer
Genome Atlas (TCGA) [9] to further determine the candi-
date genes, including miRNA, which participate in the
EGCG inhibition mechanism. We focused on exploring
the lung cancer-related genes and identifying the ones that
could potentially play predominant roles in mediating the
cancer inhibition by EGCG in the carcinogen-induced A/]
mouse lung cancer model.

Methods
Microarray data of mRNA expression and miRNA ex-
pression were obtained from two sources. The first
was from our previous study that compared the mRNA
and miRNA expression profiles in A/] mice bearing 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-
induced lung tumor fed on the diet containing 0.4 %
EGCG or the control AIN93M diet [6]. In this dataset,
mRNA expression profiles include 3 microarray results
of lung tumors collected from 3 control mice and 3
EGCG-treated mice, and the miRNA expression pro-
files include microarray results of lung tumors col-
lected from 8 control mice and 8 EGCG-treated mice.
The second source was the gene expression profile batch
37 of lung adenocarcinoma obtained from TCGA data
matrix [9]. The filter settings used to obtain this
dataset include Data Level =3, Availability = Available,
Center/Platform = All, Access Tier = Public, and Tumor/
Normal = Tumor-matched.

When performing statistical analysis on the microarray
datasets, we made the following assumptions.

(1) There are random variations in gene expression
among samples which are independent of the
treatments. These random variations in gene
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expression represent the normal variations of
individuals in a group of experimental animals.

(2) When treated with EGCG, the expression changes of
responsive genes are expected to be statistically
significant and consistent among all treated samples
compared to the control.

To analyze the mRNA expression profiles, within the 3
controls and the 3 EGCG-treated samples, we first re-
moved those genes whose expression in the 3 EGCG
treatments were not consistently up or down compared to
the average of the 3 controls. This means that we only se-
lected those genes whose expressions were consistently
up-regulated or down-regulated in all the 3 EGCG-treated
samples compared to the average of the 3 controls.
Then, we computed the difference between the aver-
aged expression levels of the 3 controls and the 3
treatments for each gene. The standard deviation was
calculated for the difference distribution, and z-scores
were obtained for each gene. Only those genes whose
z-scores were >3.00 or <-3.00 were considered genes
that were impacted significantly by EGCG treatment.

To analyze the miRNA profiles, with the 8 controls
and 8 EGCG treatments, the difference between aver-
aged control and treatment was obtained for each
miRNA. The standard deviation was calculated for the
differences, and z-scores were obtained for each
miRNA. We first selected those miRNAs whose z-
scores were >2.00 or <-2.00. Then, among those se-
lected miRNAs, we conducted an independent sample
t test between the 8 controls and the 8 EGCG sam-
ples. Only those miRNAs with p values of the ¢ test
less than 0.05 were considered as miRNAs that were
responsive to EGCG treatment.

From TCGA database, we obtained microarray gene
expression data for 21 human lung adenocarcinoma
samples (batch 37) publically released by Michael Topal
and Katherine Hoadley from the University of North
Carolina at Chapel Hill on February 10, 2009 [9]. These
21 datasets represent the normalized gene expression dif-
ferences between lung adenocarcinoma and a normal cell
line. Although there are another 11 sets of such data in
batch 52, some gene expressions are null in batch 52, and
batch 52 was not used in this study. After the standard de-
viation was calculated based on the average of the 21 data-
sets, z-scores were computed for each gene. Only those
genes whose expression levels are all up or all down in the
21 sets and whose z-scores were >3.00 or <-3.00 were
selected.

Gene pathway analyses were conducted using iPathway-
Guide (https://apps.advaitabio.com/ipg/home). The only
adjustable setting of iPathwayGuide is its DE threshold.
The settings used were as follows: Fold Change (log) =
1.0 and Adjusted p value=0.01. Gene interaction
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analysis was conducted using the PCViz web tool
http://www.pathwaycommons.org.

Results

In the comparison of the microarray results of mRNA ex-
pression profiles of the 3 controls and 3 EGCG samples,
mRNAs whose expression levels are not consistently up
or down between the controls and EGCG-treated samples
were removed. We selected only these consistent data re-
cords because they tend to be more reliable. Fourteen
thousand seven hundred sixty-five records were selected.
Z-scores were computed for every mRNA (gene). Only
those genes whose z-scores were >3.00 or <3.00 were con-
sidered genes that are impacted significantly by EGCG
treatment, i.e., the expression changes of these genes be-
tween the control and the sample are likely a result of the
EGCG treatment. There were 225 unique genes selected
(see Additional file 1). The large number of genes im-
pacted by EGCG treatment is expected as EGCG treat-
ment induces a wide range of biological responses [1-3].

In the A/] mouse lung carcinogenesis model, the tumor
multiplicity and size are effectively inhibited when mice
are fed a diet containing EGCG [2, 5]. Apoptosis was in-
duced and pro-proliferation signalings were reduced in tu-
mors after a long-term treatment with EGCG [10, 11].
The gene expression profiles showed that cell cycle regula-
tion and inflammation were the most impacted pathways
by a long-term EGCG treatment (~20 weeks) [12]. Since a
long-term EGCG treatment may cause multiple waves of
responses which can disguise the targeted genes or
pathways of EGCG, we preferred a short-term treat-
ment experiment for elucidating the earlier responses,
as described in our recent study in which EGCG was
applied for only 1 week [6]. Although it is somewhat
surprising that none of the 17 signature genes identified
by Lu et al. [12] were found among the 225 genes, such
a discrepancy indicates that the short-term treatment
causes a wider range of early responses while the result
induced by the long-term treatment represents the
overall consequence post the early response. Thus, the
result of short treatment offers better chance to identify
the mechanism.

By analyzing the 225 genes using iPathwayGuide, the
only pathway approaching statistical significance (p =
0.08) is the Kyoto Encyclopedia of Genes and Genomes
(KEGG) chemokine pathway [13]. This pathway is associ-
ated with multiple cellular functions such as cellular
growth and differentiation, cell survival, migration, apop-
tosis, chemotaxis, and ROS production [14-26]. Indeed,
this is consistent with what was reported previously, either
with a long-term or short-term EGCG treatment [6, 10—
12]. This result supports that the anti-cancer mechanism
of EGCG is mediated through the regulation of cellular
growth, apoptosis, differentiation, and migration.
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By applying the same statistical selection process on the
21 lung adenocarcinoma datasets collected from the
TCGA database, 478 genes were selected from the TCGA
LUAD datasets since they displayed significantly up-
regulated or down-regulated expression levels in the lung
adenocarcinoma tissues. Comparing with the 225 genes
selected from EGCG treatment, 16 genes were found to
be in both groups. We postulated that if EGCG is truly
inhibiting the lung carcinogenesis, then it should reverse
the expression levels of some genes that were over-
expressed or under-expressed in lung cancer tissues. Thus,
we were searching for those genes whose expression levels
were reversed in the EGCG-treated samples when com-
pared with the TCGA LUAD datasets. In the overlapped
genes between the 478 genes selected from the TCGA
LUAD datasets and the 225 genes selected from EGCG-
treated group, only Myb, Peg3, and Myl4 display a reverse
expression pattern (Table 1). While Myl4 was not found
to be related to carcinogenesis based on the existing litera-
ture, both Myb and Peg3 were reported to be involved in
carcinogenesis [27-30]. Although Myb has been consid-
ered as an oncogene [31, 32], its down-regulation in hu-
man lung cancer suggests that it may have dual functions.
Nevertheless, this comparison suggested that EGCG’s
inhibition on mouse lung carcinogenesis reversed the
carcinogenesis-associated changes, and Myb and Peg3 are
the putative genes that mediate such inhibition effect.

Using the functional annotation tool of David Bioinfor-
matics Resources 6.7 (http://david.abcc.ncifcrf.gov/) to

Table 1 Genes whose expression levels were significantly
altered and were found in both the EGCG experiment and the
TCGA dataset

Genes From normal From control to
to LUAD EGCG treatment

Cox7al Up Up

Myh11 Up Up

Fmo3 Up Up

Myb Down Up

Cxcl13 Up Up

Scgb3al Up Up

F13a1 Up Up

Peg3 Down Up

Acta2 Up Up

Fabp4 Up Up

Clice Up Up

Myl4 Down Up

S$100a9 Up Up

Col8a2 Up Up

Bank Up Up

Mmp9 Up Up
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analyze these overlapped genes also identified F13al,
Fmo3, Mmp9, and Myhll1 as related to cancer. Among
these genes, Mmp9 is specifically related to lung cancer
[33-36]. However, these genes including Mmp9 are less
likely to be related to the inhibition function of EGCG
since they do not exhibit a reversed expression pattern.

In order to assess the possible roles of Myb, Peg3, and
Myl4, we employed the PCViz network visualization tool
(www.pathwaycommons.org), a web tool to construct
gene interaction network based on information mined
from published literature and to analyze the possible
gene interactions for Myb, Peg3, and Myl4. We found
that there are no identified gene interactions for both
Peg3 and Myl4, while Myb has the potential to control
the expression of a large number of genes including
Myc, Nras, and Bcl2 that are well-characterized for their
role in tumorigenesis (Fig. 1). This suggests that Myb
might play a much more critical role than Peg3 in medi-
ating the anti-cancer activity of EGCG.

A further analysis on those genes that were identified by
the PCViz network to be affected by Myb shows that there
are 29 mRNA genes whose expressions were affected by
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EGCG treatment. However, there are only 3 genes, Colla2,
Ccnbl, and Copa, whose expression levels could be consid-
ered to be significantly impacted by EGCG treatment.
Colla2 was up-regulated by 1.8-fold, while Ccnbl and
Copa were down-regulated by 2.4- and 3.4-fold, respect-
ively. Clearly, much more studies are required before any
conclusion can be drawn on how Myb mediates EGCG’s
anti-cancer activities.

In our previous study, we demonstrated that miRNAs
can mediate the gene regulation by EGCG [6]. Here, we
used statistical methods to further investigate the pos-
sible roles of miRNA in EGCG treatments, especially if
miRNA can possibly mediate the regulation of Myb and/
or Peg3 by EGCG. We first used statistical methods to
identify those miRNAs whose expression levels were sig-
nificantly modified by EGCG treatment. The selection of
such miRNAs is a two-step process. In step 1, the aver-
aged miRNA expression levels were computed for both
the 8 controls and 8 samples. The averaged difference
was then calculated for each miRNA. By treating the
pool of the averaged differences as normally distributed,
z-scores were computed for each miRNA. Only those
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miRNAs for which |z| =2.00 were selected. In step 2, an
independent sample ¢ test (two tails) was conducted be-
tween the 8 controls and 8 EGCG-treated samples for
each selected miRNA. Those miRNAs that did not
show a statistically significant difference (p <0.05) be-
tween the controls and samples were removed. Using
this selection process, 27 miRNAs were selected as
shown in Table 2.

Among the 27 miRNAs, 20 were up-regulated. Since the
function of miRNA is to suppress the maturation of its tar-
geting mRNAs, up-regulated expression of miRNA usually
result in down-regulated mRNA expression and vice versa.
Using both Diana microT-CDS v3.0 and miRDB micro-
RNA target prediction tools, we collected a number of
potential microRNA target genes for the 27 miRNAs in
Table 2. Based on the up/down-regulated expression levels
of these 27 miRNAs, we only selected a protein coding
gene as a target of a microRNA if (1) its expression change
is opposite to the change of the miRNA expression and (2)
it exists in the 225 gene groups. The results are summa-
rized in Table 3.

Thirty genes were found to be candidates targeted by
the 27 miRNAs. It is interesting to notice that of the 30
genes, only Fbpl has its expression level up-regulated;
and of the 27 miRNAs, only 6 were found to regulate
gene expressions significantly. In this candidate gene list,

Table 2 miRNAs that display a statistically significant difference
between the controls and EGCG treatments

Up-regulated miRNAs Down-regulated miRNAs

mmu-miR-2137 mmu-miR-1199-3p

mmu-miR-5131 mmu-miR-218-5p
mmu-miR-680 mmu-miR-7a-5p
mmu-miR-5130 mmu-miR-374c¢-5p
mmu-miR-144 mmu-miR-449¢-5p
mmu-miR-486 mmu-miR-450a-2-3p
mmu-miR-711 mmu-miR-696
mmu-miR-449a

mmu-miR-193

mmu-miR-34c¢-5p

mmu-miR-2861

mmu-miR-211-3p

mmu-miR-763

mmu-miR-128-2-5p

mmu-miR-542-5p

mmu-miR-3473

mmu-miR-511-3p

mmu-miR-34c-5p

mmu-miR-143-5p

mmu-miR-5115
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Table 3 Genes regulated by EGCG potentially mediated
through miRNA

Targeted  Gene expression  MiRNA(s) mMiRNA expression
gene change change
Rsph4a Up mmu-miR-374c-5p Down
Rbm?24 Up mmu-miR-374c-5p Down
DCN Up mmu-miR-374c-5p Down
Acta2 Up mmu-miR-374c-5p Down
Zfp182 Up mmu-miR-374c¢-5p Down
KLHL4 Up mmu-miR-374c-5p Down
ART3 Up mmu-miR-374c-5p Down
GAS1 Up mmu-miR-374c¢-5p, Down
mmu-miR-449¢-5p
Myb Up mmu-miR-449¢-5p Down
Elmod1 Up mmu-miR-449c-5p Down
Ldb3 Up mmu-miR-449¢-5p Down
Calcb Up mmu-miR-449¢-5p Down
ZFHX4 Up mmu-miR-449¢-5p, Down
mmu-miR-450a-2-3p
IGFBP5 Up mmu-miR-450a-2-3p  Down
Bncl Up mmu-miR-450a-2-3p  Down
GABRP Up mmu-miR-450a-2-3p  Down
Cd19 Up mmu-miR-450a-2-3p  Down
AQP4 Up mmu-miR-450a-2-3p  Down
VCAN Up mmu-miR-450a-2-3p  Down
Cnr1 Up mmu-miR-218-5p, Down
mmu-miR-374c-5p
EBF1 Up mmu-miR-218-5p, Down
mmu-miR-374c-5p
LASP1 Up mmu-miR-218-5p Down
Gm3008  Up mmu-miR-218-5p Down
Gstm6 Up mmu-miR-218-5p Down
BICD1 Up mmu-miR-218-5p, Down
mmu-miR-374c-5p
ACSL1 Up mmu-miR-218-5p, Down
mmu-miR-449¢-5p
Six4 Up mmu-miR-218-5p, Down
mmu-miR-7a-5p
AACS Up mmu-miR-218-5p, Down
mmu-miR-7a-5p
Pfn2 Up mmu-miR-7a-5p Down
Fbp1 Down mmu-miR-34c-5p Up

Myb gene is shown as a target of mmu-miR-449c-5p, in-
dicating that the miRNA such as miR-449c-5p may play
an important role in the inhibitory activity of EGCG.

Discussion
Since EGCG treatment causes a wide range of responses
at both cellular and molecular levels, it is difficult to
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elucidate how EGCG unleashes its anti-cancer effects, es-
pecially in an in vivo model like the carcinogen-induced
lung adenocarcinoma in A/] mice. One possible approach
is to apply the genomic studies with bioinformatics ana-
lysis integrated with literature research. We demonstrated
that this is a feasible approach in this study.

A critical assumption in this study is that most genes
have small variations on their expressions as a random
phenomenon, while genes impacted by EGCG treatment
would exhibit larger variations, ie., statistically signifi-
cant variations. Though the distribution of the mRNA
expression differences between the averaged control and
EGCG treatment is not a normal distribution, the large
size of the sample (14,765 gene records) allows us to
make this assumption. We made a similar assumption
on the miRNA expression alterations caused by EGCG
treatment. However, the sample size of miRNAs is only
656, much smaller than that of mRNAs. To ensure the
significance of the miRNAs selected from our statistical
approach, we used a two-step process. In the first step,
z-score of 2.0 was used as the cutoff. A z-score of 2.0
was used instead of a z-score of 3.0 due to the relatively
small sample size of miRNA genes. In addition, the inde-
pendent sample ¢ test used in the second step further
ensures the significance of the selected miRNAs. After
identifying 225 mRNAs and 27 miRNAs whose altered ex-
pression levels are statistically significant, we assumed that
some of these selected genes, either mRNA or miRNA,
may be related to EGCG’s anti-cancer mechanism.

While the pathway analysis showed that this group of
225 genes is likely to be involved in the chemokine path-
way which plays an important role in migration, cell
growth and differentiation, apoptosis, and chemotaxis
[13], it did not reveal the genes related to anti-cancer
activity of EGCG. The TCGA lung adenocarcinoma
(LUAD) datasets contain the normalized gene expression
microarray data which records the fold changes between
lung adenocarcinoma tissues and a normal cell line. These
datasets serve as a good supplemental control to our ex-
periment. We expect that if a gene mediates the anti-
cancer activity of EGCG, then its expression level change
in our EGCG treatment experiment should be oppos-
ite to its expression level change in the TCGA LUAD
datasets. Three genes, Myb, Peg3, and Myl4, were
found to match this criterion, and their expression
level changes are statistically significant. While our
literature research has not found any role of Myl4 in
carcinogenesis, Peg3 has been reported to act like a
tumor suppressor gene [29, 30].

As a transcription factor, Myb gene has been reported
to be involved in the progression of different types of
cancer including lung cancer and has recently been con-
sidered as an oncogene because of its critical role in cell
proliferation and differentiation [27, 28, 31, 32].
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However, its expression which is reduced in TCGA
LUAD datasets suggests that Myb expression decrement
is necessary for human lung carcinogenesis. Although
we do not understand the reason, one possibility is that
Myb may have dual functions or tissue specific function.
If so, our result here supports that Myb is necessary for
EGCG to exert its anti-cancer effect. Interestingly, our
result further showed that Myb could be regulated by
EGCG down-regulated miRNA, miR-449¢c-5p. Again, if
Myb does not act as oncogene but mediates the cancer
inhibitory activity of EGCG, this result suggests that
miRNA-mediated gene regulation is an important action
of EGCG although these miRNAs may not be directly
regulated by EGCG as we discussed previously [6].

Conclusions

EGCQG treatment leads to the expression level changes of a
large number of genes, causing a wide range of biological
responses. However, it is unlikely that majority of these reg-
ulated genes mediate the anti-cancer activity of EGCG. Our
analysis on the whole transcriptome integrated with TCGA
datasets on human lung cancer revealed that EGCG
reverses the lung carcinogenesis-associated changes of
Myb and Peg3, suggesting that Myb and Peg3 play
key roles in the anti-cancer activity of EGCG. In
addition, our analysis of the miRNA profiles suggests
that the up-regulation of Myb by EGCG could be achieved
by EGCG-induced down-regulation of miRNA mmu-
miR-449¢-5p, supporting a role of miRNA in the anti-
cancer activity of EGCG.

Additional file

Additional file 1: The mRNAs significantly regulated by EGCG in the
NNK-induced A/J mouse lung tumor. (36kb xIsx)
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