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Abstract

To identify the genes and molecular functional pathways involved in esophageal cancer, we
analyzed the gene expression profile of esophageal tumor tissue from patients having family
history of esophageal cancer by cDNA microarray. Three hundred and fifty differentially
expressed genes (26 up-regulated and 324 down-regulated) were identified. Genes involved in
humoral immune response (PF4), extracellular matrix organization (COL4A4), metabolism of
xenobiotics (EPHX1), TGF-R signaling (SMADJI) and calcium signaling pathways (VDACI) were
down-regulated and genes involved in regulation of actin cytoskeleton (WASL), neuroactive ligand
receptor interaction (GRM3), Toll-like receptor (CD14), B-cell receptor (/F/TMI) and insulin
signaling pathways (FOX0O1A) were up-regulated. Validation of differential expression of subset
of genes by QRT-PCR and tissue microarray in familial and non-familial cases showed no
significant difference in expression of these genes in two groups suggesting familial clustering
occurs as result of sharing of common environmental factors. Gene expression profiling of clinical
specimens from well characterized populations that have familial clustering of cancer identified
molecular mechanism associated with progression of esophageal cancer.
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Introduction

Esophageal cancer is among the ten most common malignancies worldwide and ranks as the
sixth leading cause of death from cancer (1). Esophageal cancer occurs at very high
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frequencies in certain parts of China, Iran, South Africa, Uruguay, France and ltaly (2).
Association of family history with an increased risk of esophageal cancer has been reported
in several case control and cohort studies from China, Iran and Japan suggesting possible
role of environmental as well as genetic factors (3,4). A high prevalence of esophageal
cancer with familial aggregation has also been reported from Assam in the Northeast (NE)
region of India with an age-adjusted rate (AAR) of 33/100,000 males (5,6).

Familial clustering of cancer may be due to shared environmental factors or shared genes by
family members (7). Su et a/reported that molecular profiles in esophageal squamous cell
carcinoma (ESCC) were highly consistent and expression patterns in familial cases were
different from those in sporadic cases (3). We have earlier reported that gene expression
profile of non-familial ESCC in Assam, a high-risk zone for esophageal cancer in India, are
highly consistent with ESCC in China (6).

In the current study, molecular signature of ESCC from high-risk area of India has been
studied by gene expression profiling in esophageal cancer patients with family history of
esophageal cancer with the aim to elucidate molecular pathogenesis of esophageal cancer in
these patients.

Materials and methods

Selection of patients and collection of samples.

Among 317 cases of esophageal cancer registered at Dr Bhubaneshwar Borooah Cancer
Institute (BBCI), Guwabhati, Assam, 92 (29%) had family history of esophageal and other
cancers besides habit of tobacco and betel quid chewing. Among 92 patients, 45 patients
(49%) had family history of esophageal cancer. Patients diagnosed with metastases and at
advanced stage of the disease were excluded from the study. Endoscopic biopsy specimens
from tumor and matched normal tissue distant to tumor were collected during diagnostic
endoscopy. Part of tumor and normal tissues was preserved in formalin for histopathological
diagnosis/confirmation and remaining tissue was immediately immersed in RNA later
solution (Ambion, Austin, TX) and stored at =70°C until processed. Out of 45 patients, 20
patients with tumor biopsies containing >80% tumor were included for gene expression
study. Demographic and lifestyle cancer risk factors and clinical data of all 20 patients were
collected (Table I). Informed consent was obtained from all the patients to use their surgical
specimens and clinicopathological data for the study. Institutional Human Ethics Committee
approved this study.

Microarray experiments.

Total RNA was isolated from snap-frozen biopsies using the Qiagen (Valencia, CA) RNeasy
mini kit and its integrity was examined using the RNA 6000 Nano LabChip on the Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). RNA quantity was determined by
the NanoDrop® ND-1000 UV-Vis spectrophotometer (Nanodrop technologies, Rockland,
MD). As a reference RNA, we used pool of total RNA from normal esophageal tissue of all
patients. Out of 20 patients, RNA samples from nine tumor biopsies with RNA Integrity
Number (RIN) of 8 were used for gene expression study by cDNA microarray. Low RNA
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input fluorescent linear amplification kit (Agilent, Santa Clara, CA) was used for labeling.
Individual tumor cRNA was labeled with cyanine 5 and hybridized with cyanine 3-labeled
pooled normal esophageal cRNA. The labeled and fragmented cRNAs were hybridized at
65°C for 17 h with human 10K cDNA array (University Health Network, Microarray Centre,
Toronto, Canada), which contained 9,914 well-characterized human clones.

Microarray image acquisition and data analysis.

Hybridized arrays were scanned at 5 4m resolution on an Agilent DNA microarray scanner;
model G2565AA at 100% laser power and 30% PMT at 635 nm for Cy5-labelled samples
and at 532 nm for Cy3-labeled samples. The resulting TIFF images were analyzed by
Agilent Feature Extraction Software 9.1.3, which performed spot localization (Find Spot
Algorithm), outlier pixel rejection based on the interquartile range method (Cookie Cutter
Algorithm) and flagging of saturated features.

Genespring software version GXV7.3.1 (Agilent Technologies) was used to normalize
values for each gene and for further data analysis. Differentially regulated genes were ranked
on the basis of signal intensity, normalized ratio, flag value and variance across replicate
experiments. Genes were considered to be up-regulated when the median of the normalized
ratio was =2. Genes were considered to be down-regulated when the median of the
normalized ratio was <0.5. The observed number of differentially expressed genes in each
GO category was compared to the corresponding number estimated from a random model
(hypergeometric distribution); significance was assessed by a p-value. Hierarchical
clustering analysis was also performed with Genespring software GXV 7.3.1. in which the
average linkage and Pearson correlation (centered correlation) clustering algorithm was
used. The microarray data set was submitted to the GEO repository (GSE 10127) at http://
www.nchi.nlm.nih.gov/geo. Annotations of the bioprocesses, molecular function and cellular
localization were obtained using the freely available Gene Ontology [Source database
(http://source.stanford.edu) and Biointerpreter software (http://www.genotypic.co.in/
biointerpreter)].

Validation of microarray results by quantitative real-time RT-PCR analysis.

One microgram of tumor and pooled normal RNA was reverse transcribed into cDNA with
random primers (High Capacity cDNA archive kit, Applied Biosystems, Foster City, CA).
Real-time PCR reactions were performed using an ABI Prism 7000 sequence detection
system (Applied Biosystems). Primers and TagMan probes of five target genes and an
internal control gene 185 rRNA were purchased as assays-on-demand from Applied
Biosystems (Table I). The thermal cycling conditions included an initial denaturation step at
95°C for 10 min, 40 cycles at 95°C for 15 sec and 60°C for one min. The 2722CT method
was used to calculate relative changes in gene expression determined from real-time
quantitative PCR experiments. Validation of microarray results was done in 20 familial
ESCC and 10 non-familial ESCC cases. Wilcoxon signed rank tests were used to determine
the statistical significance of expression difference for each test gene in 20 familial ESCC
cases (Table I1). The expression profiles of target genes by QRT-PCR in two groups (familial
and non-familial ESCC cases) were then compared using Mann-Whitney U test. A p-value
<0.05 was considered significant.
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Tissue microarray (TMA)-based immunohistochemical analysis.

Results

Clinical and

A TMA was constructed from 120 formalin-fixed, paraffin-embedded blocks of esophageal
biopsy samples. These included 20 controls (non-neoplastic esophageal squamous
epithelium) and 100-ESCCs, of which 20 biopsies were obtained from familial cases. The
tissue cylinders were precisely arrayed into the recipient block with core size of 1.5 mm
using a manual tissue microarrayer (Beecher Instruments, Silver Spring, MD). TMA
sections were incubated overnight at 4°C with primary antibodies of KRT4 (1:100, Clone
6B10, Novacastra, Newcastle upon Tyne, UK), VEGF (1:50, clone G153-694, BD
Biosciences), NF-xB/p65 (1:100, NeoMarkers, Fremont, USA), and anti-collagen 1V (1:50,
Clone COL-94, Biogenex, USA). The standard streptavidin peroxidase method was
employed for immunostaining (8).

epidemiological information of enrolled patients.

In 64% (59/92) of cases, cancer occurred in the first-degree relatives whereas in 11%
(10/92), cancer occurred in the second-degree relatives. In ~10% (9/92) of cases, the cancer
occurred in both the first-degree and second-degree relatives. The univariate analysis
revealed that the risk of developing esophageal cancer was more among subjects whose
family history showed occurrence of cancer among the first-degree relatives (OR: 3.1; ClI:
1.9-5.3) than the second-degree relatives (OR: 1.3, Cl: 0.25-3.2). The estimates also revealed
that the risk of developing esophageal cancer was more in subjects whose pee-degree
suffered from esophageal cancer (OR: 2.4; Cl: 1.1-4.1) than any other cancer (OR: 1.1; ClI:
0.32-3.3).

Gene expression profiling by cDNA microarray.

Four hundred and thirty-eight genes were differentially expressed at least 1-fold in all
experiments. The two dimensional hierarchical clustering showed that the majority of the
differentially expressed genes were significantly down-regulated (84%, 367 genes), whereas
16% genes (71 genes) showed up-regulation (Fig. 1). Using stringent criteria (P<0.05 and
>1.2-fold change), 350 differentially expressed genes (26 up-regulated and 324 down-
regulated) were identified and categorized using the Gene Ontology database into known or
probable functional categories on the basis of biological processes and molecular function.

Out of 26 significantly up-regulated genes, genes involved in inflammatory response
(CD14), immune response (/FITM1, VDR, CD24), cell motility (MWASL), anti-apoptosis
(FOXO1A), glucocorticoid receptor activity (VR3CJ), steroid hormone receptor activity
(VDR), arginase activity (ARGI) and metabotropic glutamate, GABA-B-like receptor
activity (GRM?3) were found to be biologically relevant in tumorigenesis (Table I11A). Out of
324 significantly down-regulated genes, genes involved in extracellular matrix organization
(KRT4, COL4A4and COL14AI), BMP signaling pathway (SMADI), epoxide hydrolase
activity (EPHX1), apoptogenic cytochrome c release channel activity (VDAC1, TXNLI),
DNA damage response (SMC1A), humoral immune response (POUZAF1, PF4, LY,
NFATS5, KLRCJ), ion transport (SLC22A4, SLC23A1) and MAP kinase activity (MAPK?7,
SHCI) were selected on the basis of biological relevance in tumorigenesis (Table 111B).
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Validation of microarray results with quantitative real-time PCR.

Five top ranked genes viz ARGI, CD14, PF4, MAPK7and EPHX1 were selected to confirm
the microarray results with real-time RT-PCR. Regression plot analyses for the five genes
showed positive correlation between the gene expression measured by cDNA microarray and
real-time RT-PCR (Fig. 2). Pearson correlation coefficient of each gene was ARG 0.99,
CD140.98, PF40.99, MAPK70.98 and EPHX10.414. Quantitative real-time PCR
performed on all the nine patient specimens previously arrayed, 11 other familial ESCC
patient specimens and 10 non-familial ESCC, indicated that ARG and CD14 were
consistently up-regulated and PF4, MAPK7and EPHXI were consistently down-regulated
in all patient specimens (Table I1). No statistical significant difference (P=0.1508-0.5358)
was observed in relative gene expression for five target genes in between familial and non-
familial ESCC groups.

TMA-based immunohistochemical analysis.

Differential expression of KRT4and COL4 genes identified in cDNA microarray analysis
were validated at protein level using immunohistochemistry on TMA. We also studied
expression of VEGF (which is downstream target gene of PF4and MAPK?) and NF-xB
(which is down-stream target gene of CD14) at protein level. The cytoplasmic staining was
considered positive for CK4 (KRT4), VEGF, NF-xB and collagen 4 (COL4) and was scored
as <5% or no staining = 0, 5-25%=1, 26-50%=2, 51-100%=3. Expression of KRT4 was
found only in overlying non-neoplastic epithelium and absent in tumor cells (14 out of 20
showing a score of 0 while remaining 6 score of 1). VEGF showed expression in tumor cells
with score of 2 in 8 (40%) cases and with score of 3 in 12 (60%) cases. NF-xB showed a
diffuse and strong expression in tumor cells with score of 3 in all familial cases (100%). The
COL4A4 was not expressed in the tumor cells. The staining intensity was not graded as all
the cores were more or less uniformly stained (Fig. 3). Staining pattern in tumor cores from
non-familial ESCC cases showed similar staining pattern as in familial cases.

Discussion

To the best of our knowledge, this is the first study that gives an insight into the genes and
molecular pathways that may be playing an important role in the familial aggregation of
esophageal cancer in high-risk area of India. According to Hanahan and Weinberg (9),
tumorigenesis requires six essential alterations to normal cell physiology: self-sufficiency in
growth signals, insensitivity to growth inhibition, evasion of apoptosis, immortalization,
sustained angiogenesis and tissue invasion and metastasis. In addition, another component of
cancer progression is the failure of the host immune response to recognize tumor cells
(10,11). Molecular profiling of esophageal cancer with familial clustering showed
deregulation of most of these physiological mechanisms in the current study (Fig. 4). On the
basis of functional annotation, genes responsible for inflammatory response, immune
response, angiogenesis, cell migration and cell proliferation were found significantly de-
regulated in these cases.

Genes (KRT4, COL4A4) involved in extracellular matrix organization and cell
communication pathway showed significant down-regulation in present study. CK4
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influences the formation of cytoskeletal cells and its low expression has been reported earlier
in upper aero-digestive tract tumors (8). Loss of expression of type IV collagen a5 and a.6
chains, associated with the hypermethylation of their promoter region, has also been
reported in colorectal cancer (12).

Platelet factor 4 (PF-4)-a CXC-chemokine-involved in humoral immune response, leukocyte
transendothelial migration pathway and inflammatory processes, showed significant down-
regulation in our study. PF4 inhibits T cell function by down-modulating cell proliferation
and cytokine release. In addition, PF-4 has strong anti-angiogenic properties that inhibit
endothelial cell proliferation and migration, /n vitro and in vivo angiogenesis, tumor-
associated neovascularization and tumor growth (13). PF-4 inhibits VEGF-induced mitogen-
activated protein kinase (MAPK) signaling pathways comprising Rafl, MEK1/2 and
ERK1/2 genes (14). MAPK7 (ERKD5) was found to be down-regulated in our study. MAPK7
deficiency leads to an increased expression of VEGF, deregulation of which has been shown
to impede angiogenic remodeling and vascular stabilization. Increased VEGF expression in
a hypoxic environment promotes vessel growth, angiogenesis and tumor growth (15).

Microsomal epoxide hydrolase 1 (EPHXZ), involved in metabolism of xenobiotics by
CYP450, plays an important role in both the activation and detoxification of tobacco-derived
carcinogens (16). In addition, SLC22A4, a novel proton antiporter gene that plays a role in
the renal excretion of xenobiotics and their metabolites also showed down-regulation in our
study. Voltage-dependent anion channel (VDACI) gene, which is involved in calcium
signaling and apoptosis inducing pathway, showed down-regulation in present study.
VDACI controls pro- and anti-apoptotic Bcl2-family proteins by regulating the release of
cytochrome ¢ and apoptotic proteins in the inter-membrane space (17). SMADI that is
involved in TGF-R or BMP (bone morpho-genetic proteins) signaling pathway and helps in
tumor progression, showed significant down-regulation in the present study. BMPs are
involved in wide range of biological activities including cell growth, apoptosis,
morphogenesis, development and immune responses. An earlier study has reported that
SMAD1 signaling is low in androgen-regulated growth of prostate cancer, is activated after
castration and again decreases in hormone-independent tumors (18).

CD14, which is involved in Toll-like receptor (TLR) signaling pathway and inflammatory
response, showed significant up-regulation in our study. CD14 induces inflammatory
response via MyD88, TIRAP and TRAF6 leading to NF-xB activation and cytokine
secretion. The activation of TLR signaling in tumor cells induces the synthesis of
proinflammatory factors and immunosuppressive molecules, which enhance the resistance of
tumor cells to cytotoxic lymphocyte attack and lead to immune evasion (19). WASL gene,
which is involved in cell motility and regulation of actin cytoskeleton, showed up-regulation
in present study. Bourguignon et a/ (20) earlier reported that N WASP (WASL) played a
pivotal role in regulating CD44-ErbB2 interaction, ss-catenin signaling and actin
cytoskeleton functions that were required for tumor-specific behavior such as transcriptional
up-regulation and tumor cell migration. Overexpression of interferon inducible 9-27
(/FITMI) gene, which is involved in B-cell receptor signaling pathway and immune
response, has been reported to play a role in malignant progression by suppressing natural
killer cells and by increasing the invasive potential of gastric cancer cells (21). Gene
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involved in arginine metabolism (ARGI) has been found to be up-regulated in these ESCC
patients. Myeloid suppressor cells (MSCs) producing high levels of arginase | block T cell
function by depleting l-arginine in cancer, chronic infections, and trauma patients. In cancer,
infiltration of MSCs in circulation is an important mechanism for tumor evasion and impairs
the therapeutic potential of cancer immunotherapies (22). Overexpression of arginase in
colorectal carcinoma is associated with metastasis (23).

FOXO!IA, a transcription factor that is involved in anti-apoptosis and insulin signaling
pathway, showed up-regulation in our study. It can promote tumor growth and tissue
invasion while inhibiting local inflammatory and immune responses. FOXOI1A is the
pathogenetic marker for alveolar rhabdomyosarcoma, an aggressive form of childhood
cancer (24). Constitutive phosphorylation of the FOXO1A transcription factor has also been
reported as a prognostic variable in gastric cancer (25).

NR3CI (the glucocorticoid receptor family) and GRM3 (GABA-B-like receptor activity)
genes, showing up-regulation in present study, are associated with enhanced anti-apoptotic
effect and tumor cell migration, respectively. Both are involved in the neuroactive ligand
receptor interaction pathway. The ligand-activated glucocorticoid receptor activates the anti-
apoptotic Bcl-2 family protein Bcl-x (L) that inhibits apoptosis and caspase-3 activity in
fibrosarcoma cells (26). Activation of the glucocorticoid receptor in epithelial ovarian cancer
cells has earlier been reported to have an enhanced cellular expression level of clAP2 and
anti-apoptotic effect (27). The multifunctional G-protein-coupled metabotropic glutamate
receptor (mGIuR) family contributes to tumor cell migration and invasion in oral cancer
(28).

Several differentially regulated genes in familial ESCC are functionally annotated to
immune response category. Up-regulation of CD14, WASL, IFITM1, FOXO1A, GRMS3,
ARGIand NR3CI genes is found to be associated with suppression of NK cells, inhibition
of immune response, immune evasion, tumor cell migration, invasion, metastasis and anti-
apoptosis, respectively. Down-regulation of PF4, SMAD1, SL. C22A4, MAPK7, KLRCI,
NFAT5, SHC1, LY9, POUZAF1 and VDACI genes may be involved in invasion, inhibition
of humoral immune response, angiogenesis and anti-apoptosis respectively in these familial
ESCC cases. Furthermore, the data presented here will not only provide important
information on tumorigenesis of this tumor, but also facilitate the identification of candidate
genes that could be used as therapeutic targets for the treatment of patients with this tumor.

Validation of CD14, ARGI, PF4, MAPK7and EPHXI genes at the mRNA level by real-
time PCR and KRT4, COL4, NF-xBand VEGF genes at the protein level by tissue
microarray did not show any difference in familial and non-familial ESCC cases from the
same high-risk area of India, suggesting that familial clustering of cancer in these patients is
more due to shared environmental factors rather than shared genes by family members.

In this study, the use of high throughput genomic technology in clinical specimens from well
characterized populations that have familial clustering of cancer may lead to identification of
molecular mechanism associated with progression of esophageal cancer. Functional analyses
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of

these genes will lead to better understanding of the development and progression of

ESCC.
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Genuine_Differentials

Figure 1.

Two-way unsupervised hierarchical clustering (average linkage clustering) of the 438
differentially expressed genes that were over- or underexpressed in tumor vs. normal tissue
of nine familial ESCC patients. Red and green colors indicate up-regulated and down-
regulated gene expression respectively.
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Regression plots for fold change by microarray (Y-axis) and quantitative real-time PCR
assay (X-axis) for ARGI (A), CD14 (B), PF4(C), MAPK7 (D) and EPHXI (E).
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Figure 3.
Photomicrograph of tissue microarray cores from esophageal tumor biopsies obtained from

familial ESCC patients showing negative immunostaining for KRT4 (A) and Collagen IV
(D) and positive immunostaining for VEGF (B) and NF-xB (C).
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Page 13

Schematic illustration of differentially expressed genes involved in molecular mechanism of
esophageal tumorigenesis. T Indicates up-regulated genes and { indicates down-regulated

genes. The key differentially expressed genes (CD14, ARG1, EPHX1, MAPK7, PF4,

COL4A4and CK4) were validated by RT-PCR/tissue microarray.
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