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INTRODUCTION 
 
Lung cancer is one of the most commonly diagnosed 
cancers and a leading cause of cancer related mortality 
[1]. The global incidence and mortality of lung cancer is 
increasing significantly [2]. In addition to 
environmental exposures such as smoking, the growth 
factor pathway and hormonal regulation also play 
critical roles in the carcinogenesis of lung cancer [3].  
 
Estrogen receptors (ERs) belong to the nuclear receptor 
steroid superfamily, and are closely linked to hormonal  

regulations. ERs are classified into two subtypes, ERα 
and ERβ, and these have different tissue distributions 
and biological effects in various tumor types [4]. 
Previous studies have revealed that estrogen activates 
the transcription of target genes by binding directly to 
ERα and ERβ [5]. Numerous studies have found that 
ER interacts with other transcription factors such as 
activator protein 1 (AP-1), specificity protein 1 (SP-1), 
interleukin 6 (IL-6) and epidermal growth factor (EGF) 
through protein-protein interactions [6]. Analysis of 
four lung cancer gene chips revealed that the nuclear 
protein gene, human centromere protein F (CENPF), is 
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ABSTRACT 
 
Many studies have reported that estrogen (E2) promotes lung cancer by binding to nuclear estrogen receptors 
(ER), and altering ER related nuclear protein expressions. With the GEO database analysis, Human centromere 
protein F (CENPF) is highly expressed in lung adenocarcinoma (LUAD), and the co-expression of CENPF and ERβ 
was found in the nucleus of LUAD cells through immunofluorescence. We identified the nuclear protein CENPF 
and explored its relationship with the ER pathway. CENPF and ERβ2/5 were related with T stage and poor 
prognosis (P<0.05). CENPF knockout significantly inhibited LUAD cell growth, the tumor growth of mice and the 
expression of ERβ2/5 (P<0.05). The protein expression of CENPF and ERβ2/5 in the CENPF-
Knockdown+Fulvestrant group was lower than CENPF- Negative Control +Fulvestrant group (P=0.002, 0.004, 
0.001) in A549 cells. The tumor size and weight of the CENPF-Knockdown+Fulvestrant group were significantly 
lower than CENPF- Negative Control +Fulvestrant group (P=0.001, 0.039) in nude mice. All the results indicated 
that both CENPF and ERβ2/5 play important roles in the progression of LUAD, and knockdown CENPF can inhibit 
the progression of LUAD by inhibiting the expression of ER2/5. Thus, the development of inhibitors against 
ERβ2/5 and CENPF remained more effective in improving the therapeutic effect of LUAD. 
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highly expressed in lung adenocarcinoma (LUAD). 
Furthermore, the expression of CENPF and ERβ2/5 in 
LUAD patients have been shown to be correlated to 
TNM staging, providing a basis for exploring the 
interactions between CENPF and ERβ2/5. Rattner et al. 
demonstrated that CENPF is involved in mitosis and 
tumor proliferation [7]. The full-length molecular 
weight of CENPF is 367 KDa and contains 3,210 amino 
acids [8]. In prostate cancer, CENPF has been shown to 
predict survival and tumor metastasis [9]. CENPF is 
directly associated with disease outcomes after 
undergoing gene amplification [10]. However, the role 
of CENPF in the progression of LUAD still remained 
unclear.  
 
A large number of studies have shown that estrogen 
(E2) promotes the progression of lung cancer by 
binding to nuclear ERs [11]. Our previous studies have 
shown that among the five types of ERs, lung cancer 
tissues express found the ERβ1/2/5 [12, 13]. As a full-
length fragment of ERβ subtype, ERβ1 is responsible 
for the action of other subtypes [14], and so the role of 
ERβ2/5 in the progression of LUAD remained the main 
focus of our current research.  
 
Based on estrogen gene signaling pathway, a high co-
expression of CENPF and ERβ2/5 showed association 
with the clinicopathological features and prognosis of 
LUAD patients. CENPF is hypothesized as one of the 
key nuclear proteins in estrogen gene signaling 
pathway. Therefore, this study mainly explored the 
relationship between CENPF and ERβ2/5, and also 
explored their role alone in the development of LUAD. 
This study will provide a better understanding of ERs 
gene signaling pathway and improve the prognosis of 
LUAD patients. 
 
RESULTS 
 
Bioinformatics analysis of lung cancer datasets and 
the determination of CENPF 
 
Differential genes with similar expression pattern in 
each dataset (GSE19804, GSE30219, GSE32863, 
GSE63459) were used (Figure 1A–1C, Supplementary 
Figure 1A–1I, β=5, 6, 5, 7) [15]. The module genes 
obtained by the four datasets showed significant 
association with TNM staging of lung cancer, which 
included the brown module of GSE19804 (n=185), the 
turquoise module of GSE30219 (n=413), the yellow 
module of GSE32863 (n=63) and the yellow module of 
GSE63459 (n=160) (Figure 1B; Supplementary Figure 
1B, 1E, 1H; Supplementary Table 1). By overlapping 
the module genes, five key genes including CENPF, 
CDC20, TOP2A, CCNB2 and BIRC5 were obtained 
(Figure 1D–1G). Finally, based on the central degree of 

the five key genes in different datasets and relevant 
literature [9, 16], the hub gene was identified as 
CENPF.  
 
CENPF is highly expressed in LUAD and negatively 
correlated with the prognosis of LUAD patients 
 
CENPF was highly expressed in LUAD when compared 
to normal lung tissues (Figure 2A–2H). The expression 
of CENPF was positively correlated to the TNM staging 
of LUAD (P<0.01, Figure 2I–2M). Additionally, high 
expression of CENPF was negatively correlated with 
overall survival and disease-free survival in LUAD 
patients (P=0.01, 0.027, 0.0267, Figure 2N–2P). The 
result of RNA-Seq included 1515 high expressed genes 
and 1370 low expressed genes in LUAD patients 
(Figure 2Q). CENPF was included in high expressed 
genes (Figure 2R, P<0.05) and was associated with poor 
prognosis in LUAD patients (Figure 2S, 2T).  
 
Expression of CENPF, ERβ, ERβ1, ERβ2 and ERβ5, 
and its relationship with TNM staging and prognosis 
of LUAD patients 
 
The expressions of CENPF, ERβ, ERβ1, ERβ2 and 
ERβ5 in different TNM stages of LUAD and benign 
primary lesions (BPL) were examined (Figure 3A, 
Supplementary Figure 2A–2D). The results revealed 
that CENPF, ERβ, ERβ2 and ERβ5 were highly 
expressed in LUAD and showed a positive correlation 
with TNM staging and T grade of LUAD patients 
(P<0.001, Figure 3B, 3C), but showed no association 
with nodal involvements (Figure 3D). Moreover, 
analysis of high expression of CENPF in LUAD 
patients showed significant association of CENPF with 
shorter survival rate (Table 1). 
 
CENPF knockdown inhibits biological effects of 
LUAD cells 
 
Compared with BEAS-2B and other LUAD cells, 
CENPF was highly expressed in A549 and H1299 cells 
(P<0.05, Figure 4A; The corresponding gray value are 
shown in Supplementary Figure 3A, 3B). RT-PCR and 
cellular immunofluorescence confirmed that CENPF 
knockdown (KD) was seen in 70% in A549 and H1299 
cells (Figure 4B; Supplementary Figure 3C). Cell 
proliferation of CENPF-KD group was significantly 
weaker than the control (NC) group from day 3 in stable 
CENPF-deficient cell lines A549 and H1299 (P=0.007, 
0.000, Figure 4C, 4D). At the same time, cells in 
CENPF-KD group demonstrated less Ki67 staining than 
NC group (Supplementary Figure 3D). In addition, the 
invasion and migration of A549 cells in the CENPF-KD 
group were significantly decreased (P=0.000, 0.000, 
Figure 4E; Supplementary Figure 3E, 3F) while 
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Figure 1. WGCNA analysis and determination of the CENPF gene. (A) Dendrogram of differentially expressed genes clustered based 
on a dissimilarity measure (1-TOM). (B) Heat map distribution histogram of differential genes for modules related to NSCLC staging in 
GSE19804 (The same results in the GSE30219, GSE32863, GSE63459 databases are shown in Supplementary Figure 1). (C) Analysis of the 
scale-free fit index for various soft-thresholding power (β) and analysis of the mean connectivity for various soft-thresholding power 
(GSE19804). (D) There are 14 gene differential expressions in the NSCLC staging modules. (E) There are 13 gene differential expressions in the 
LUAD staging modules. (F) In the four datasets, there were 5 overlapping genes that were significantly differentially expressed between 
NSCLC and LUAD. (G) The degree values of the five key genes in different datasets. 
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Figure 2. CENPF is upregulated in LUAD and is related with TNM staging and prognosis of LUAD patients. (A–F) Oncomine 
database results show that CENPF expression is significantly up-regulated in LUAD. (The corresponding P value and fold change are given 
above the picture). (G, H) The Human Protein Atlas database indicates that CENPF is strongly expressed in LUAD. G: LUAD (patient ID.4923, 
male, 57); H: normal lung tissue (patient ID. 4208, male, 75). (I–L) Analyzes the relationship between CENPF and LUAD staging based on four 
datasets. (M) Verify the correlation between the expression of CENPF and the pathological stage of LUAD (based on TCGA data in GEPIA). N-
P: Survival analysis. (N, O) Kaplan Meier curves of OS (overall survival), DFS (Disease-free survival) in a cohort of LUAD stratified by CENPF 
expression. (P) Survival curves of CENPF gene in LUAD patients based on TCGA database. (Q) RNA sequencing analysis of volcano maps. (R) 
RNA sequencing results indicate that CENPF is highly expressed in LUAD tissues. Orange represents a high expression of the gene in LUAD, 
and blue represents a low expression of the gene in LUAD. (S, T) The CENPF gene was analyzed using Gene Set Enrichment Analysis (GSEA). 
The positive expression of the CENPF is related with a low prognosis in LUAD patients. 



www.aging-us.com 2608 AGING 

 
 

Figure 3. Expression of CENPF, ERβ, ERβ2 and ERβ5 are associated with T stage and TNM stage in LUAD patients. (A) Tissue 
microarray (TMA) was used to analyze the expression of CENPF in benign lung lesions and different TNM staging tissues of LUAD. The 
magnification of each slice is 40×, 100×, 200× in order. (B–D) Analysis of the relationship between the expression of CENPF, ERβ, ERβ1, ERβ2 
and ERβ5 and the TNM staging or T stage or N stage of LUAD. The corresponding P value is marked above the picture. 
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Table 1. CENPF expression in the lung adenocarcinoma. Bold numbers 
represent statistical significance. 

Variables case (n=56) high low P value 
Gender 

0.389 Male 37 14 23 
Female 19 5 14 
Age(year) 

0.942 >65 21 7 14 
≤65 35 12 23 
Tumor size(cm) 

0.007 ≥5 12 8 4 
<5 44 11 33 
Smoking 

0.757 Smoking 22 8 14 
No-smoking 34 11 23 
TNM stage 

0.019 I 9 0 9 
II-III 47 19 28 
Tgrade 

0.044 T1-T3 54 17 37 
T4 2 2 0 
N grade 

0.372 N0 40 15 25 
N1-N2 16 4 12 
Relapse 

0.041 Relapse 5 4 1 
No-relapse 51 15 36 
Survival months 27.39±7.54 33.41±13.86 0.048 

 

E-cadherin expression was significantly increased 
(P=0.009, Figure 4F; The corresponding gray value are 
shown in Supplementary Figure 3G), and N-cadherin 
and MMP2 were significantly decreased when 
compared with NC group (P=0.004, 0.012, Figure 4F, 
4G; Supplementary Figure 3G, 3H). A similar trend 
was obtained in the stable CENPF-deficient cell line 
H1299 (P<0.01, Supplementary Figure 3E–3H). 
Scratch experiment also demonstrated similar results 
(P=0.000, 0.000, Figure 4H; Supplementary Figure 
3I). In A549 cells, the cell percentage and DNA 
content were significantly increased in the G1 phase in 
the CENPF-KD group when compared with NC group 
(P=0.011, Figure 4I; Supplementary Figure 3J). At the 
same time, the expression of CCND1, CDK2 and 
CDK4 was significantly lowered in CENPF-KD group 
(P=0.022, 0.001, 0.002, Figure 4J; The corresponding 
gray value are shown in Supplementary Figure 3M). 
Similar results were obtained in the stable CENPF-
deficient cell line H1299 (P<0.05, Supplementary 
Figure 3K–3M). The CENPF-KD group also showed a 
significant increase in apoptosis when compared with 
NC group (P=0.001, 0.001, Figure 4K; Supplementary 
Figure 3N).  

CENPF Knockdown inhibits biological effects of 
LUAD cells mediated by ERβ2/5 pathway 
 
CENPF and ERβ were co-localized in the nucleus of 
LUAD cells (Figure 5A). To investigate the biological 
effects of CENPF knockdown in LUAD cells mediated 
by ERβ signaling pathway, the cells were divided into 
CENPF-NC, CENPF-NC+E2, CENPF-NC+Ful, CENPF-
KD+E2, and CENPF-KD+Ful. Cell proliferation in 
CENPF-KD+Ful group was significantly lower than 
CENPF-NC+Ful group at 48 hours (P=0.000, 0.000, 
Figure 5B). In A549 cells, the invasion and migration  
in CENPF-KD+E2 group were significantly reduced 
when compared with CENPF-NC+E2 group (P=0.000, 
0.000, Figure 5C; Supplementary Figure 4A). Similarly, 
the expression of MMP2 and N-cadherin were 
significantly decreased in CENPF-KD+E2 group  
when compared with CENPF-NC+E2 group (P=0.002, 
0.016, Figure 5E, 5F; The corresponding gray value are 
shown in Supplementary Figure 4B–4D). Similar results 
were obtained in stable CENPF-deficient cell line 
H1299 (P<0.01, Figure 5D–5F, Supplementary Figure 
4A–4D). Scratch experiment also showed that the 
migration of CENPF-KD+E2 group was significantly 
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Figure 4. Knockdown of CENPF inhibits cell proliferation, migration, invasion and increases apoptosis of LUAD cells. (A) The 
protein level of CENPF in A549 and H1299 cell lines were higher than in normal cell lines BEAS-2B and other LUAD cells. GAPDH served as the 
internal control. (The corresponding gray value are shown in Supplementary Figure 3). (B) The knockdown efficiency of LV-CENPF sh or LV-NC 
transfected with A549 and H1299 cells was verified by RT-qPCR. *P < 0.05 vs CENPF-KD. (C, D) MTT showed that CENPF knockdown suppressed 
the proliferative viability of cells in A549 and H1299 cells. *P < 0.05 vs CENPF-KD. (E) Migration assays and invasion assays revealed that CENPF-
KD decreased cell migration and invasion abilities of A549. (F, G) The related protein E-cadherin was significantly increased (P=0.009, Figure 4F; 
The corresponding gray value are shown in Supplementary Figure 3G), and N-cadherin and MMP2 were significantly decreased when compared 
with NC group (P=0.004, 0.012; The corresponding gray value are shown in Supplementary Figure 3H). (H) Quantified histograms of scratch 
experiment of A549 and H1299. (I) The cell percentage and DNA content were significantly increased in the G1 phase in the CENPF-KD 
group(P=0.011). (J) The expression of CCND1, CDK2 and CDK4 was significantly lowered in CENPF-KD group (P=0.022, 0.001, 0.002; The 
corresponding gray value are shown in Supplementary Figure 3M). (K) CENPF knockdown increased apoptosis of A549 and H1299 cell lines 
(P=0.001, 0.001). Each experiment was performed in triplicate and repeated three times. P values were calculated with two-tailed unpaired 
Student’s t test. 



www.aging-us.com 2611 AGING 

lower than the CENPF-NC+E2 group (P=0.000, 0.000, 
Figure 5G; Supplementary Figure 4E). Flow cytometry 
analysis showed that the percentage of cells in G2/M 
phase in CENPF-KD+E2 group was significantly 
reduced than CENPF-NC+E2 group in A549 and 
H1299 cells (P=0.001, 0.021, Figure 5H; 
Supplementary Figure 4G–4I). At the same time, the 
protein expression of CCND1, CDK2 and CDK4 in 
CENPF-KD+E2 group demonstrated a significant 
decrease (P=0.003, 0.008, 0.006, P=0.043, 0.004, 0.005, 
Figure 5I. The corresponding gray value are shown in 
Supplementary Figure 4F). 
 
The effect of CENPF knockdown on the expression of 
ERβ2/5 was examined in vitro in CENPF-NC and 
CENPF-KD groups. The protein expression of ERβ2/5 
in CENPF-KD group was significantly lower than the 
CENPF-NC group (PA549=0.013, 0.000; PH1299=0.006, 
0.002, Figure 5J; The corresponding gray value are 
shown in Supplementary Figure 5A). We further 
explored the effect of CENPF knockdown on the 
expression ERβ2/5 under the action of E2 and Ful in 
vitro. The results revealed that the protein expression of 
CENPF and ERβ2/5 in CENPF-KD+Ful group was 
significantly lower than CENPF-NC+Ful group 
(P=0.002, 0.004, 0.001, Figure 5K; The corresponding 
gray value are shown in Supplementary Figure 5C) in 
A549 cells. Similar results were obtained in stable 
CENPF-deficient cell line H1299 (P < 0.01, Figure 5J, 
5K; Supplementary Figure 5C). 
 
Knockdown of CENPF can inhibit ERβ2/5 pathway-
mediated tumor growth in vivo 
 
The tumor weight and size in the CENPF-KD group 
were lower than NC group (P<0.001, 0.001, Figure 6A–
6C). The results of immunohistochemistry also showed 
that the expression of CENPF and ERβ2/5 was 
significantly decreased in CENPF-KD group when 
compared to the NC group (P=0.000, 0.000, 0.000, 
Supplementary Figure 5D, 5E). 
 
In the lung cancer model of nude mice, tumor size and 
weight in the CENPF-KD+Ful group were significantly 
lowered than CENPF-NC+Ful group (P=0.001, 0.039, 
Figure 6D–6F; Supplementary Figure 5G). 
Immunohistochemistry staining demonstrated that the 
expression of CENPF and ERβ2/5 in CENPF-KD+E2 
group was significantly lower than that in CENPF-
NC+E2 group (P=0.000, 0.000, 0.000, Figure 6G, 6H). 
 
Similar to the in vitro experiments, the effect of CENPF 
knockdown on the expression of ERβ2/5 was examined 
in CENPF-NC and CENPF-KD groups, and examined 
under the action of E2 and Ful in vivo. The protein 
expression of CENPF and ERβ2/5 in CENPF-KD group 

was lower than CENPF-NC group in vivo (P=0.024, 
0.020, 0.003, Figure 6I; The corresponding gray value 
are shown in Supplementary Figure 5B). The protein 
expression of CENPF and ERβ2/5 was significantly 
decreased in CENPF-KD+Ful group when compared 
with CENPF-NC+Ful group in mice tumor tissues 
(P=0.020, 0.004, 0.002, Figure 6J; The corresponding 
gray value are shown in Supplementary Figure 5F). 
 
DISCUSSION 
 
Lung cancer is one of the most common malignancies 
and poses as a major health crisis globally. Targeted 
therapy for cell proliferation-related pathways and 
hormone therapy for lung cancer are considered 
important treatment modalities [17]. ER signaling 
pathways mainly included gene signaling and non-gene 
signaling pathways [18]. Among them, the gene 
signaling pathway involves the integration of estrogen 
with ER and the association with estrogen response 
element (ERE) to promote the recruitment of RNA 
polymerase II and regulate gene transcription. During 
this process, different combinations of synergistic 
activators determine the specificity of ER for activating 
the target genes [5]. Therefore, the key genes involved 
in TNM staging of LUAD in the four lung cancer 
datasets (GSE19804, GSE30219, GSE32863, 
GSE63459) were analyzed by the "WGCNA" R 
package (Figure 1A–1C; Supplementary Figure 1, 
Supplementary Table 1). Ultimately, CENPF was found 
by overlapping the key genes (Figure 1D–1G). 
 
High expression of CENPF was shown to correlate with 
the malignant progression and poor prognosis in 
patients with LUAD. Studies have shown that CENPF 
has been up-regulated in a variety of malignancies, 
including nasopharyngeal carcinoma, esophageal 
squamous cell carcinoma and prostate cancer [19–21]. 
The expression of CENPF in LUAD was detected by 
the Oncomine database. Similarly, RNA-Seq data 
showed high expression of CENPF in LUAD (Figure 
2A–2F, 2Q, 2R). This result was further confirmed by 
analyzing the expression of CENPF according to LUAD 
staging in the four datasets and in in vitro experiment 
(Figure 2I–2L; Figure 6G, 6H), indicating that high 
expression of CENPF in LUAD might be related with 
its occurrence. At the same time, studies have shown 
that CENPF mediates mitosis and cell proliferation [22]. 
The expression of CENPF and DNA content were 
significantly reduced (Figure 4I), and the cell 
proliferation was significantly decreased in stably 
CENPF-deficient LUAD cells (Figure 4C, 4D). These 
results indicated that low expression of CENPF 
inhibited proliferation of tumor cells in LUAD. Other 
studies showed that forkhead box M1 (FOXM1) and 
CENPF synergistically promoted malignant progression 
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Figure 5. Knockdown of CENPF inhibits proliferation, invasion and migration of LUAD cells via the ERβ2/5 pathway. (A) 
Immunofluorescence showed the co-localization of CENPF and ERβ in A549 and H1299 cells (400 x). (B) Cell proliferation assays of different 
grouped cells at specific times in A549 and H1299 cells. (C, D) Corresponding quantified histograms of migration and invasion in A549 and 
H1299 cells. The invasion and migration of cells in CENPF-KD+E2 group were significantly reduced when compared with CENPF-NC+E2 group. 
(E, F) Protein expression of MMP2, N-cadherin and E-cadherin in A549 and H1299 cells (The corresponding gray value are shown in 
Supplementary Figure 4B–4D): The expression of MMP2 and N-cadherin were significantly decreased in CENPF-KD+E2 group when compared 
with CENPF-NC+E2 group. (G) Scratch experiment showed that the migration of CENPF-KD+E2 group was significantly lower than CENPF-
NC+E2 group in A549 and H1299 cells (P=0.000, 0.000). (H) Corresponding quantified histograms of the A549 cells at different stages of the 
cell cycle (G1, S and G2/M). (I) Protein expression of CCND1, CDK2 and CDK4 in A549 and H1299 cells (The corresponding gray value are 
shown in Supplementary Figure 4F). *P < 0.05. (J) Knockdown of CENPF inhibited the expression of ERβ2/5 in vitro. (The corresponding gray 
value are shown in Supplementary Figure 5A). (K) Protein expression of CENPF, ERβ, ERβ1, ERβ2 and ERβ5 in vitro experiment after treated 
with E2 and Ful treatment (The corresponding gray value are shown in Supplementary Figure 5C). *P < 0.05. P values were calculated with 
two-tailed unpaired Student’s t-test, or one-way analysis of variance. 
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Figure 6. Knockdown of CENPF can inhibit ERβ2/5 pathway-mediated tumor tissue growth in vivo. (A) Pictures of mice tumor 
tissues after resection. (B, C) Analysis of tumor size and tumor weight. *P < 0.05. (D) Tumor images of nude mice. (E, F) Statistical analysis of 
tumor size and tumor weight. (G, H) Immunohistochemical analysis of the expression of CENPF, ERβ, ERβ2 and ERβ5 in nude mice tumor 
tissues and corresponding quantified histograms. (I) Knockdown of CENPF inhibited the expression of ERβ2/5. (The corresponding gray value 
are shown in Supplementary Figure 5B). (J) Protein expression of CENPF, ERβ, ERβ1, ERβ2 and ERβ5 in vivo experiment after treated with E2 
and Ful treatment (The corresponding gray value are shown in Supplementary Figure 5F). *P < 0.05. P values were calculated with two-tailed 
unpaired Student’s t-test, or one-way analysis of variance. 
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and poor prognosis of prostate cancer [9]. It has been 
reported that chicken ovalbumin upstream promoter-
transcription factor 2 (COUP-TFII) promoted 
metastasis of prostate cancer through signal 
transduction of FOXM1 and CENPF [19]. We 
speculated that the dysregulation of miRNA-COUP-
TFII-FOXM1-CENPF axis can be associated with 
malignant progression, poor prognosis and metastasis 
in LUAD. Our study revealed that LUAD cells 
showed a significant reduction in invasion and 
metastasis after CENPF knockdown (Figure 4E–4H). 
The expression of CENPF was significantly related to 
TNM staging of LUAD (Figure 2I–2L; Figure 3B, 
3C). In addition, based on the clinical data of LUAD 
patients obtained from GEPIA and TCGA, LUAD 
patients with high expression of CENPF was 
correlated to a poor prognosis (Figure 2N–2P). These 
results indicated that abnormal expression of CENPF 
was significantly associated with TNM staging, poor 
prognosis, and malignant metastasis of LUAD.  
 
In addition, our previous study reported that E2 
promoted the progression of lung cancer by binding to 
ERβ [23]. The biological effects of ERβ in E2 varies 
based on the targeted organ tumors, including breast, 
cervical, and prostate cancers [13, 24]. Our previous 
findings indicated that ERβ2/5 are expressed in lung 
cancer [12]. Our study results revealed that ERβ2/5 is 
also highly expressed in LUAD patients 
(Supplementary Figure 2B, 2D). In addition, ERβ2/5 
showed high positive association with the TNM staging 
of LUAD (Figure 3B, 3C).  
 
CENPF knockdown inhibited the progression of LUAD 
mediated by the ERβ2/5 pathway. High expression of 
CENPF and ERβ2/5 is associated with the development 
of LUAD. Invasion, migration and proliferation of 
LUAD cells in the CENPF-KD+E2 group showed 
significant reduction in vitro when compared to the 
CENPF-NC+E2 group (Figure 5C–5H, Supplementary 
Figure 4A–4F). In the in vitro system, the protein 
expression of ERβ2/5 in CENPF-KD+E2 group was 
significantly lower than CENPF-NC+E2 group (Figure 
5K; Supplementary Figure 5C). In order to eliminate the 
effects of endogenous estrogen due to gender 
differences, in vivo experiments were only conducted in 
male mice. Consistent with the in vitro experiment 
results, the expression of ERβ2/5 protein in CENPF-
KD+E2 group was significantly lower than that in 
CENPF-NC+E2 group (Figure 6J; Supplementary 
Figure 5F). From these results, we confirmed that the 
knockdown of CENPF inhibited the progression of 
LUAD mediated by ERβ2/5 pathway both in vitro and 
in vivo. This is another important point regarding the 
mechanism of CENPF, except for FOXM1 [9] and 
COUP-TFII [19]. 

Taken together, these findings indicated that both 
CENPF and ERβ2/5 are highly expressed in LUAD 
cells and their expression is associated with TNM 
staging and prognosis in LUAD patients. CENPF 
knockdown inhibited proliferation, invasion and 
metastasis of LUAD cells mediated by ERβ2/5 
pathway. Thus, the development of inhibitors against 
the ERβ2/5 subtypes and CENPF can have great 
therapeutic impact in LUAD. However, there are some 
shortcomings in this study that should be 
acknowledged. First, due to the large molecular weight 
of CENPF, plasmid construction can easily be created 
off target, thus LUAD cell lines expressing CENPF can 
be difficult to construct. Second, the number of 
specimen used for RNA-Seq is limited. These issues are 
key points that should be targeted for future studies. 
 
MATERIALS AND METHODS 
 
Tissue specimens of patient and cell culture 
 
This study was approved by the Ethics Review 
Committee of Wuhan University. Tissue specimens 
from 56 LUAD cases and 10 benign pulmonary lesions 
(BPL) cases who underwent surgery from April 2014 to 
July 2017 were collected for tissue chip. One pair of 
LUAD and peri-cancerous tissues were collected for 
RNA-Seq and three pairs of tissues for profiling protein 
were obtained from the Department of Thoracic and 
Cardiovascular Surgery, Zhongnan Hospital of Wuhan 
University. The tissue chip was customized by Shanghai 
Core Biotech Co., Ltd. [11]. The isolated tissue samples 
were immediately stored in liquid nitrogen and sent to 
Huada Gene (Beijing) for RNA-Seq analysis [4]. 
 
Human LUAD cell lines (A549, H1975, H1299 and PC-
9) were cultured in RPMI-1640 medium. Normal lung 
bronchial cells BEAS-2B cultured in DMEM medium 
were purchased from the Chinese Academy of Sciences 
cell bank. The medium contained 10% fetal bovine 
serum (FBS) and double antibody (Gibco, 15140-122).  
 
Lung cancer patient data set 
 
Training data sets (GSE19804, GSE30219, GSE32863, 
GSE63459) based on the Affymetrix platform 
(Affymetrix HG-U133 Plus 2.0 array and HG-U133A 
array) and corresponding clinical information were 
retrieved from the Gene Expression Omnibus. Two non-
small cell lung cancer (NSCLC) genome-wide expression 
profiles were extracted from GSE19804 (including 60 
paired tumors and normal tissues) and GSE30219 
(including 293 tumors and 14 non-tumor tissues). Two 
LUAD genome-wide expression profiles were extracted 
from GSE32863 (including 58 paired tumors and normal 
tissues) and GSE63459 (including 65 tumor tissues). 
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Analysis and verification of hub gene 
 
The data sets of GSE19804, GSE30219, GSE32863 and 
GSE63459 were used to construct co-expression 
networks and clinical functioning related modules. The 
genes were screened according to the false discovery 
rate (FDR) <0.05 and | log2 fold change (FC) |> 1.5. 
Next, a weighted gene co-expression network analysis 
(WGCNA) package was used to construct a co-
expression network [25, 26]. Finally, the hub gene was 
selected based on the degree of centrality using the 
Venn diagram to obtain key genes. 
 
The raw data of RNA-Seq was subjected to quality 
control, and then mapped with STAR [27] to obtain 
differential genes. The screening criteria for differential 
genes were abs(log2FC) > 1 and p value < 0.05. 
 
The Oncomine, Gene Expression Profiling Interactive 
Analysis (GEPIA) and clinical data from The Cancer 
Genome Atlas (TCGA) database were used to verify the 
expression, progression and prognosis of hub gene.  
 
Immunohistochemistry 
 
The detailed steps for conducting immunohistochemistry 
was described previously [11]. CENPF (ab5) and ERβ 
(ab3576) were purchased from Abcam. ERβ1 
(MCA1974ST), ERβ2 (MCA2279GT) and ERβ5 
(MCA4676T) were purchased from AbDSerotec. The 
specificity of the above antibodies was confirmed by 
numerous laboratories including ours [11, 28]. 
Immunohistochemical method to analyze the optical 
density was calculated by Image-Pro Plus software. 
 
Western blotting 
 
Detailed western blotting analysis has been done as 
described previously [29]. E-cadherin (3195), N-
cadherin (13116), MMP2 (40994), CDK2 (2546), 
CDK4 (12790) and β-actin (4970) were purchased from 
Cell Signaling Technology. CCND1 (60186-1-Ig) and 
GADPH (1E6D9) were obtained from Proteintech. The 
specificity of the above antibodies was verified by 
numerous laboratories including ours [11, 19, 30]. 
 
Reverse transcription and quantitative real-time 
PCR (RT-qPCR) 
 
Specific experimental methods were shown in our 
previously published study [6]. Primers were designed 
based on CENPF mRNA sequence in GenBank. The 
primers used were as follows: CENPF, 3- CTCTCCC 
GTCAACAGCGTTC; CENPF, 5- GTTGTGCATATT 
CTTGGCTTGC. Data was analyzed using 2-ΔΔCt 

method. GAPDH, Forward Primer: GGTGA AGGTC 

GGAGT CAACG; GAPDH, Reverse Primer: CAAAG 
TTGTC ATGGA TGHACC. 
 
Cell culture experiment 
 
The sense sequence of CENPF knockdown (KD) and 
negative control (NC) were integrated into the pWSLV-
sh08-GFP vector for transfection of A549 and H1299 
cells. The stable CENPF-deficient A549 and H1299 
cells were immunofluorescently labeled with anti-
CENPF and anti-ERβ [31]. Cell apoptosis assay was 
conducted using TdT-mediated dUTP-biotin nick end 
labeling test (TUNEL, Roche Applied Science, 
Germany) according to the manufacturer's instructions 
[32]. MTT [33], invasion, migration, scratch and cell 
cycle experiments were used to evaluate the effects of 
LV-CENPF sh and LV-NC on the biological function of 
A549 and H1299 cells [34, 35]. 
 
Xenograft mouse model 
 
Male nude mice were obtained from Beijing HFK 
Bioscience Co., Ltd., China. Mice were housed in 
specific-pathogen free environment for one week, and 
then were subcutaneously injected with 100 μL of 8x106 
LV-CENPF sh or LV-NC cells. Tumor size was 
measured every three days (tumor size = length ×  
width2 × 0.5 mm3). When the tumor size has reached 
80-120 mm3, the mice were injected with E2 (0.036 
mg/ml, purity 98%, Sigma) or fulvestrant (Ful, 0.800 
mg/ml, Sigma) subcutaneously twice a week (6 weeks) 
[11]. All mice were then sacrificed on day 45, wherein 
the xenograft tumors were harvested and the tumor 
weight and size were measured [36]. Tumor tissues 
were fixed in 4% paraformaldehyde or frozen with 
liquid nitrogen and stored at -80° C. 
 
Data analysis 
 
Data are expressed as means ± SD. All analyses were 
performed at least thrice and the representative data were 
obtained from three independent experiments. Two-tailed 
Student's t-test was used to assess significant differences 
between the groups. The effect of LV-CENPF sh and LV-
NC on the biological function of A549 and H1299 cells, 
the expression of key signaling molecules, 
immunohistochemistry results in tissue microarray and in 
vivo experiments were analyzed by one-way analysis of 
variance. Statistical analysis was performed using SPSS 
22.0 software (SPSS Inc., Chicago, IL). P<0.05 was 
considered to be statistically significant. 
 
Abbreviations 
 
ER: Estrogen receptors; AP-1: Activator protein 1; SP-
1: Specificity protein 1 ; IL-6: Interleukin 6; EGF: 
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Epidermal growth factor; CENPF: centromere protein 
F; LUAD: lung adenocarcinoma; BPL: benign 
pulmonary lesions; FBS: fetal bovine serum; FDR: false 
discovery rate; FC: fold change; WGCNA: weighted 
gene co-expression network analysis; GEPIA: Gene 
Expression Profiling Interactive Analysis; TCGA: The 
Cancer Genome Atlas; KD: knockdown; NC: negative 
control; ERE: estrogen response element. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 
 

 
 
 

 

 
 

Supplementary Figure 1. WGCNA analysis and determination of the CENPF gene. (A, D, G) Dendrogram of all differentially 
expressed genes clustered based on a dissimilarity measure (1-TOM) (GSE30219, GSE32863, GSE63459). (B, E, H) Heat maps and distribution 
of differential genes for different modules related to NSCLC staging (GSE30219) and LUAD staging (GSE32863, GSE63459). (C, F, I) Analysis of 
the scale-free fit index for various soft-thresholding power (β) and analysis of the mean connectivity for various soft-thresholding power 
(GSE30219, GSE32863, GSE63459). 
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Supplementary Figure 2. (A–D) Expression of ERβ, ERβ1, ERβ2 and ERβ5 in benign lung lesions (i) and different TNM staging of LUAD (ii=I 
stage, iii=II stage, iv=III stage). The magnification of each slice is 40×, 100×, 200× in order. 
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Supplementary Figure 3. Knockdown of CENPF inhibits the biological effects of LUAD cells. (A) The protein level of CENPF in A549 
and H1299 cell lines were higher than in normal cell lines BEAS-2B and other LUAD cells. GAPDH served as the internal control. *P < 0.05 vs 
other cells. (B) mRNA expression of CENPF in different cell lines. *P < 0.05 vs other cells. (C) Representative cellular immunofluorescence 
images after transfection of CENPF (200×). Green stands for CENPF and blue stands for DAPI. (D) Representative Ki67 staining (green) shows 
cell proliferation of LUAD cells after CENPF-NC or KD treatment (200x). The nuclei were counterstained with DAPI (blue). (E, F) Migration 
assays and invasion assays revealed that CENPF-KD decreased cell migration and invasion abilities of A549 and H1299. (G, H) Corresponding 
gray value analysis showed that the related protein E-cadherin was significantly increased (P=0.009, Figure 4F), and N-cadherin and MMP2 
were significantly decreased when compared with NC group (P=0.004, 0.012) of N-cadherin, E-cadherin and MMP2 in A549 and H1299 cells. 
(I) Representative scratched pictures of A549 and H1299 cells. (J–L) Percentage of CENPF-KD cells H1299 at different stages of the cell cycle 
(G1, S and G2/M) and corresponding quantified histograms of A549 and H1299. (M) Corresponding gray value analysis showed that the 
expression of CCND1, CDK2 and CDK4 was significantly lowered in CENPF-KD group (P=0.022, 0.001, 0.002). (N) Representative TUNEL 
staining (green) shows (200x). P values were calculated with two-tailed unpaired Student’s t-test, or one-way analysis of variance. 
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Supplementary Figure 4. Knockdown of CENPF inhibits proliferation, invasion and migration of LUAD cells via the ERβ2/5 
pathway. (A) Migration and invasion pictures of A549 and H1299 cells. (B–D) Corresponding quantified histograms of MMP2, N-cadherin 
and E-cadherin in A549 and H1299 cells. (E) Representative scratched images of A549 and H1299 cells. (F) Corresponding quantified 
histograms of CCND1, CDK2 and CDK4 in A549 and H1299. *P < 0.05. (G–I) Percentage of the A549 cells and H1299 cells at different stages of 
the cell cycle (G1, S and G2/M) and corresponding quantified histograms. P values were calculated with two-tailed unpaired Student’s t-test, 
or one-way analysis of variance. 
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Supplementary Figure 5. Knockdown of CENPF can inhibit the expression of ERβ2/5 in vitro and in vivo. (A, B) Corresponding 
gray value analysis showed that knockdown of CENPF inhibited the expression of ERβ2/5 in vitro and in vivo experiment. (C) Corresponding 
gray value analysis of CENPF, ERβ, ERβ1, ERβ2 and ERβ5 in vitro experiment after treated with E2 and Ful treatment. (D, E) 
Immunohistochemical analysis of CENPF, ERβ, ERβ2 and ERβ5 expression in nude mice tumor tissues and corresponding quantitative 
histograms. *P < 0.05. (F) Corresponding gray value analysis of CENPF, ERβ, ERβ1, ERβ2 and ERβ5 in vivo experiment after treated with E2 and 
Ful treatment. (G) Pictures of nude mice sacrificed at 45 days. *P < 0.05. P values were calculated with two-tailed unpaired Student’s t-test, 
or one-way analysis of variance. 
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Supplementary Table 
 
 
Supplementary Table 1. Genes in key modules. 

Hub module Genes 
Brown  
Module 
(GSE19804) 
(n=185) 

 CTHRC1 ARHGAP31 CST1 SUGCT SORD PCLAF TNS1 TNPO1
 PAICS CDCA7 LAMP3 MDK SFXN1 COMP TFAP2A SULF1
 IGSF9 GJB2 P3H4 UHRF1 CST2 CTTN MMP12 ATOH8
 DNAH14 NMU PGM2L1 SLC39A8 AQP4 GPX3 CDCA3 SLC46A2
 PEBP4 MS4A15 SOX4 GREM1 KLF9 HSPB8 JPT1 ANP32E
 TENM4 SRPX2 RUNX2 CST4 CPB2 SCG5 E2F8 CENPU
 ACACB VEPH1 SLC2A1 LRRC15 PCDH7 FIGNL1 MXRA5 MND1
 THY1 ADAM12 ADGRD1 FAM199X CCDC34 SHCBP1 MKI67 MFAP2
 TRIM59 LRRK2 IQGAP3 FHL2 CILP2 DEPDC1 ABCA3 LAMP5
 FAP SLC2A5 PLAU PCP4 PLPP4 SFTA1P IGF2BP3 DIO2
 KNL1 GPX8 FNDC1 CACNA2D2 DEPDC1B DEPDC7 PRR11 VCAN
 PLLP CYP4B1 HOXB7 HLF WISP1 HOXA10 HSD17B6 FUT9
 GPR87 CILP CEMIP SUSD2 SCGB3A2 CDK1 BUB1 CCNB1
 CCNB2 MAD2L1 CDC20 TOP2A CCNA2 KIF11 BUB1B DLGAP5
 KIF2C KIF20A AURKA NDC80 CENPF NUSAP1 BIRC5 NCAPG
 PRC1 TPX2 UBE2C NUF2 TTK ZWINT RRM2 MELK
 CDKN3 PTTG1 CENPK CHEK1 NEK2 MCM4 ASPM MCM2
 PBK KIF4A CEP55 FOXM1 KIF15 COL1A1 ANLN COL1A2
 COL10A1 COL11A1 COL3A1 COL5A2 COL5A1 COL8A2 PLOD2 TYMS
 KIF14 ORC6 HMMR KIF26B GMNN FEN1 MMP1 FBXO32
 GINS1 GINS2 GTSE1 ZBTB16 RMI2 UBE2T ITGA11 BRIP1
 EZH2 CCNE2 PSAT1 PAFAH1B3 MMP11 THBS2 NME1 STIL
 PSPH FANCI MMP13 ADAMTS12 ECT2 IGFBP3 SFTPD PLA2G1B
 SFTPB  

Turquoise 
module 
(GSE30219) 
(n=413) 

 GPD1 BTNL9 SCARA5 PLAC9 GDF10 HSPB6 FHL1 DAPK2
 TNPO1 FAM189A2 PGR ANKRD29 DLC1 EMCN ABCA8 PDE2A
 CSRNP1 ARHGAP6 LOC100506990 PSMD6-AS2 FHL5 PGM5 NOSTRIN FILIP1
 LTBP4 SPATA13 STARD13 RUFY2 TNS2 PREX2 CFAP70 SYNPO2
 GPX3 IFT57 PCLAF JCAD VEPH1 ATAD2 CX3CR1 PALMD
 ADIRF RBP4 PLPP3 HBB VAPA CDCA3 FRY ATOH8
 TGFBR3 SELENOI VSIG2 CTHRC1 FAM199X SRD5A1 HIGD1B CAB39L
 CDH19 IL33 HMGB3 NR4A1 DIXDC1 NR4A3 MAGI2-AS3
 ARHGAP44 PLSCR4 ATP5S COX7A1 UHRF1 SHC3 HLF 2-Mar
 DEPDC1 RNF125 CDO1 HMGB3P1 CKAP2 MMP12 SPARCL1 NDRG2
 FAM13C NETO2 AUNIP NTN4 KNSTRN MKI67 DNAH14 PSAT1
 THY1 E2F8 KNL1 DSP SPAG5 CRIM1 SIX4
 PRICKLE2 FIGNL1 RAI2 CCDC34 C1orf112 PIMREG WFDC1 TMPO
 CENPU CDCA2 DEPDC1B SPP1 METTL7A HELLS CDCA7 FAM162B
 ECE2 CNRIP1 SAMD4A HYAL1 ESRP1 NEBL AFF3 PDK1
 GRAMD2A DONSON SGO2 IQGAP3 MYRF CACNA2D2 RAB11FIP1 CYS1
 CKAP2L PARPBP ADAM12 PRR11 PDK4 KL ABCA3 MLLT11
 COCH NDC1 DUXAP10 MT1M PPP1R3C EPB41L5 SULF1 RERG
 TRIM59 MDK CGNL1 ARNTL2 ZNF367 NEIL3 RNASE4 8-Sep
 GGH ADGRD1 KCNE1 SLC12A8 IGSF9 TMEM125 SLC7A5 NEGR1
 CPB2 NR4A2 ID4 IGF2BP3 SLC2A5 CA2 FAXDC2
 CAMK2N1 PFN2 WASF1 LOXL2 RPL39L CTSV PID1 MEST
 CABYR MTFR2 BCL11A CDK5R1 CDHR3 C12orf56 MACROD2 CHRNA5
 FAM83D CRABP2 WISP1 NR3C2 HOXA10 ADAMDEC1 PI15 APOD
 SLC22A3 PRAME WDR72 TMEM158 FAP ZIC2 APOBEC3B FNDC1
 DNALI1 HOXD10 ATP8A1 DLX6 MLPH CNTNAP2 MAGEA6 CAPN8
 HOXC6 DLX5 HES6 HORMAD1 AQP3 MAGEA12 MAGEA1 TSPAN8
 MS4A8 LGSN CALB1 CDK1 CCNB1 CCNB2 BUB1 CDC20
 MAD2L1 PLK1 AURKB CCNA2 CENPE CDCA8 KIF2C BUB1B
 NDC80 TOP2A BIRC5 KIF11 CENPF KIF18A CENPL CENPH
 CENPN CENPI CENPK KIF20A NUF2 ESPL1 DLGAP5 KIF23
 AURKA ZWINT CDCA5 ZWILCH KNTC1 SPC25 SKA1 PRC1
 UBE2C CHEK1 NCAPG TPX2 HIST1H2BD HIST1H2BH RACGAP1 TTK
 MCM4 NUSAP1 CDC45 CDC6 MCM2 RFC4 RRM2 POLE2
 PTTG1 CDKN3 ASPM KIF4A MELK SMC2 CDT1 FOXM1
 ORC6 SMC4 NEK2 KIF15 MCM8 CDC25A SKP2 PBK
 CEP55 MCM10 RAD51 ANLN PIK3R1 HJURP OIP5 CENPW
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 KIF18B GMNN KIF26B DBF4 TYMS NCAPG2 EXO1 CCNE1
 ITGA1 NUP155 KIF14 RMI2 FEN1 NCAPH BRIP1 CDC25C
 AGTR1 HMMR TIMELESS COL1A1 CKS1B UBE2S MYBL2 COL1A2
 CKS2 COL5A2 PLOD2 LMO7 ADRB2 ZBTB16 ARRB1 GINS2
 CCNE2 RAD51AP1 RNF144B EZH2 FOS NR3C1 LMNB1 COL3A1
 CBX2 COL10A1 COL11A1 FBXO5 MMP1 NMU CTTN DTL
 EPAS1 GINS1 ECT2 GTSE1 AR SYT1 SSTR1 GAL
 UBE2T MND1 P2RY14 CITED2 LPL SERPINA1 VIPR1 RAMP2
 NME1 RAP1A CLU AOX1 MYH11 KPNA2 DUSP1 SORBS1
 FANCI CBX7 CERS6 ASF1B NME5 SHCBP1 ALDH2 E2F7
 SGMS2 TRIP13 MAOB TFAP2A MMP9 MAOA SCNN1B FXYD1
 LRRFIP1 SHANK3 GRIA1 ATP1A2 PAICS PPAT PRKCE
 PAFAH1B3 SUV39H2 FGFR4 GATA2 SCN4B TPD52 PLA2G1B
 ADAMTSL3 TSC22D3 MMP11 TK1 GREM1 RAD54B RNASEH2A LMNB2
 SLC2A1 IGFBP3 DSCC1 STIL PGF THBS2 EGLN3 BMP2
 CDKN2A HMGA2 
 

Yellow 
module 
(GSE32863) 
(n=79) 

 CACNA2D2 UHRF1 UBE2T Pfs2 C9orf140 CDC45L PGC
 MGC24665 C17orf53 ECT2 C1QTNF6 SLPI CDCA7 SUSD2 WDR51A
 A2M HES6 PGCP PTTG3 HDC LEPREL1 FLRT3 TBX2
 NMU SCG5 RPL39L SELENBP1 ZNF533 SCGB3A2 RNASE1 VSIG2
 TRIP13 FOLR1 ANG KCNK12 C4BPA IGJ PCP4 TUBB2B
 AGR3 SCGB3A1 TOP2A CCNB2 CDC20 AURKB AURKA CDCA8
 UBE2C KIF20A TPX2 BIRC5 PRC1 NUSAP1 CENPF PTTG1
 MCM2 NEK2 CDCA5 TYMS MCM4 MELK ASPM NUP155
 TUBG1 FEN1 TIMELESS CCNF KIFC1 KIF1A STIL TK1
 H2AFX KIAA0101 ALDH2 E2F2 SFTPD CCNE1 MAOA SFTPB 

Yellow 
module 
(GSE63459) 
(n=160) 

 ADRB2 MARCKSL1 CES1 IDH2 CSTF2 PSAT1 C6orf125 NOSTRIN
 KIAA0859 ST6GALNAC6 STOM PLA2G4F WFS1 MAL XPO5
 SAP18 TNFSF12 MTA3 MGC13170 NARF SLC2A1 C17orf53 CALM1
 GSN CDC45L MOCS1 ALG8 TSPAN4 C1orf112 TLE4 EDNRA
 C6orf129 IFT57 WDR51A CIRBP AHCY TMEM132A C20orf20
 MGC24665 MS4A2 GDDR TPSAB1 HMGA1 BOLA2 ECRG4 FLJ40629
 HCAP-G CABYR PCCB NUDT1 GPR116 PLOD1 C9orf140 SUSD2
 NCALD SLPI C20orf24 ABCA3 VSIG2 PTTG3 KLF2 DLG7
 TROAP PGCP TMEM106C CPA3 SFTPD MSN DLC1
 DKFZp762E1312 SELENBP1 CDC2 NR3C2 HES6 C16orf60 RAFTLIN C18orf56
 C1orf116 RPS6KA2 HLA-DRB6 CTSH RNASE1 IGF2BP3 FOXA2 BUB1
 CCNB2 CCNA2 CDC20 AURKB TOP2A CDCA8 AURKA KIF11
 CENPF KIF2C KIF20A TPX2 BIRC5 PRC1 CHEK1 NUSAP1
 UBE2C CENPM MCM3 MCM4 MCM2 RFC4 KNTC1 CDCA5
 SPC24 PTTG1 RCC2 TTK CDKN3 NEK2 PLK4 MCM7
 MELK CEP55 FOXM1 ASPM TYMS MCM6 E2F3 FEN1
 HMMR TIMELESS MCM10 ANLN CDK4 E2F2 EXO1 TUBG1
 CKS1B CCNE1 CCNF EZH2 RAB3IP KIAA0101 RAD51AP1 POLQ
 OIP5 SHMT2 UBE2T TK1 STIL CBX2 ALDH2 PAICS
 CCT3 GAPDH APOA1BP MRPL12 CD59 RPL34 MRPS17 RPL39L
 TRIP13 MAOA FOLR1 

 


