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Proliferation genes in lung development associated with the
prognosis of lung adenocarcinoma but not squamous cell
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There are many similarities between embryonic development and tumorigenesis,

and gene expression profiles show that certain correlations exist between the gene

signature during development and the clinical phenotypes of different cancers. Our

group previously reported the gene expression profiles of human lung development,

and the expression of one group of proliferation-related genes (PTN1 genes) stea-

dily decreased during lung development. Here, we examined the prognostic value of

PTN1 genes in 5 independent lung adenocarcinoma (ADC) and 5 lung independent

squamous cell carcinoma (SCC) microarray datasets and found that the expression

levels of PTN1 genes were associated with survival in lung ADC but not lung SCC.

All of the lung ADC datasets contained a set of highly correlated genes from PTN1

genes, but the lung SCC datasets had no similar set of genes. We identified 63

unique core genes from the PTN1 genes in the 5 lung ADC datasets: 17 of these

core genes appeared in at least 4 of the lung ADC datasets, and the 17 correspond-

ing proteins clearly interacted more strongly with each other in lung ADC than in

lung SCC. Moreover, 16 of the 17 core genes play major roles in the G2/M phase

of the cell cycle. These data indicate that proliferation-related genes in lung devel-

opment have a significant prognostic value for lung ADC; the synergistic effects of

the 17 core genes play an important role in lung ADC prognosis. These genes may

have significant clinical implications for the treatment and prognosis of lung ADC.
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1 | INTRODUCTION

The intimate connection between tumorigenesis and developmental

processes has been studied for many years. There are clear analogies

between cancer and development. Morphologically, cancerous tis-

sues appear as undifferentiated or poorly differentiated, with some

tumor types even exhibiting embryonic tissue.1 Behaviorally, the

ability of tumor cells to grow, to infiltrate, and to suppress the

immune system is similar to that of embryonic cells.2,3

Several studies have explored the relationship between cancer

and development on the gene expression level and have suggested

that there are some associations between gene expression during

development and the clinical phenotypes of different cancers. Liu

et al4 studied the molecular associations of 4 human lung cancer

subtypes and the developing mouse lung and found that there was a

link between those associations and clinical outcome. A novel gene

expression signature derived from mouse embryonic development

could predict the metastatic competence of human breast tumor

cells and forecast the survival rate of breast cancer patients.5 Not

only the gene expression during mouse embryonic development but

also the gene expression of human embryonic stem cells (ESCs) is

related to the clinical phenotypes of cancer. Current evidence indi-

cates that certain ESC genes that were identified in human blasto-

cysts, such as Polycomb, Nanog, Oct4, and Sox2, are expressed in

different human cancer types.6-8 Histologically poorly differentiated

tumors show an increase in the expression of ESC genes, and this

ESC-like signature is associated with worse overall survival in breast

cancer patients.9,10 Moreover, one study explored the correlation

between the ESC profile and clinical variables in lung cancer, and the

analysis showed that an increased expression of the ESC gene set

was associated with poorly differentiated and worse overall survival

in lung adenocarcinoma (ADC); however, there was no correlation

between the ESC gene signature and the differentiation status or

outcome in lung squamous cell carcinoma (SCC).11

Our group previously reported on the gene expression profile sig-

natures of human lung tissues at 4 developmental stages (including

whole embryos at postovulatory weeks [PW] 3-5, early embryonic

lung at 6-8 PW, middle embryonic lung at 16-24 PW, and adult can-

cer-free peripheral lung tissue subject to surgery for benign lung dis-

eases [MatureL]) and lung ADC tissue samples.12 According to the

gene expression trend observed during the 4 developmental stages,

the genes were divided into 27 distinct groups (PTN1-27). The

expression of genes in the PTN1 group (including 213 genes)

decreased steadily during lung development; these 213 genes are

called PTN1 genes in this study (Table S1). A 12-gene demonstrator

from the PTN1 group was shown have prognostic value for lung ADC.

In this study, we explored the association between the expres-

sion of all the PTN1 genes and prognosis in lung ADC. Inspired by

reports that the ESC gene signature was associated with worse over-

all survival in lung ADC but not lung SCC, the association between

the expression levels of all the PTN1 genes and prognosis in lung

SCC was also explored. We identified a group of core genes that

played an important role in the prognosis of lung ADC but not lung

SCC. This finding provides a new clue for evaluating the prognosis

of lung ADC and might be helpful in developing novel treatment

approaches for lung ADC.

2 | MATERIALS AND METHODS

2.1 | Lung SCC and paracancerous sample
collection

Lung SCC tissue and paired paracancerous samples (69 lung SCC

and 60 paracancerous samples; 9 paracancerous samples were not

collected) were collected from patients who underwent surgical

resection at the Cancer Hospital, Chinese Academy of Medical

Sciences (Beijing, China). Paracancerous samples refer to morphologi-

cally normal lung tissue located more than 5 cm from the tumor

edge. Fresh tissues were snap frozen in liquid nitrogen and stored at

�80°C before RNA preparation. The use of human samples in this

study was reviewed and approved by the Ethics Committee of the

Cancer Hospital, Chinese Academy of Medical Sciences, and all

patients signed informed consent forms. Our group has already com-

pleted another study with the 69 lung SCC tissues. The gene expres-

sion profile data are available in the Gene Expression Omnibus

(GEO; https://www.ncbi.nlm.nih.gov/geo/) (GSE67061),13 and the 69

lung SCC samples are named “SCC_Ours” in this study. Clinical infor-

mation of the SCC_Ours dataset is provided in Table S2, and the

median follow-up period was 2.42 years.

2.2 | RNA extraction and gene expression
microarray

Total RNA from the paracancerous tissues was isolated with TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) and purified using an RNeasy

kit (Qiagen, Germantown, MD, USA). RNA was then quantified using

an ND-1000UV-VIS Spectrophotometer (NanoDrop Technologies,

Wilmington, DE, USA), and RNA integrity was determined using a

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All

RNA samples used in this study showed optical density 260/280

ratios >1.9 and RNA integrity >6. Paracancerous tissue samples were

analyzed using an Agilent Whole Human Genome Microarray

4 9 44K (G4112F). All sample labeling, hybridization, washing, and

scanning steps were carried out following the manufacturer’s specifi-

cations. The slides were scanned with an Agilent Microarray Scanner

System (G2505B), and the fluorescence intensities were extracted

and preprocessed using Agilent Feature Extraction Software version

9.1. Data extraction and annotation were carried out using Gene-

Spring GX version 12.6.1 (Agilent). The raw data were normalized by

the median scale method using the R package “limma” (www.r-projec

t.org). Screening probes represented the same gene, and only the

probe showing the greatest mean intensity was retained. All raw

microarray data and normalized data are publicly available on the

GEO website (accession no. GSE101420).
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2.3 | Analysis of public microarray datasets

Four independent sets of lung ADC microarray data (ADC_GSE

13213,14 ADC_GSE8894,15 ADC_PNAS,16 and ADC_NCI17), 4 inde-

pendent sets of lung SCC microarray data (SCC_GSE19188,18

SCC_GSE8894,15 SCC_GSE4573,19 and SCC_GSE1481420) (Table S3)

and their corresponding clinical information were collected from exist-

ing publications for validation. Our previous study on lung develop-

ment included 4 developmental stages and 69 lung ADC samples, and

their gene expression profile data are available from the GEO database

(GSE43767)12; these 69 lung ADC samples were named “ADC_Ours”

in this study. Clinical information of ADC_Ours is provided in Table S4.

The median follow-up period was 3.34 years. The raw data were nor-

malized using the same method used for the paracancerous group,

except GSE8894. Because the raw data for GSE8894 were not pro-

vided, the GC robust multi-array average processed data were down-

loaded and analyzed directly.

2.4 | Statistical analysis

The gene set enrichment analysis was carried out using DAVID tools

(http://david.abcc.ncifcrf.gov/). All statistical analyses in this study

were undertaken using R software. In detail, differential gene expres-

sion analyses were carried out using an unpaired Student’s t-test (R

package “stats”). Prognosis was evaluated by the log-rank test (R

package “survival”). Correlations between genes were evaluated

using the correlation test (R package “stats”). Significant differences

in the correlation coefficients between lung ADC and SCC were

evaluated using a 2-way ANOVA (R package “stats”). Graphical visu-

alization of the protein-protein interaction (PPI) networks were gen-

erated using Cytoscape software.21

3 | RESULTS

3.1 | Characteristics of PTN1 genes during human
lung development and in lung ADC and SCC

A box diagram was drawn to show the average expression levels of

PTN1 genes during the 4 lung developmental stages and in lung

ADC, lung SCC, and paracancerous samples (Figure 1A). The expres-

sion of PTN1 genes decreased gradually during the 4 lung develop-

mental stages, and the levels of expression in the paracancerous

samples were similar to those in the MatureL samples but were sig-

nificantly increased in the lung ADC and SCC samples. The changes

in expression indicated that the PTN1 genes were progressively

repressed during lung development and were generally reactivated

during lung tumorigenesis. Compared with the MatureL samples as

the control, PTN1 gene expression showed 80.8% and 88.3%

increases in our lung ADC samples (ADC_Ours) and SCC samples

(SCC_Ours), respectively (Figure 1B). Gene set enrichment analysis

of PTN1 genes was carried out to identify biological themes. Fig-

ure 1C shows the top 30 Gene Ontology terms from the smallest to

largest P-value (P < .05); these terms show that the PTN1 genes

were mainly related to cell proliferation, including cell division, mito-

tic nuclear division, DNA repair, DNA replication, and the G2/M

transition of the mitotic cell cycle.

3.2 | Expression of PTN1 genes associated with
survival in lung ADC patients

To further investigate the relationship between PTN1 genes and

clinical phenotypes of lung cancer, we examined the prognostic

value of PTN1 genes in the ADC_Ours and SCC_Ours microarray

datasets. As shown in Figure 2, the patients of each dataset were

classified into 2 groups by k-means clustering according to the

expression of the PTN1 genes. The low-risk group (good prognosis)

is indicated in black, and the high-risk group (poor prognosis) is indi-

cated in red. The log-rank test results indicate a significant differ-

ence in prognosis between the 2 groups in the ADC_Ours dataset

(n = 69, P = .039), but no significant difference was noted in the

SCC_Ours dataset (n = 69, P = .48). The survival analysis suggested

that PTN1 genes were associated with the overall survival of

patients with lung ADC but not patients with lung SCC, suggesting

that PTN1 genes might be valuable for lung ADC. To validate the

prognostic potential of PTN1 genes for lung ADC but not for lung

SCC, we analyzed 4 independent sets of lung ADC microarray data

and 4 independent sets of lung SCC microarray data from the GEO

website by k-means clustering and the log-rank test. The results

showed a significant difference in prognosis between the low-risk

and high-risk groups in all 4 independent sets of lung ADC

(ADC_GSE13213, n = 117, P = .012; ADC_GSE8894, n = 62,

P = .0023; ADC_NCI, n = 282, P = .000 18; and ADC_PNAS,

n = 190, P = .024). In contrast, no significant difference in prognosis

was noted between the low-risk and high-risk groups in 4 indepen-

dent sets of lung SCC (SCC_GSE19188, n = 27, P = .099;

SCC_GSE8894, n = 76, P = .6; SCC_GSE4573, n = 130, P = .99; and

SCC_GSE14814, n = 52, P = .93) (Figure S1).

3.3 | Group of highly correlated genes exists in
lung ADC

Because PTN1 genes share similar biological functions, mainly

related to cell proliferation (Figure 1C), there might be a correlation

among the PTN1 genes. To explore correlations among PTN1 genes,

correlation tests were carried out on ADC_Ours, SCC_Ours and 4

independent sets each of lung ADC and SCC microarray data.

Because the test statistics (t-value) of the correlation tests followed

a Student’s t-distribution, we used test statistics to observe the cor-

relations among PTN1 genes. To better display the correlations, we

determined the 90th percentile of the test statistics for each gene in

relation to the other genes and then used the 90th percentile as an

index to re-rank the genes, finally generating heat maps to illustrate

the correlations. As shown in Figure 3, a group of highly related

genes exists in the ADC_Ours dataset (the red region), but the
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F IGURE 1 Expression features and functional annotations of proliferation-related genes involved in lung development (PTN1 genes). A,
Expression levels of PTN1 genes are presented as box diagrams. The sample types are plotted on the x-axis, and the normalized average gene
expression level in every sample type is plotted on the y-axis. EarlyL, early embryonic lung at 6-8 postovulatory weeks (PWs); MatureL, adult
cancer-free peripheral lung tissue subject to surgery for benign lung diseases; MiddleL, middle embryonic lung at 16-4 PWs; PC,
paracancerous; WholeE, whole embryos at 3-5 PWs. B, Histogram displays the distribution of PTN1 genes in 69 lung adenocarcinoma (ADC)
samples (ADC_Ours) and 69 lung squamous cell carcinoma (SCC) samples (SCC_Ours), with MatureL as the control. The count of PTN1 genes
is plotted on the y-axis, and the proportions of upregulated (red), downregulated (blue), and unregulated (yellow) genes are marked on the
columns. C, The most significantly enriched functional categories of PTN1 genes are mainly related to cell proliferation ADC: lung
adenocarcinoma; SCC: lung squamous cell carcinoma
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SCC_Ours dataset does not have these genes. These results indicate

that a set of genes, which are highly correlated with each other,

might play an important role in the development of lung ADC. This

finding offers a possible explanation as to why the PTN1 genes were

associated with the overall survival of patients with lung ADC, but

not with the overall survival of patients with lung SCC. To validate

whether lung ADC, but not lung SCC, is associated with a set of

genes that originate during lung development and are highly corre-

lated with each other, we analyzed the correlation among the PTN1

genes in the 4 independent sets of both lung ADC and SCC microar-

ray data. All 4 independent lung ADC datasets appear as a group of

highly related genes, but no lung SCC datasets show such genes

(Figure S2).

3.4 | Set of core genes represents the common
molecular characteristics in lung ADC

Genes in the red region (Figures 3A, S2) were present in all 5 lung

ADC datasets and were highly correlated with each other, but all 5

lung SCC datasets lacked such genes, indicating that lung ADC

patients may have a common molecular characteristic. To identify

this common molecular characteristic, we extracted the top 10%

(>90th percentile) of the genes that were re-ranked, as described

earlier, and named them “core genes”; these genes represent the

majority of genes in the red regions. The gene numbers were 42, 41,

41, 34, and 25 in the ADC_Ours, ADC_GSE13213, ADC_GSE8894,

ADC_NCI, and ADC_PNAS datasets, respectively. After merging the

F IGURE 2 Prognostic value of
proliferation-related genes (PTN1 genes)
for lung adenocarcinoma (ADC) and lung
squamous cell carcinoma (SCC) patients.
(A, B) Kaplan-Meier survival curves and
log-rank tests were used to estimate the
survival of patients included in the
ADC_Ours and SCC_Ours datasets,
containing gene expression data from 69
lung ADC samples and 69 lung SCC
samples, respectively. Patients from each
dataset were classified into high-risk and
low-risk groups by k-means clustering

F IGURE 3 Correlated genes in lung
adenocarcinoma (ADC_Ours) (A) and
squamous cell carcinoma (SCC_Ours) (B)
datasets, containing gene expression data
from 69 lung ADC samples and 69 lung
SCC samples, respectively. The red region
indicates highly correlated genes, and the
green region indicates poorly correlated
genes. The red diagonal represents the
relationship of a gene with itself

F IGURE 4 Characteristics of core genes in lung adenocarcinoma (ADC_Ours) and squamous cell carcinoma (SCC_Ours) datasets, containing
gene expression data from 69 lung ADC samples and 69 lung SCC samples, respectively. A, The Venn diagram displays the overlap of the core
genes of 5 independent lung ADC datasets. Each dataset is colored, and the numbers indicate the number of overlapping genes. B, The
difference in the correlation coefficients of 17 core genes between the lung ADC and SCC datasets. The correlation coefficients of the 17
core genes in the lung ADC datasets are higher than those in the lung SCC datasets; 2-way ANOVA was used to determine the significant
difference (P < .0001). (C, D) Protein-protein interaction networks of associated proteins encoded by the 17 core genes in the lung ADC_Ours
and SCC_Ours datasets. The nodes represent core genes, and the edges represent correlation coefficients, the colors of the edges represent
the r value from the correlation test. Red edges represent an r value ≥.7 and <1; blue edges represent an r value ≥.4 and <.7; black edges
represent an r value >0 and <.4. The 17 proteins clearly interact more strongly with each other in the lung ADC_Ours dataset (C) than in the
lung SCC_Ours dataset (D)
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core genes of the 5 lung ADC datasets, we obtained 63 unique core

genes (Table S5). Of these core genes, 7 (TPX2, SPAG5, CCNA2,

KIF14, TTK, RFC4, and BUB1B) belonged to all 5 datasets and 10

(CDCA8, FANCI, NCAPH, PRC1, NEK2, KIF20A, KIF15, KIF4A,

FAM64A, and BIRC5) belonged to 4 datasets (ADC_Ours,

ADC_GSE13213, ADC_GSE8894, and ADC_NCI) (Figure 4A).

Because the ADC_PNAS dataset was obtained from an earlier

type of microarray (Table S2), which contained fewer genes com-

pared with the microarrays used for the other 4 lung ADC datasets,

these 10 genes and the 7 genes common to all 5 datasets were fur-

ther studied by us. Figure 4B shows that the correlation coefficients

of these 17 core genes in the lung ADC datasets were higher than

those in the lung SCC datasets, and a 2-way ANOVA revealed a sig-

nificant difference (P < .0001). Using the lung ADC_Ours and lung

SCC_Ours datasets as representatives, we constructed PPI networks

using Cytoscape to show how these 17 genes were related to each

other in terms of interactions between their associated proteins. In

Figure 4C,D, the nodes represent core genes, and edges represent

correlation coefficients, while the colors of the edges indicate the

intensity of the correlation. The 2 PPI networks show that the 17

proteins clearly interact more strongly with each other in the lung

ADC_Ours dataset than in the lung SCC_Ours dataset. Significantly,

16 genes (except RFC4, which is involved in DNA replication) are

involved in microtubule movement and spindle assembly, functions

that play a major role in the G2/M phase of the cell cycle. Thus,

these 17 proliferation-related core genes were maintained from the

embryonic stage to lung ADC and continued to be highly correlated

with each other. The set of proliferation-related core genes repre-

sents the common molecular characteristics in lung ADC.

4 | DISCUSSION

Genome-wide transcriptional profiling has identified gene expression

signatures that are similar in organogenesis and tumors.4,22,23 Signal-

ing, transcriptional, and metabolic pathways that are shared between

fetal development and malignant tumors are reflected in the reacti-

vation of embryonic genes in tumors.24-27 As the embryonic lung

gradually matures, the expression of PTN1 genes, which are mainly

related to cell proliferation, steadily decreases, and these prolifera-

tion-related genes are increased in lung cancer to adapt to the con-

tinuous division and proliferation of tumor cells. These trends in

gene expression changes are consistent with previous theories that

embryonic genes are reactivated in malignant tumors.

Several studies have determined that cell proliferation-related

genes contribute to prognostic predictive ability,28-30 and develop-

mental gene signatures can be used to predict outcomes.4,5,31 It has

been reported that an ESC gene expression signature was associated

with the prognosis of lung ADC patients but was not associated with

SCC; the study authors postulated that this occurred because the

lung ADC samples expressed a higher percentage of survival-related

genes in the ESC gene set than did the SCC samples, suggesting that

lung ADC has a molecular signature that is similar to the ESC

profile.11 However, this explanation is inadequate. The PTN1 genes

are proliferation-related genes expressed during lung development.

In this study, we discovered that PTN1 genes could predict the

prognosis in all 5 lung ADC datasets but had no prognostic value for

any of the 5 lung SCC datasets. In addition, we provided evidence

for this difference from the standpoint of correlated genes. In this

study, we used a correlation test to reveal a set of correlated genes

in all 5 lung ADC datasets, but none of the lung SCC datasets

expressed such genes. This finding might explain why the PTN1

genes were associated with the overall survival of patients with lung

ADC but not with patients with lung SCC. The synergistic effects of

these correlated genes might play an important role in lung ADC,

whereas the synergistic effects of these genes are destroyed in lung

SCC, resulting in a loss of ability to predict prognosis. Furthermore,

we identified 63 unique core genes from lung development in 5 lung

ADC datasets, and 17 of these genes appeared in at least 4 lung

ADC datasets. The correlation coefficients of these 17 core genes in

lung ADC were significantly higher than those in lung SCC, and the

interactions of the 17 corresponding proteins with each other were

clearly stronger in lung ADC than those in lung SCC, which might

further suggest a reason for the prognostic difference between lung

ADC and SCC. The G2/M phase is the preparative stage for mitosis

and the cell division stage. Of these core genes, 16 play a major role

in the G2/M phase of the cell cycle, which might indicate that the

synergistic effects of the 17 proliferation-related core genes play an

important role during mitosis in lung ADC development.

Other mechanisms might play an important role in causing the dif-

ferent prognostic value of the PTN1 genes for lung ADC and SCC.

Based on the histopathological appearance and gene expression sig-

natures, it is speculated that lung ADC and SCC arise from distinct

cells. It is generally accepted that lung ADC originates mainly from

alveolar epithelial cells, such as the type II pneumocyte lineage, by

progressing through a series of stages from atypical adenomatous

hyperplasia to adenoma to ADC.32,33 However, it was reported that

the histopathology and gene expression patterns of lung SCC resem-

bled tracheal basal cell progenitors, and lung SCC expressed the basal

cell markers p63 and CK5/14. Therefore, it is speculated that lung

SCC is possibly derived from basal cells33-36 and has a stepwise pro-

gression from normal bronchial epithelium to squamous metaplasia,

dysplasia, and SCC.37 Lung ADC and SCC undergo distinct develop-

mental processes. In particular, lung SCC progresses through a partic-

ular step in the form of squamous metaplasia. It may be that lung

ADC has molecular characteristics similar to the PTN1 genes, and this

similarity is maintained during the progression of lung ADC; however,

lung SCC might develop without such molecular characteristics due to

its different cellular origins and developmental stages. It is our hope

that this study will provide a new clue for investigating the develop-

mental and clinical differences between human lung ADC and SCC.
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