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Cervical cancer is the fourth most common cancer in women
worldwide. The current approaches still have limitations in pre-
dicting the therapy outcome of each individual because of cancer
heterogeneity. The goal of this study was to establish a gene
expression signature that could help when choosing the right
therapeutic method for the treatment of advanced-stage cervical
cancer. The 666 patients were collected from four independent
datasets. The 70-gene expression signature was established using
univariate Cox proportional hazard regression analysis. The 70-
gene signature was significantly different between low- and high-
risk groups in the training dataset (p = 4.24e�6) and in the com-
bined three validation datasets (p = 4.37e�3). Treatment of
advanced-stage cancer patients in the high-risk group with mo-
lecular-targeted therapy combined with chemoradiotherapy
yielded a better survival rate than with only chemoradiotherapy
(p = 0.0746). However, treatment of the patients in the low-risk
group with the combined therapy resulted in significantly lower
survival (p = 0.00283). Functional classification of 70 genes re-
vealed involvement of the angiogenesis pathway, specifically
phosphatidylinositol 3-kinase signaling (p = 0.040), extracellular
matrix organization (p = 0.0452), and cell adhesion (p = 0.011).
The 70-gene signature could predict the prognosis and indicate
an optimal therapeutic modality in molecular-targeted therapy
or chemotherapy for advanced-stage cervical cancer.

INTRODUCTION
Cervical cancer is the fourthmost frequent cancer inwomen, and about
570,000 new cases were diagnosed in 2018, representing 6.6% of all fe-
male cancers.1 Early-stage cervical cancer rate increased because of the
development of diagnosis technique and screening test. However,many
patients are still diagnosed in the advanced stage with poor prognosis.
Therefore, it is very important for cervical cancerpatients to get a timely,
accurate diagnosis and appropriate treatment to increase the survival
rate. The National Comprehensive Cancer Network (NCCN) and the
International Federation of Gynecology and Obstetrics (FIGO) sug-
gested standard treatment guidelines, such as surgery, radiotherapy,
and chemotherapy, for treatment of the patients since the time of diag-
nosis and according to the disease stage. Even though patients are
treated based on these guidelines, each patient has a different prognosis
Molecular T
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because of the tumor heterogeneity. Therefore, proper stratification of
patients, depending on their clinical conditions, is required. In this
way, a more effective treatment could be provided to the patient.

Many clinical and pathological studies have descried a number of
prognostic factors for cervical cancer, such as clinical stage, tumor
histology, depth of invasion, tumor grade, size of primary tumor,
lymph node involvement, parametrium involvement, and lymph-
vascular space invasion.2–7 A more successful result was obtained
when the therapeutic methods, such as surgery, radiotherapy, and
chemotherapy, were applied to patients with certain characteristics.
NCCN recommends either surgery or radiotherapy for the treatment
of patients with FIGO stage IA1–IIA1 called early stage. In contrast,
the treatment of choice for advanced cancer with stages IIB–IVA con-
sists of a combined therapy including external beam radiation therapy
(EBRT), cisplatin-containing chemotherapy, and brachytherapy.8–10

In case of metastasis, targeted therapy and immunotherapy have
been applied.11,12 Despite the development of many treatment op-
tions, the survival rate in advanced-stage cancer remains poor.

Recently, the gene expression profiles obtained frommicroarray, next
generation sequencing (NGS), and subsequent oncogenic signaling
pathway analysis have become useful for predicting prognosis of
the disease and for discovering therapeutic targets in various can-
cers.13–15 In estrogen receptor-positive breast cancer, a 21-gene signa-
ture has been widely used to improve disease-free survival and to pre-
dict chemo-resistance to anthracyclines and a beneficial outcome
with tamoxifen administration.16,17 In this regard, microarray data
have been studied for diagnosis, prognosis, or prediction of therapeu-
tic response in cervical cancer as well.18–21 However, no favorable
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-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2020.09.001
mailto:sgskim@khu.ac.kr
mailto:yonghwa.jo@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2020.09.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Hierarchical Clustering and Classification

by 70 Genes

(A) Heatmap of the median centered 70 genes’ expression

profiles between high- and low-risk groups in the training

dataset (red, relative high expression; green, relative low

expression). (B) The relative prognostic index based on 70

genes’ expression of each patient. The weight of each gene

was calculated by the Cox proportional hazard regression

model. (C and D) The 70-gene signature of patients with

disease-free survival (DFS) in the training dataset (C) and

overall survival (OS) in combined validation datasets (D).

Each group was classified by the 70-gene signature into

low and high risk, and evaluated by Kaplan-Meier analysis.

(E) Prognostic index value of the 70-gene signature in cer-

vical cancer and healthy tissue. The p values were

computed by the log rank test.
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results have been obtained yet. Therefore, more reliable gene signa-
tures are warranted to further achieve predictive accuracy of prog-
nosis and effective treatments.

In this study, we established a novel prognostic gene signature to
distinguish low- and high-risk patients. In addition, we assessed the
association between the gene signatures and clinicopathological fac-
tors. Finally, we provided a patient profile that could receive the
most benefit from molecular-targeted therapy.

RESULTS
Stratification by Hierarchical Clustering

In order to identify a prognostic gene signature that distinguished
low- and high-risk patients, we analyzed gene expression profiles
48 Molecular Therapy: Oncolytics Vol. 19 December 2020
based on survival data. Gene Expression
Omnibus (GEO): GSE44001 was assigned as
the training dataset; meanwhile, The Cancer
Genome Atlas (TCGA) RNA sequencing
(RNA-seq) and microarray data (GEO:
GSE39001 and GSE52904) corresponded to
validation datasets. Patients were classified
into low- (n = 150) and high-risk (n = 150)
groups by the expression pattern of 70 genes
and their prognostic indexes (PIs) (Figures 1A
and 1B). There was a significant survival differ-
ence between the low- and high-risk groups
(p = 4.24e�6; Figure 1C). The 70-gene signa-
ture was applied to other datasets for valida-
tion, and a statistically significant difference
of survival between the two groups was
observed (p = 0.00437; Figure 1D). Healthy
controls had lower PI than cervical cancer pa-
tients (p = 1.102e�12; Figure 1E). In both
RNA-seq and microarray datasets, low-risk pa-
tients had a better survival rate than high-risk
patients (p = 0.0311 and p = 0.0466, respec-
tively; Figures S1A and S1B). The expression
pattern of 70 genes was divided by low- and high-risk patients
in both microarray and TCGA datasets (Figures S1C and S1D).

Validation of PredictedGene Signature in Specific Tumor Stages

Next, cervical cancer patients were divided based on NCCN guide-
lines and FIGO staging system into two groups: early stage (stage
I–IIA) and advanced stage (stage IIB–IV). Patients in the early-stage
group can be cured by surgery and/or radiotherapy, whereas those
with advanced-stage cancer require combined therapy, including ra-
diation and chemotherapy.

As previously reported, the survival rate in our patient data was also
different between the early and advanced stages (p = 3.35e�13; Fig-
ure 2A). Our 70-gene signature stratified patients’ survival in all stages



Figure 2. Validation of the 70-Gene Signature in Tumor

Stage

(A) Patients were separated according to early- and

advanced-stage cancer. (B–E) The 70-gene signature was

applied to cancer patients of all stages (B), early stage (C),

advanced stage (D), and advanced stage after 9 months (E).

Each group was classified by the 70-gene signature into low

and high risk, and evaluated by Kaplan-Meier analysis. The p

values were computed by the log rank test.
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(p = 8.61e�6; Figure 2B). Importantly, the low-risk group had a
significantly higher survival rate than the high-risk group in the early
stage (p = 4.65e�6; Figure 2C). However, advanced-stage patients did
not show the statistical significance (p = 0.0919; Figure 2D), but pa-
tients showed significant survival difference between the two groups
after 9 months (p = 0.0421; Figure 2E). To evaluate the prognostic ac-
curacy of the 70-gene signature in relation to the cancer stage, we per-
formed univariate and multivariate Cox proportional hazards regres-
sion analyses using all of the datasets. As shown in Table S1, stage was
significantly associated with overall survival (OS) in both analyses
(univariate: hazard ratio [HR], 3.547, 95% confidence interval [CI]:
2.466–5.103, p = 8.8e�12; multivariate: HR, 3.691, 95% CI: 2.564–
5.313, p = 2.2e�12). The 70-gene signature was also significantly
associated with OS according to univariate and multivariate analyses
Molecula
(univariate: HR, 2.265, 95% CI: 1.566–3.275, p =
1.4e�5; multivariate: HR, 2.369, 95% CI: 1.637–
3.428, p = 4.8e�6).

Association of the 70-Gene Signature with

Tumor Size and Age

The tumor size is an important clinical diagnosis fac-
tor; the threshold size for our studywas 4 cm indiam-
eter. As reported, cervical cancer patients with tumor
over 4 cmhad aworseprognosis thanunder 4 cm(p=
2.91e�5; Figure 3A). The patients in the low-risk
group had lower PI values than those of the high-
risk group, even though they carried tumors of over
4 cm in size (Figure 3B). Regardless of tumor size,
the high-risk group had poor survival rate in both
groups: under and over 4 cm (p = 0.0049 and p =
0.00735, respectively; Figures 3C and 3D). Cox pro-
portional hazard regression test was performed
when analyzing the association with tumor size (uni-
variate: HR, 3.703, 95% CI: 1.917–7.152, p = 9.7e�5;
multivariate: HR, 2.724, 95% CI: 1.397–5.311, p =
0.00326) and 70-gene signature (univariate: HR,
6.769, 95% CI: 2.632–17.409, p = 7.3e�5; multivar-
iate: HR, 5.491, 95% CI: 2.108–14.304, p = 0.00049)
(Table S2).

Patients younger than 65 years of age at the time of
diagnosis of cervical cancers have higher chances of
longer survival.22The 70-gene signature further strat-
ified patients according to age under 65 years into low- and high-risk
groups (p = 0.00153; Figure S2A). In this age group, patients were strat-
ified regardless of early or advanced stage (p = 0.0126 and p = 0.0653,
respectively; Figures S2B and S2C). The Cox proportional hazard
regression test was performed in advanced stage with under 65 years
old (univariate: HR, 2.144, 95% CI: 1.346–3.416, p = 0.0013; multivar-
iate: HR, 2.048, 95%CI: 1.284–3.265, p = 0.0033) and 70-gene signature
(univariate: HR: 2.134, 95% CI: 1.328–3.432, p = 0.0017; multivariate:
HR, 2.095, 95% CI: 1.303–3.368, p = 0.0023) (Table S3).

The Prediction of Therapeutic Effect by the 70-Gene Signature

Next, we analyzed the treatment method, such as hysterectomy, radio-
therapy, chemotherapy, and molecular-targeted therapy, that was
applied to early-stage or late-stage cancer patients. Following the
r Therapy: Oncolytics Vol. 19 December 2020 49
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Figure 3. Survival Analysis by the 70-Gene Signature

along with Tumor Size

(A) Patients were separated according to the tumor size:

under 4 cm and over 4 cm in diameter. (B) The prognostic

index of 70-gene signature in the cross-combination of risk

group and tumor size. (C and D) The 70-gene signature was

applied to patients with tumor sizes over 4 cm (C) and under

4 cm (D). Each group was classified by 70-gene signature

into low and high risk, and evaluated by Kaplan-Meier

analysis. The p values were computed by the log rank test.

*p < 0.05, **p < 0.0001.
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NCCN guidelines, the first-line treatment is hysterectomy and/or
radiotherapy in early-stage patients. In early-stage patients, there was
no difference in patient survival depending on the applied conventional
therapy, such as hysterectomy and/or radiotherapy (Figure S3A).
Chemotherapy did not affect the survival even in combination with
conventional therapies (Figure S3B). However, chemoradiation ther-
apy is the first-line therapy in advanced-stage patients. The chemora-
diation therapy showed a significant difference between the low- and
high-risk groups (p = 0.0341; Figure S4). Recently, molecular-targeted
therapy was provided to increase survival of patients. Survival differ-
ences were observed among the various combination therapies in
both low- and high-risk patients with advanced-stage cancer (p =
7.04e�5 and p = 0.0208, respectively; Figures 4A and 4B). However,
molecular-targeted therapy resulted in the opposite effect between
low- and high-risk patients (p = 0.00283 and p = 0.0746, respectively;
Figures 4C and 4D). The combinedmolecular-targeted therapy, hyster-
ectomy, and chemoradiation therapy affected the survival of patients in
only the high-risk group (p = 0.705, and p = 0.0374, respectively; Fig-
ures 4E and 4F). In this study, the term hysterectomy included radical
hysterectomy, simple hysterectomy, and radical trachelectomy.

Classification Analysis Results of 70 Genes in Cervical Cancer

Gene Ontology enrichment analysis in DAVID (Database for Anno-
tation, Visualization, and Integrated Discovery, National Institutes of
50 Molecular Therapy: Oncolytics Vol. 19 December 2020
Health, Bethesda, MD, USA) was used to identify
the biological functions of the genes in the 70-gene
signature (Table S4) and identified 31 significant
terms (biological processes) (Table 1). These terms
consist of 29% of cellular process, 16.8%metabolic
process, 10.3% biological regulation, and 10.3%
response to stimulus (Figure 5A). The 70 genes
were analyzed to see the relationship with func-
tional pathway using the PANTHER system.
They were involved in various pathways (Fig-
ure 5B). The functions of 70 genes were related
to binding (44.0%), catalytic activity (34.0%),
and other processes (Figure 5C).

DISCUSSION
The previous studies showed that the gene signa-
tures can predict prognosis in cervical cancer pa-
tients. In locally advanced cervical cancer, it was suggested that
ANXA2-NDRG1-STAT1 gene signature was a candidate for concur-
rent chemoradiation treatment.20 Fernandez-Retana et al.23 estab-
lished a molecular signature comprising eight degradome-related
genes that predicted which patients were at risk for developing distal
metastasis among the locally advanced cervical cancer patients. The
epigenetic gene regulation has also been extensively analyzed. The
methylation pattern observed in promoters of nine genes constituted
a potential biomarker for early detection and screening of cervical
cancer.24 In the other studies, gene signatures of microRNAs showed
correlation with early diagnosis, prognosis, treatment, occurrence,
and cancer development.25–28 The long non-coding RNAs also corre-
lated with diagnosis, prognosis, recurrence, metastasis, and effective
targeted therapy.29–32

In clinic, FIGO stage system classifies cancer depending on tumor
size, spread to a lymph node, and metastasis. Stages are further
subdivided based on the lesion’s maximum diameter: stage IB3,
diameter of R4 cm; and stage IIA2, diameter of R4 cm.33 Cervi-
cal cancer is diagnosed most frequently in middle-aged women be-
tween the ages of 35 and 44 years. It rarely develops in women
younger than 20 years. The older women, over 65 years old, ac-
count for 10% of cervical cancer patients and are more likely to
die of the disease because they are at advanced stage when



Figure 4. Survival Prediction of Therapeutic Effect by

the 70-Gene Signature in Advanced-Stage Cervical

Cancer

(A) The therapeutic advantage was evaluated by Kaplan-

Meier analysis. Patients were separated according to the

treatment options in low-risk. (B) The therapeutic

advantage was evaluated by Kaplan-Meier analysis. Pa-

tients were separated according to the treatment options

in high-risk. (C) Chemoradiation therapy with/without

molecular-targeted therapy in low-risk. (D) Chemo-

radiation therapy with/without molecular-targeted ther-

apy in high-risk. (E) Combined chemoradiation therapy,

molecular-targeted therapy, with/without hysterectomy in

low-risk. (F) Combined chemoradiation therapy, molec-

ular-targeted therapy, with/without hysterectomy in high-

risk. Each group was evaluated by Kaplan-Meier anal-

ysis. The p values were obtained from the c2 test. CT,

chemotherapy; HT, hysterectomy; MT, molecular-tar-

geted therapy; RT, radiotherapy.
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diagnosed. Importantly, we showed that the low-risk patients strat-
ified by our 70-gene signature had better survival even in the same
tumor stage, size, and age, suggesting that cervical cancer patients
were more accurately subclassified if the 70-gene signature was
added to the conventional classification system.

Although the prediction of survival and prognosis depends on the
FIGO stage, tumor size, and age, it is unknown why prognosis, sur-
vival, and drug response are different in the same stage. Radiotherapy
and/or hysterectomy is the standard therapy for treatment of early-
stage cancer, whereas chemoradiation therapy is generally used for
advanced-stage patients. Generally, 80%–90% of patients in early
stage are cured using surgery and/or radiotherapy, but it is still diffi-
Molecular
cult to choose the right treatment method for
women with advanced-stage cervical cancer. To
increase the survival of the patients, chemo-
therapy and molecular-targeted therapy are
currently recommended to early-stage and
advanced-stage patients, respectively. In this
study, we showed that the 70-gene signature
increased accuracy for predicting prognosis of
the patients. We observed that chemotherapy
had no effect on survival in the early stage of can-
cer. In contrast, molecular-targeted therapy com-
bined with chemoradiation therapy provided a
survival benefit in high-risk patients (p =
0.0746), but had the opposite result in low-risk
patients (p = 0.00283). Thus, the 70-gene signa-
ture could help to recommend molecular-tar-
geted therapy to high-risk patients suffering
from advanced-stage cancer.

Molecular-targeted therapy was approved in
recurrent or metastatic cervical cancer.34 In
clinical trials, molecular-targeted therapy increased OS and pro-
gression-free survival (PFS), but decreased HR. In a randomized
controlled study, vascular endothelial growth factor (VEGF)
increased median OS up to 4 months and decreased HR to
0.71.35 HER2 and epidermal growth factor receptor (EGFR) tar-
geted therapies (clinical trial phase II, randomized controlled
study) showed median OS (11 months), time to progression
(4.27 months), and stable disease (44%).36 A single treatment of
EGFR targeted agents showed minimal activity or no meaningful
benefits.37–41 programed cell death (PD-1) and programmed cell
death ligand 1 (PD-L1) inhibitors increased the response rate in
recurrence and metastatic cervical cancer patients.42 In our study,
31 biological processes were identified from Gene Ontology term
Therapy: Oncolytics Vol. 19 December 2020 51
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Table 1. Gene Ontology Analysis

Term Name Count p Value Genes

GO:0031623 receptor internalization 4 0.000698039 GRB2, GHR, DNM2, BTN1A1

GO:0040014 regulation of multicellular organism growth 3 0.004932049 FGFR2, STAT5A, GHR

GO:0001764 neuron migration 4 0.008871214 CXCL12, CDK5R2, BAX, NTRK2

GO:0007155 cell adhesion 7 0.010592445
CXCL12, CX3CL1, NCAN, PCDHB6, APLP1,
HAPLN1, COL19A1

GO:0032526 response to retinoic acid 3 0.011967854 RBP4, NCOA1, SCAMP3

GO:0006549 isoleucine metabolic process 2 0.01210023 STAT5A, GHR

GO:0000255 allantoin metabolic process 2 0.01210023 STAT5A, GHR

GO:0007595 lactation 3 0.012533686 NCOA1, STAT5A, GHRHR

GO:0006573 valine metabolic process 2 0.016101492 STAT5A, GHR

GO:0046449 creatinine metabolic process 2 0.016101492 STAT5A, GHR

GO:0001501 skeletal system development 4 0.018107062 ZBTB16, NCAN, HAPLN1, COL19A1

GO:0006417 regulation of translation 3 0.018809178 DDX25, EIF4E, TYMS

GO:0019530 taurine metabolic process 2 0.020086785 STAT5A, GHR

GO:0048562 embryonic organ morphogenesis 2 0.020086785 RBP4, FGFR2

GO:0021987 cerebral cortex development 3 0.021620051 NCOA1, BAX, NTRK2

GO:0060041 retina development in camera-type eye 3 0.023086905 BAX, SERPINF1, NTRK2

GO:0018108 peptidyl-tyrosine phosphorylation 4 0.0241554 BTC, FGFR2, STAT5A, NTRK2

GO:0006101 citrate metabolic process 2 0.028009715 STAT5A, GHR

GO:0051384 response to glucocorticoid 3 0.028530929 TYMS, GHR, GHRHR

GO:0007568 aging 4 0.02932512 GRB2, SERPINF1, TYMS, BTN1A1

GO:0010518 positive regulation of phospholipase activity 2 0.031947477 ARHGAP6, FGFR2

GO:0060670
branching involved in labyrinthine layer
morphogenesis

2 0.03586952 GRB2, FGFR2

GO:0060068 vagina development 2 0.03586952 RBP4, BAX

GO:0030324 lung development 3 0.038002374 RBP4, EIF4E, FGFR2

GO:0006105 succinate metabolic process 2 0.039775906 STAT5A, GHR

GO:0014066
regulation of phosphatidylinositol 3-kinase
signaling

3 0.039837466 GRB2, BTC, FGFR2

GO:0006600 creatine metabolic process 2 0.043666696 STAT5A, GHR

GO:0030198 extracellular matrix organization 4 0.045163581 MFAP2, NCAN, HAPLN1, COL19A1

GO:0006107 oxaloacetate metabolic process 2 0.047541952 STAT5A, GHR

GO:0002031 G-protein-coupled receptor internalization 2 0.047541952 DNM2, BTN1A1

GO:0045778 positive regulation of ossification 2 0.047541952 ZBTB16, BTN1A1

Molecular Therapy: Oncolytics
analysis of 70 genes. Analysis by the PANTHER classification sys-
tem revealed the angiogenesis pathway as the major target of mo-
lecular-targeted therapy. Bevacizumab, an angiogenesis blocker,
was associated with regulation of phosphatidylinositol 3-kinase
signaling, extracellular matrix organization, and cell adhesion,
which were identified in our Gene Ontology analysis (Table 1).

Our study had several strengths. First, we showed that the 70-gene
signature was a good biomarker for better prognosis prediction of cer-
vical cancer. Second, it allowed for stratification of the patients into two
distinctive risk groups even when the patients were also classified in
terms of stage, size, and age. Finally, it provided the guidance on
52 Molecular Therapy: Oncolytics Vol. 19 December 2020
how to select patients (high risk in the advanced stage) who could
benefit from optimal molecular-targeted therapy. There are a few lim-
itations in this study.Only a small number of patients were analyzed for
outcome determination with each therapeutic modality, and more
detailed analysis of eachmolecular-targeted therapy and chemotherapy
drugs was not possible to perform due to limited information. The clin-
ical stages used in this study corresponded to the previous FIGO
version because the new staging system was announced in 2019.

In conclusion, the 70-gene signature could constitute a more accurate
biomarker for further stratification of patients besides by stage, size,
and age. It also provided guidance for identifying patients who could
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Table 2. Clinical Characteristics of Patients in the Training and Validation

Datasets with Cervical Cancer

Variable

Training Set Validation Set

GEO:
GSE44001 TCGA

GEO:
GSE39001

GEO:
GSE52094

Patients used, n 300 290 21 55

Median age (range),
years

46 (20–88) 43 (32–67) 50 (24–74)

Tumor size

<4 cm 218

R4 cm 82

FIGO stage (n)

I 258 155 14 27

II 42 66 7 8

III 0 42 0 16

IV 0 21 0 4

DFS (range), months
47.5 (0.43–
104.13)

Follow-up (range),
months

61 (17–93) 58 (1–86)

OS (range), months
18.4 (0.03–
214)

Hysterectomy

Yes 155 11 15

No 9 10 40

Radiotherapy

Yes 175 17 41

No 63 4 14

Chemotherapy

Yes 145 11 23

No 144 10 32

Molecular-targeted
therapy

Yes 84

No 44

DFS, disease-free survival; FIGO, International Federation of Gynecology and Obstet-
rics; OS, overall survival; TCGA, The Cancer Genome Atlas.

Molecular Therapy: Oncolytics
benefit from molecular-targeted therapy in advanced-stage cervical
cancer.

MATERIALS AND METHODS
Gene Expression Databases

Three gene expression datasets were obtained from the National
Center for Biotechnology Information GEO database (http://www.
ncbi.nlm.nih.gov/geo) and one NGS dataset was from TCGA data-
base (https://www.cancer.gov/about-nci/organization/ccg/research/
Figure 5. The Functional Classification Analysis of 70 Genes in Cervical Cance

PANTHER classification system was used to classify the 70 genes according to their fun

function analysis of the proteins translated by 70 genes.
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structural-genomics/tcga). Gene expression data from the GEO:
GSE44001 was used as the training dataset. TCGA, GSE39001, and
GSE52904 were used as validation datasets (Table S5). Table 2 showed
clinicopathological and clinical information of patients in detail, which
were provided by TCGA and GEO databases. Healthy controls data
were collected from GEO: GSE39001 and GEO: GSE52904.

Development of the Prognostic Gene Expression Signature

The gene expression data in the GEO: GSE44001 dataset were used to
develop the gene signature. At first, genes were filtered by more than
1.5-fold absolute value of log2 scale, which represented the same gene
expression level. The filtering step leads to 26,156 probes that were
selected among various probe sets. In the next step, the disease-free
survival (DFS)-associated gene expression signature derived from
the training dataset was identified by the univariate Cox proportional
hazard regression (p < 0.001). Initially, 175 probes were found from
the analysis. However, only 70 genes were common among the four
datasets (one training and three validation datasets). Then the 70-
gene signature was selected as a prognostic signature. To predict
prognosis, we applied selected probes from the survival signature to
the survival risk prediction analysis. The PI was computed by the
formula:

X

i

wixi � 0:250394

where wi and xi were the weight and logged gene expression for the i-
th gene, respectively.

The patients were divided into two groups based on a median PI of
�0.107633. If the PIs were greater than �0.107633, patients were as-
signed to the high-risk group. In contrast, patients with PIs equivalent
to or less than �0.107633 were assigned to the low-risk group. The
cluster analysis was performed with Cluster 3.0. Initially, 175 probes
were used for prediction model analysis, and only the 70 genes were
common in all of the chip types (Figure S5).

Validation of the Prognostic Gene Expression Signature

The validation of the gene signature was accomplished on indepen-
dent datasets. Gene expression data from validation datasets were
individually adjusted by subtracting the median expression value
across the samples. To integrate each validation dataset in order to
construct the prediction models, we aligned the 70-gene set in each
dataset.

To further refine this model and to sub-stratify the predicted out-
comes, we used Compound Covariate Predictor (CCP) as a class pre-
diction algorithm. Gene expression data in the training set were com-
bined to form a classifier according to CCP. The robustness of the
classifier was determined by themisclassification rate obtained during
r

ctions. (A) Biological process analysis. (B) Functional pathway analysis. (C) Molecular

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
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the leave-one-out cross-validation (LOOCV) in the training set. Ka-
plan-Meier (KM) survival analyses were performed after the patients
were divided into two predicted subgroups, and chi-square (c2) and
log rank tests were used to evaluate the survival risk between the two
predicted subgroups of patients. Univariate and multivariate Cox
proportional hazard models were used to evaluate independent prog-
nostic factors associated with survival, gene signature, stage, size, and
age, as covariates.

Statistical Methods of Microarray Data

Heatmap was analyzed using BRB-Array Tools Version 4.3 (National
Institutes of Health, MD, USA). All other statistical analyses were
accomplished in the R language environment (R Foundation for Sta-
tistical Computing, Vienna, Austria) and Statistical Package for Social
Sciences (SPSS) software (version 20; IBM, Armonk, NY, USA). Clus-
ter analysis was performed with Cluster 3 and Tree View (Stanford
University, CA, USA). Statistical significance was defined as p < 0.05.

Differential Protein and Gene Categorization and Network

Modeling

DAVID was used to classify the genes. DAVID provides a compre-
hensive set of functional annotation and biological meaning of genes.
PANTHER classification system (University of Southern California,
CA, USA) was used to classify the proteins, and genes by the function.
Protein functions were categorized according to the biological pro-
cess, protein class, and molecular function through protein’s relation-
ship analysis.
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