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Abstract: The expression of a number of genes can influence the response rates to chemotherapy while genes
encoding receptor tyrosine kinases (RTKs) determine the response to most targeted cancer therapies currently
used in clinics. In this study, we evaluated seven genes known to influence chemotherapeutic response (ERCC1,
BRCA1, RRM1, TUBB3, STMN1, TYMS, and TOP2A) and five RTKs (EGFR, ERBB2, PDGFRB, VEGFR1 and VEGFR2)
in non-small cell lung cancer (NSCLC) and esophagus cancer (EC) and the data are compared to gastric cancer
(GC) data reported previously. We demonstrate significant differences in the expression profiles between different
cancer types as well as heterogeneity among patients within the same cancer type. In all three cancer types, five
chemoresistant genes (TOP2A, STMN1, TYMS, BRCA1 and RRM1) are coordinately up-regulated in almost all EC,
approximately 90% of NSCLC and one third of GC patients. Most EC and nearly half of GC patients have increased
expression of the three RTKs critical to angiogenesis (PDGFR, VEGFR1 and VEGFR2), while almost none of the
NSCLC patients have elevated expression of angiogenic RTKs. A variable percentage of patients in the three cancer
types show upregulation of the EGFR family RTKs, EGFR and/or ERBB2. It is of interest to note that approximately
10% of the NSCLC and GC patients are triple-negative for the chemosensitivity genes, angiogenic and EGFR RTK
genes. The results suggest significant gene expression differences between different cancer types as well as hetero-
geneity within each cancer type and therefore different molecules should be targeted for future drug development
and clinical trials.

Keywords: Co-regulation of gene expression, chemoresistant genes, drug targets, normalization, reference genes,
cancer heterogeneity

Introduction gens including carcinoembryonic antigen (CEA),
cytokeratin 19 fragment (CYFRA21-1), neuron-
specific enolase (NSE) have been extensively

studied and are found elevated in some lung

Lung cancer (LC) is one of the leading causes of
all cancer-related deaths worldwide, with a

5-year survival rate of approximately 15% [1],
while it is the most common cancer, followed by
gastric cancer, in China [2]. Despite some
advances in early detection and recentimprove-
ments in its treatment, the prognosis of
patients with lung cancer remains poor [3, 4]
because it exhibits high resistance to antican-
cer chemotherapy. Biomarkers that allow early
diagnosis, guidance of therapeutic selection
and/or early assessment of therapeutic out-
come should improve care for lung cancer
patients. Several widely known cancer anti-

cancer patients [5-8], however, none of these
biomarkers is satisfactory for diagnosis at an
early stage because of their low sensitivity and
specificity even for late stage lung cancer.

Esophagus cancer (EC) is also one of the most
common malignant cancers in the world and
especially in China, where it is the fourth most
common cancer-related deaths [2]. EC is much
less extensively studied and the therapeutic
outcome remains unchanged for the last sev-
eral decades, with a five-year survival rate
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between 15-25% [9]. A few studies have inves-
tigated the genomic abnormalities including
copy number variations, mutations in specific
oncogenes and tumor suppressor genes. More
recently, whole exomes and targeted sequenc-
ing have identified a large number of mutations
in EC [10]. Differential gene expression in EC
has also been investigated in a number of stud-
ies using real-time RT-PCR and/or microarray
technology [11-13].

A variety of genes can be used to predict che-
motherapeutic sensitivity or prognosis. The
expression level of genes may correlate with
response to specific antitumor drugs. For exam-
ple, an association between TYMS expression
and sensitivity to 5-FU has been demonstrated
by many studies [14-17]. As only patients with
low TYMS expression can respond to 5-FU, indi-
vidualized chemotherapy can be selected
according to tumor classification by the expres-
sion of TYMS [16, 17]. One study also found
that the expression levels of ERCC1 and BRCA1
and TYMS have an impact on the survival of EC
patients after chemotherapy [18].

In this study, we selected twelve genes that are
currently used in clinical practice and deter-
mined their expression level in non-small cell
lung cancer (NSCLC) and EC patients. Seven of
the twelve genes are known to influence the
outcomes of chemotherapeutic drugs (ERCC1,
BRCA1, RRM1, TUBB3, STMN1, TYMS, and
TOP2A), while the other five genes are RTKs
that have been targeted for cancer therapy
(EGFR, ERBB2, PDGFRB, VEGFR1 and VEGFR?2).
Together with our published data on gastric
cancer [19], our results suggest significant
heterogeneity in gene expression among differ-
ent types of cancer and among different
patients of the same cancer type and that the
heterogeneity can be delineated by coordinate-
ly regulated expression patterns of chemother-
apeutic genes and RTKs.

Materials and methods
Patients and tissue samples

A total of 52 patients who underwent curative
surgery for NSCLC and 22 patients with EC
were enrolled into this study. Tumor tissues and
their adjacent normal tissues were obtained for
gene expression studies. The present study

5730

was approved by the ethical committee of
Jiangsu Cancer Hospital, Nanjing Medical Uni-
versity, China.

RNA isolation and cDNA synthesis

Total RNA samples were prepared with the
Miracle isolation kit for tissues and cells
(Jinfiniti Biotech, LLC, Augusta, USA) according
to the manufacture’s instructions. RNA sam-
ples were examined for concentration and
purity using a Nanodrop ND-1000 spectropho-
tometer. cDNA synthesis was performed from
total RNA using the TagMan high capacity
reverse transcription kit (Applied Biosystems).
The 20 pl reverse transcriptase reaction sys-
tem containing 1 pg of total RNA was incubated
for 10 min at 25°C, 2 hours at 37°C and then 5
min at 85°C with the Biometer PCR System.

Quantitative real-time PCR (QRT-PCR)

Each cDNA sample was analyzed in triplicates
using the Applied Biosystems 7900 with cus-
tomized TagMan low density array, containing
twelve target genes and nine reference genes.
gRT-PCR was carried out using TagMan
Universal PCR Master Mix (Applied Biosystems)
containing ROX™ reference dye to normalize
fluorescence values. For thermal cycling, the
following conditions were applied: 10 min at
95°C, then 40 cycles of 15 s at 95°C and 1 min
at 60°C.

Normalization of gene expression

Nine candidate reference genes were used and
stability of the candidate reference genes was
evaluated using four different methods (ge-
Norm [20], NormFinder [21], Delta [22] and
best keeper [23]). The three top performing
genes (ESD, MRPL19 and IPO8) were selected
according to the consensus from four different
programs. The geometric average of these
three genes was used for normalization.

Statistical analysis

Gene expression Ct (cycle threshold) values
were normalized using geometric average of
the three selected reference genes. Paired
t-test was used to compare the normalized
gene expression between tumor and adjacent
normal tissues. The effect of age on the chang-
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chical clustering was also
performed to identify the
cancer subtypes by group-
ing the individuals exhibit-
ing similar expression pat-
terns. All statistical analy-
ses were performed using
the R language and envir-
onment for statistical com-
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Figure 1. Stability analysis of reference genes in NSCLC and EC. A. Distribution
of CT (cycle threshold) values for each of the nine candidate reference genes;
B. Relative stability values and ranking of the nine candidate reference genes

based on four different methods.

es in expression of each gene was determined
using a linear regression of gene expression
with age as covariate. The potential sex specific
differences were examined using a t-test com-
paring expression changes in males and
females. All p-values were two-tailed and a
P<0.05 was considered statistically significant.
The pairwise correlation between normalized
gene expressions was computed in adjacent
normal tissues, tumor tissues, normal and
tumor tissues combined, and the tumor versus
normal ratios, using Pearson correlation coeffi-
cient. Clustering and visualization of correlation
matrix was performed using hierarchical clus-
tering method and heatmap. A separate hierar-
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puting (R version 3.1.1; R
Foundation for Statistical
Computing; www.r-project.
org).

Results

Evaluation of reference
genes for normalization

Since the choice of refer-
ence genes for normalizing
MRNA concentration is the
most critical factor that
determines the accuracy
of gene expression levels,
we first conducted experi-
ments to determine the ref-
erence genes that should
be used for lung and eso-
phagus tissues. It is well
known that the use of any
single gene can be very
problematic for quantita-
tive RT-PCR analysis as
all genes do have some
expression variations in dif-
ferent individuals. We eval-
uated the performance of
nine candidate reference
genes that were selected from the literature. All
nine genes were analyzed in the entire set of
cancer tissues and paired adjacent normal tis-
sues. These nine genes have quite different
expression levels as indicated in Figure 1A.
GAPDH has the lowest Ct value (likely reflecting
highest expression) while TBP has the highest
Ct value. Stability analyses were performed for
all nine reference genes using four different
methods (NormFinder, geNorm, Delta and Best
keeper). Despite high expression levels and its
common use in quantitative RT-PCR analyses,
GAPDH has the lowest stability for tissues from
NSCLC and esophagus cancer patients (Figure
1B) as well as gastric cancer [19], suggesting
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Figure 2. Gene expression differences between tumor and adjacent normal in NSCLC (A) and EC (B). Expression dif-
ferences are expressed as fold change (FC) between tumor and adjacent normal. Each dot represents fold-change
value of one patient and box plots represent the distribution of fold-change values. The p-value and percentages of
patients with FC > 2.0 are shown on the top to the chart.

that GAPDH is not an appropriate internal refer-
ence control for normalizing gene expression in
cancer. Among the other eight candidate refer-

ence genes, the top four performing genes are
ESD, MRPL19, IPO8 and PPIA according to the
consensus from the four different programs.
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Figure 3. Heatmaps showing pairwise correlations of expression levels between genes in NSCLC (A),
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(C). The pairwise correlations were computed using the expression values in adjacent normal tissues, tumor tissues

and tumor/normal ratios (log2 fold change values) separately.

Any combination of 3-4 of these genes should
be excellent choices for gene expression stud- tients
ies. These results are very similar to what have
been found in a previous study with gastric can-
cer [19].

Gene expression changes in lung cancer pa-

The expression of twelve genes known to influ-
ence therapeutic outcomes of cancer was ana-
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lyzed in this study. Five of the twelve genes
(EGFR, ERBB2, PDGFRB, VEGFR1 and VEGFR2)
belong to the RTK signaling pathway, which
plays a critical role in tumor cell proliferation
and/or angiogenesis. The remaining seven
genes are chemosensitivity genes. TUBB3 and
STMNL1 are involved in microtubule-based pro-
cesses, such as cell cycle and intracellular sig-
naling cascade, while the other five genes
(BRCAL, TYMS, ERCC1, RRM1 and TOP2A) are
involved in the DNA metabolic processes such
as DNA repair.

The twelve genes were analyzed for NSCLC
samples and the expression data were normal-
ized using geometric means of ESD, MRPL19
and [PO8. Comparison of normalized data
between tumor tissue and adjacent normal,
including paired t-test p-values, are shown in
Figure 2A. The most interesting finding from
this dataset is the highly increased expression
of chemosensitivity genes and lack of up-regu-
lation of RTKs in NSCLC patients. Indeed, none
of the NSCLC patients have very high upregula-
tion of PDGFR, VEGFR1 or VEGFR2, while very
few patients have highly increased expression
of EGFR and/or ERBB2. Among the chemosen-
sitivity genes, TOP2A and TYMS are increased
by more than 2-fold in 87% and 81% of NSCLC
patients (P = 2.4x10*® and 5.1x10?° respec-
tively). BRCA1 and STMN1 are also highly
increased in NSCLC patients (P = 1.9x10*° and
2.2x10°).

Gene expression changes in esophagus can-
cer patients

The same twelve genes were also analyzed for
EC samples and the expression data were nor-
malized using geometric means of ESD,
MRPL19 and IPO8. Comparison of normalized
data between tumor tissue and adjacent nor-
mal, including paired t-test p-values, are shown
in Figure 2B. Similar to NSCLC, most chemo-
sensitivity genes are highly increased in EC
patients. TOP2A, TYMS, BRCA1, TUBB3 and
STMIN1 are increased by more than 2-fold in
more than 70% of EC patients. In contrary to
NSCLC, a higher proportion of EC patients also
have increased expression of several RTK
genes, including PDGFR, EGFR and ERBB2,
although the proportion of patients with RTK
up-regulation is much lower than the propor-
tion of patients with up-regulation of chemo-
sensitivity genes.

5734

Co-regulation of gene expression in NSCLC
and EC

Pair-wise Pearson correlation was computed
for each pair of the genes using data in adja-
cent normal tissues, tumor tissues and the
tumor versus normal ratios in each patient for
NSCLC (Figure 3A) and EC (Figure 3B). In nor-
mal lung tissue, all twelve genes showed some
degree of coordinated regulation. However, the
co-regulation appears to be broken between
RTK and chemosensitivity genes in the lung
cancer tissues, while co-regulation becomes
stronger among some RTK genes and among
some chemosensitivity genes. In the normal
esophagus tissues, two distinct groups of
genes are strongly correlated within the groups
while the two groups of genes show strong neg-
ative correlation. The first group of genes that
show strong positive correlation include three
RTK genes that are critical to angiogenesis
(PDGFR, VEGFR1 and VEGFR2) and the second
group of genes includes six chemosensitivity
genes (STMN1, TOP2A, TYMS, BRCA1l and
RRM1)andone RTK gene (ERBB2). Interestingly,
one RTK (EGFR) and one chemosensitivity gene
(TUBB3) are not correlated with any other
genes. In the EC tissue, the overall positive and
negative correlations have reduced. The corre-
lation between the three RTK genes is reduced
and remains relatively positive; however, ERCC1
and ERBB2 are no longer correlated with the
other five chemosensitivity genes.

The correlation between the tumor/normal
ratios is an indication of coordination of chang-
es in tumors. Examination of the data for the
three cancer types (Figure 3) suggests that the
change in cancer tissues for five chemosensi-
tivity genes (STMN1, TOP2A, TYMS, BRCA1 and
RRM1) is highly coordinated in all three cancer
types, while the change of three angiogenic
RTK genes (PDGFR, VEGFR1 and VEGFR2) is
also coordinated in these three tumors.

Heterogeneity between and within tumor types

Gene expression differences (tumor/normal
fold change) of the twelve genes are graphically
presented as a heatmap for NSCLC and EC
from this study as well as GC data from a previ-
ous study [19] (Figure 4). Patients in each can-
cer type were clustered based on gene expres-
sion ratios. Almost all EC patients have elevat-
ed expression for six of the seven chemosensi-
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Figure 4. Heatmap of gene expression changes (log2 fold change values) in EC (A), NSCLC (B) and GC (C). Patients
in each cancer type were clustered based on expression changes of 12 genes.

tivity genes (except ERCC1), while approximate-
ly one third of the EC patients have down-regu-
lated expression for the three angiogenic RTKs
and two thirds of the EC patients have up-regu-
lated angiogenic RTKs (Figure 4A). ERBB2 is
up-regulated in some EC patients and down-
regulated in a different subset of patients. In
contrast to EC patients, almost all NSCLC
patients have severely down-regulated expres-
sion of the three angiogenic RTKs and approxi-
mately 10% of NSCLC patients also have down-
regulated EGFR family RTKs (EGFR and ERBB?2).
Therefore, these are triple-negative NSCLC
patients. Almost all remaining 90% of NSCLC
patients have coordinated up-regulation of five
chemosensitivity genes, while TUBB3 is down-
regulated in approximately 50% of the NSCLC
patients and ERCC1 is unchanged in most
patients (Figure 4B). Some of these patients
also have increased expression of the EGFR
RTKs. Similarly, about 10% of the GC patients
are also triple-negative for angiogenic RTKs,
EGFR RTKs and chemosensitivity genes, while
the other GC patients are very heterogeneous
with different combinations of positivity for the
chemosensitivity genes and/or different RTKs.
The three angiogenic RTKs and six of the seven
chemosensitivity (except ERCC1) are highly co-
regulated, while two of the EGFR family mem-
bers (EGFR and ERBB2) are also co-regulated
in GC (Figure 4C).

Discussion

This study was designed to compare the expres-
sion of genes involved in determining respons-
es to chemotherapies and target therapies
between lung cancer and gastroesophageal
cancers. At first, we carefully evaluate the per-
formance of reference genes that can be used
for mMRNA normalization. A previous study com-
pared different genes and suggested that the
best reference genes differ by tumor tissues
and the best performing genes are GAPDH and
B-actin [24]. The stability of these two genes
has been questioned in some tissue types [25,
26] and the suitability of selected reference
genes must be unconditionally validated prior
to each study [27]. In one of our previous stud-
ies [19], the stability of nine candidate refer-
ence genes (ESD, MRPL19 [28], TBP [29],

5736

RPLPO [29], PPIA [29], IPO8 [30], GUSB [31]
GAPDH and HPRT1 [32]) was investigated with
gRT-PCR in gastric cancer. Our data suggested
four excellent genes (ESD, MRP19, IPO8 and
PIAA) that could be used in combination to
obtain reliable normalization of RT-PCR data. In
this study, our data suggest that these genes
are also excellent reference genes for lung and
esophagus cancers.

A major finding of this study is the up-regulation
of chemosensitivity genes in both NSCLC and
EC patients. Five genes (TOP2A, TYMS, STMNL1,
BRCA1 and RRMZ1) are coordinately upregulat-
ed in all EC patients and approximately 90% of
NSCLC patients. The same five genes are also
coordinately upregulated in approximately 70%
of GC patients based on data in our previous
study [19], suggesting that they are commonly
upregulated genes in cancer. Another chemo-
sensitivity gene (TUBB3) is also up-regulated in
all EC patients and a large proportion of GC
patients but a smaller portion of the NSCLC
patients.

TOP2A is increased by more than 2-fold in 87%
of NSCLC, 86% of EC and 54% of the GC
patients. A previous immunohistochemistry
(IHC) study found that 37% of NSCLC patients
stained positive for TOP2A [33]. In a large IHC
study, it was shown that 86% and 67% of EC
and GC patients stained positive for TOP2A
[34], while another smaller IHC study found
positive TOP2A in 100% of the GC cases [35].
These results together suggest that TOP2A
over-expression may be related to drug insensi-
tivity and could be an excellent therapeutic tar-
get for most gastroesophageal cancers.

TYMS encodes the thymidylate synthase which
catalyzes the methylation of deoxyuridylate to
deoxythymidylate, a function that maintains
the dTMP (thymidine-5-prime monophosphate)
pool critical for DNA replication and repair.
TYMS is over-expressed by > 2-fold in 81% of
NSCLC and 77% of EC as shown in this study
but only 44% of GC [19]. TYMS has been of
interest as a target for cancer chemotherapeu-
tic agents and it is considered to be the primary
site of action for 5-fluorouracil, 5-fluoro-
2-prime-deoxyuridine, and some folate ana-
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logs. Our studies suggest that TYMS may be
excellent target for NSCLC, EC and some GC
patients.

Stathmin 1 (STMN1) is an important cytosolic
protein associated with microtubule stability
reported to be involved in tumorigenesis.
STMN1 gene expression is increased in 46% of
NSCLC, 77% of EC and 48% of GC. STMN1 pro-
tein expression was found to be negatively cor-
related with recurrence-free survival in the dif-
fuse type of GC and siRNA knockdown of
STMNL1 inhibits GC cell proliferation, migration
and invasion [36]. STMN1 siRNA also regresses
gastric tumors in xenograft models [37], gall-
bladder cancer [38] and esophagus cancer
[39]. STMNL1 also increases radioresistance in
NSCLC patients [40]. These combined evidenc-
es suggest that STMN1 is potentially an excel-
lent target for various cancers.

BRCA1 is a tumor suppressor gene that
encodes a protein involved in DNA repair. A
large number of mutations have been found in
patients with various types of cancers including
breast and ovarian cancers [41]. Among indi-
viduals with NSCLC, low expression of BRCA1
in the primary tumor correlated with improved
survival after platinum-containing chemothera-
py [42, 43]. This correlation implies that low
expression of BRCA1 and the consequent low
level of DNA repair may cause vulnerability of
the tumor cells to treatment by the DNA cross-
linking agents. Patients with sporadic ovarian
cancer treated with platinum drugs have longer
median survival times if their BRCA1 expres-
sion was low compared to patients with higher
BRCA1 expression [44]. High BRCA1 may pro-
tect cancer cells by acting in a pathway that
removes the damages in DNA caused by plati-
num drugs. Therefore, BRCA1 expression level
is a potentially important tool for tailoring che-
motherapy in lung cancer management [42,
43]. In our studies, BRCA1 expression is high in
about 58% of NSCLC, 73% of EC and only 35%
of GC patients. Analyses of these genes may be
potentially important tool for tailoring chemo-
therapy in EC, NSCLC and especially GC
management.

RRM1 is the fifth chemotherapy resistant genes
that have co-regulated expression in the three
cancers in our studies. RRM1 encodes the
large subunit of ribonucleoside-diphosphate
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reductase that is essential for the production of
deoxyribonucleotides prior to DNA synthesis in
S phase of dividing cells. Network analysis of
our microarray data revealed that many of the
cell cycle genes altered by mycophenolic acid
(MPA) treatment are connected to the RRM1
gene and the RRM1 protein is drastically
reduced by MPA treatment although the gene
expression change was not altered [45]. We
found that RRM1 gene expression is increased
in 29% of NSLC, 41% of EC and 30% of GC
patients. However, RRM1 protein is detected in
87% of NSCLC patients in one study [46].
Cancer cells that survive chemotherapy have
increased expression of RRM1 and silencing of
RRM1 can increase the sensitivity of certain
anticancer drugs such as gemcitabine [47].

A second major finding in this study is that the
five RTK genes studied here can be grouped
into two subsets based on coordinated expres-
sion that correlate with their function. The first
group are RTKs involved in angiogenesis and
include three genes (PDGFR, VEGFR1 and
VEGFR2), while the second group corresponds
to the EGFR family (EGFR and ERBB2) critical to
cell proliferation. Surprisingly, almost no NSCLC
patients have up-regulated angiogenic RTKs,
suggesting that NSCLC tumors are likely under
hypoxic conditions and targeting these three
angiogenic RTKs is unlikely successful for
NSCLC. In contrast to NSCLC, angiogenic RTKs
are coordinately overexpressed in about two
thirds of EC and GC. Selective targeting of these
factors for this subset of EC and GC patients
may be more effective. Our data also indicate
that various percentages of EC, GC and NSCLC
patients have elevated expression of EGFR and
or ERBB2 (Figure 4). A number of studies also
reported varying numbers of positivity for these
RTKs. For example, it was found that ERBB2
gene was only overexpressed in less than 10%
of the patients while EGFR is overexpressed in
62% of the patients [48]. At the protein level,
44-90% of the NSCLC patients were found to
be positive for EGFR [49, 50]. Over 90% of the
EC patients were found to be positive for vari-
ous RTKs through IHC analysis [51]. It appears
that positivity for IHC is generally higher than
gene expression. The discrepancies between
gene expression and IHC data need to be fur-
ther investigated. Possibilities include differ-
ences in study patient population, non-specific
binding of antibodies in IHC and true discrepan-

Am J Transl Res 2016;8(12):5729-5740



Tumor profiling of chemotherapeutic response genes

cies between gene and protein expression.
Answer to this question has important clinical
implications as it may guide future therapeutic
development and clinical trials.

Finally, the third and perhaps the most impor-
tant finding of this study is the genomic hetero-
geneity between different cancer types as well
as within each cancer type. This study suggests
for the first time that a small subset (approxi-
mately 10%) of NSCLC and GC patients are tri-
ple-negative for angiogenic RTKs, EGFR RTKs
and chemosensitivity genes, while the vast
majority of patients show positivity for various
combinations of the three classes of genes.
These triple-negative patients most likely
require other targets for therapeutic interven-
tion. The genomic heterogeneity also suggests
different targeting strategies for different sub-
sets of patients. Five coordinately up-regulated
chemosensitivity genes (TOP2A, TYMS, STMN1,
BRCA1 and RRM1) may be excellent targets
for almost all EC patients and most NSCLC
patients and a good subset of GC patients. The
three coordinately regulated angiogenic RTKs
(PDGFR, VEGFR1 and VEGFR2) may serve as
good targets for a subset of EC and GC patients
but are probably poor targets for all NSCLC
patients.
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