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Abstract: The forkhead box (FOX) transcription factor protein family is responsible for a wide range of 

biological activities, especially in development and cell differentiation. The highly conserved gene family 

span from worms to mammals, and has at least 41 members in the human genome. By analyzing data from 

The Cancer Genome Atlas (TCGA), this study examined the correlation of expression between each human 

FOX members in 31 types of cancer cells in the form of heatmaps and scatterplots. The primary goal was to 

identify significant correlations between certain FOX family members and different types of cancers. The 

study identified a close expressional correlation between FOXC2 and FOXL1 genes, which exists within a 

cluster at 16q24.1. Other significant relations in particular types of tumor tissues were also noted. 
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1. Introduction 

The forkhead box (FOX) transcription factor family can be identified by their common DNA-binding 

domain named “forkhead box” or “winged helix”. Despite this common feature, members of the FOX family 

serve distinct biological functions. These members have been found to be responsible for functions such as 

cell differentiation, apoptosis and cell cycle regulation. Therefore, unregulated expression of FOX family 

members inevitably lead to the possibility of oncogenesis [1].  

The amplification, point mutation, or translocation of the FOX family members is often observed in 

numerous types of cancers. Along with more sequenced whole genome data of cancers, more and more 

researchers have explored the role of FOX abnormalities in carcinogenesis [2]. 

In 2004, Katoh et al found gene clusters of the FOX family, which include FOXE3-FOXD2 locus, 

FOXQ1-FOXF2-FOXC1 locus, and FOXF1-FOXC2-FOXL1 locus. These clusters may indicate relationships in 

terms of expression in various cancer cells [3]. 

Other relationships may also exist outside the structural clusters. In light of the above discoveries, this 

study aimed to identify significant correlations of expression between FOX genes in cancer cells. 

2. Methods 

Forty-one known human FOX gene family members’ (Table 1)expressional level (RSEM, RNA-Seq by 

Expectation-Maximization, value) data from 31 types of cancer (Table 2) were acquired from The Cancer 

Genome Atlas (TCGA) (cancergenome.nih.gov) provisional study via cBioPortal (www.cbioportal.org) [4], 

[5]. 
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Table 1. Tested FOX Gene Family Members 

Symbol Name GeneID Cytoband UniProt 

FOXA1 forkhead box A1 3169 14q21.1 P55317 

FOXA2 forkhead box A2 3170 20p11 Q9Y261|B0ZTD4 

FOXA3 forkhead box A3 3171 19q13.32 P55318|A0A024R0R3 

FOXB1 forkhead box B1 27023 15q22.2 Q99853 

FOXB2 forkhead box B2 442425 9q21.2 Q5VYV0 

FOXC1 forkhead box C1 2296 6p25 Q12948|W6CJ52 

FOXC2 forkhead box C2 2303 16q24.1 Q99958 

FOXD1 forkhead box D1 2297 5q13.2 Q16676 

FOXD2 forkhead box D2 2306 1p34-p32 O60548 

FOXD3 forkhead box D3 27022 1p31.3 Q9UJU5 

FOXD4 forkhead box D4 2298 9p24.3 Q12950 

FOXE1 forkhead box E1 2304 9q22 O00358 

FOXE3 forkhead box E3 2301 1p32 Q13461|A0A0A1EII5 

FOXF1 forkhead box F1 2294 16q24 Q12946 

FOXF2 forkhead box F2 2295 6p25.3 Q12947 

FOXG1 forkhead box G1 2290/2291 14q13 P55316 

FOXH1 forkhead box H1 8928 8q24.3 O75593 

FOXI1 forkhead box I1 2299 5q34 Q12951|E0XEN6 

FOXJ1 forkhead box J1 2302 17q25.1 Q92949|A0A024R8P1 

FOXJ2 forkhead box J2 55810 12p13.31 Q9P0K8 

FOXJ3 forkhead box J3 22887 1p34.2 Q9UPW0 

FOXK1 forkhead box K1 221937 7p22.1 P85037 

FOXK2 forkhead box K2 3607 17q25 Q01167 

FOXL1 forkhead box L1 2300 16q24 Q12952|Q498Y4 

FOXL2 forkhead box L2 668 3q23 P58012|Q53ZD3 

FOXM1 forkhead box M1 2305 12p13 Q08050|Q53Y49|A8K591 

FOXN1 forkhead box N1 8456 17q11.2 O15353 

FOXN2 forkhead box N2 3344 2p22-p16 P32314 

FOXN3 forkhead box N3 1112 14q31.3 O00409|A0A024R6I1 

FOXN4 forkhead box N4 121643 12q24.11 Q96NZ1|A6H901 

FOXO1 forkhead box O1 2308 13q14.1 Q12778 

FOXO3 forkhead box O3 2309 6q21 O43524 

FOXO4 forkhead box O4 4303 Xq13.1 P98177 

FOXP1 forkhead box P1 27086 3p14.1 Q9H334|Q548T7|A0A0B4J2F3|Q8TEA2|A0A087X299|E9PFD3|Q8N2P0 

FOXP2 forkhead box P2 93986 7q31 O15409|Q8N6B5|X5D2H2|B7ZLK5|Q8N6B6 

FOXP3 forkhead box P3 50943 Xp11.23 Q9BZS1|B7ZLG1 

FOXP4 forkhead box P4 116113 6p21.1 Q8IVH2 

FOXQ1 forkhead box Q1 94234 6p25 Q9C009 

FOXR1 forkhead box R1 283150 11q23.3 Q6PIV2 

FOXR2 forkhead box R2 139628 Xp11.21 Q6PJQ5 

FOXS1 forkhead box S1 2307 20q11.21 O43638 

 

The specific list of researched genes and cancer tissues is shown in Table 2. The Spearman’s rank 

correlation coefficient (ρ value) between each two members of the FOX family in every type of cancer was 

calculated, and visualized in forms of heatmaps and scatterplots. To further identify significant 

relationships between FOX genes, the cases for the top five Spearman’s rank correlation coefficient (ρ >0.5) 
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were listed. Significant anti-correlation was also identified in the study.  

3. Results 

3.1. Identification of Expressional Correlation between FOX Members 

The study produced 31 heatmaps displaying the spearman correlation between each pairs of FOX 

members in every studied TCGA sample groups. As an example, Fig. 1 is the heatmap for testicular germ cell 

cancer samples, which display the most significant correlations among all samples. When looking at 

individual gene pairs, the correlation coefficient between FOXC2 and FOXL1 was greater than 0.5 in 22 of 

the 31 cases, showing the most significant relationship. Three other pairs are also notable: FOXF1-FOXF2, 

FOXF2-FOXL1, 

 
Table 2. Used TCGA Sequencing Samples 

Project Name Number of samples Disease full name 

ACC 79 adrenocortical carcinoma 

BLCA 408 bladder urothelial carcinoma 

BRCA 1100 breast invasive carcinoma 

CESC 306 
cervical squamous cell carcinoma and 
endocervical adenocarcinoma 

CHOL 36 cholangiocarcinoma 

COADREAD 382 colorectal adenocarcinoma 

DLBC 48 
lymphoid neoplasm diffuse large B-cell 
lymphoma 

ESCA 185 esophageal carcinoma 

GBM 166 glioblastoma multiforme 

HNSC 522 head and neck squamous cell carcinoma 

KICH 66 kidney chromophobe 

KIRC 534 kidney renal clear cell carcinoma 

KIRP 291 kidney renal papillary cell carcinoma 

LAML 173 acute myeloid leukemia 

LGG 530 brain lower grade glioma 

LIHC 373 liver hepatocellular carcinoma 

LUAD 517 lung adenocarcinoma 

LUSC 501 lung squamous cell carcinoma 

OV 307 ovarian serous cystadenocarcinoma 

PAAD 179 pancreatic adenocarcinoma 

PCPG 184 pheochromocytoma and paraganglioma 

PRAD 498 prostate adenocarcinoma 

SARC 263 sarcoma 

SKCM 472 skin cutaneous melanoma 

STAD 415 stomach adenocarcinoma 

TGCT 156 testicular germ cell tumors 

THCA 509 lung squamous cell carcinoma 

THYM 120 thymoma 

UCEC 177 uterine corpus endometrial carcinoma 

UCS 57 uterine carcinosarcoma 

UVM 80 uveal melanoma 

 
FOXF2-FOXS1, each displaying a coefficient greater than 0.5 in 10 of the 31 cases. The overall top five 

expression correlations are identified here as well, which include: FOXF1-FOXF2 in colorectal 
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adenocarcinoma (ρ≈0.837), FOXJ1-FOXP4 in testicular germ cell cancer (ρ≈0.826), FOXN1-FOXE1 in 

esophageal carcinoma (ρ≈0.811),FOXC2-FOXF2 in testicular germ cell cancer (ρ≈0.806) and FOXC1-FOXD1 

in uveal melanoma (ρ≈0.799). In the clustered gene member pairs, particularly, FOXC2-FOXL1 displayed an 

overall significant relationship among various cancers (Fig. 2). Meanwhile, 5 other pairs showing negative 

relationship were identified. FOXN2-FOXP4 in testicular germ cell tumors (ρ≈-0.736), FOXJ1-FOXN2 in 

testicular germ cell tumors (ρ≈-0.715), FOXA3-FOXE1 in esophageal carcinoma (ρ≈-0.700), FOXM1-FOXO1 

in thymoma (ρ≈-0.694) and FOXN2 -FOXP4 in uveal melanoma  (ρ≈-0.687). 

 

 
Fig. 1. The correlation heatmap for testicular germ cell cancer samples. 

 

Both rows and columns represent the members of FOX family. Color grids represent the Spearman 

correlation coefficient between each pair of FOX members. Red indicates positive correlation, blue indicates 

negative correlation. The figure indicates that many FOX members possess expressional relationship in this 

particular type of cancer. 

 

 
Fig. 2. The Spearman correlation coefficient in between members that exists in the same gene cluster in all 

tested cancer types. 
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3.2. The FOXC2-FOXL1 Relationship 

Among all tested cluster pairs, only FOXC2 and FOXL1 displayed a very close positive relationship. Their 

expressions were positively related in all studies. The Spearman’s rank correlation coefficient (ρ value) in 

this pair was greater than 0.7 in 6 types of tumor samples (KICH, LUSC, PCPG, TGCT, UCS, KIRC). The 

coefficient was higher than 0.5 in 22 out of 31 tumor types. The top 4 cases for this correlation are listed in 

scatterplots below (Fig. 3). The p values of each correlation were also calculated, however, some values 

were too small to be accurate, so the p value is shown as <2.2e-16. 

 

 
Fig. 3. Selected FOXC2-FOXL1 relationship scatterplots.  

 

A. FOXC2 and FOXL1 showed positive correlation in lung squamous cell carcinoma, ρ ≈ 0.773, p 

value<2.2e-16. B. FOXC2 and FOXL1 showed positive correlation in testicular germ cell cancer, ρ ≈ 0.742, p 

value=1.66e-28. C. FOXC2 and FOXL1 showed positive correlation in pheochromocytoma and 

paraganglioma, ρ ≈ 0.752, p value<2.2e-16. D. FOXC2 and FOXL1 showed positive correlation in kidney 

chromophobe cell carcinoma, ρ ≈ 0.789, p value = 3.815e-15. 

3.3. Other Positive Relationships 

The analysis in this study also identified notable correlations between members that are not located in 

the same clusters. FOXF2 is located outside the FOXF1-FOXC2-FOXL1 cluster, but has showed significant 

correlation with FOXF1 in colorectal adenocarcinoma. Similarly, FOXF2 showed strong correlation with 

FOXC2 in testicular germ cell cancer (Fig. 4).  

3.4. Negative Relationships 

FOXA3 and FOXE1 exhibited a very strong negative correlation in esophageal carcinoma in scatterplot 

(ρ≈-0.700) (Fig. 5), while FOXN2-FOXP4 also showed significant negative correlation in testicular germ cell 

tumors (ρ≈-0.736), and in uveal melanoma (ρ≈-0.687). The other two notable negative correlations are 

FOXM1 and FOXO1 in thymoma (ρ≈-0.694); and FOXJ1 and FOXN2 in testicular germ cell cancer (ρ≈-0.715) 

(Fig. 6) These findings indicates that any of these members may down regulate the other in the correlation. 

Like the positive relationships, future research should examine the exact relationship between FOX family 
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members, and may provide new possibilities for gene treatment for cancer. 

 

 
Fig. 4. Selected top positive relationships in scatterplots.  

 

A. FOXF1 and FOXF2 showed significant positive correlation in colorectal adenocarcinoma, ρ ≈ 0.837, p 

value<2.2e-16. B. FOXC2 and FOXF2 showed positive correlation in testicular germ cell cancer, ρ ≈ 0.806. p 

value=4.06e-40. 

 

 
Fig. 5. FOXA3 and FOXE1 display a significant negative correlation in esophageal carcinoma, especially at 

high expressional levels (ρ ≈-0.700). p value=1.33e-28. 

 

 
Fig. 6. Other notable negative relationships in scatterplots.  
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A. FOXN2 and FOXP4 showed negative correlation in uveal melanoma (ρ ≈-0.687 ). p value<2.2e-16. B. 

FOXN2 and FOXP4 showed negative correlation in testicular germ cell cancer(ρ ≈-0.736 ) p value<2.2e-16. C. 

FOXM1 and FOXO1 showed negative correlation in thymoma (ρ ≈-0.694 ) p value<2.2e-16. D. FOXN2 and 

FOXJ1 showed negative correlation in testicular germ cell cancer (ρ ≈-0.715 ) p value=1.01e-25. 

4. Discussion 

FOXC2 is involved in making critical proteins in the formation of organs and tissues before birth, such as 

the lungs, eyes, kidneys, cardiovascular and lymphatic systems. Insertions or deletions of FOXC2 sequence 

most commonly cause Lymphedema Distichiasis Syndrome [6] FOXC2 also down regulates cell-to-cell 

adhesion in cancer tissues, therefore increasing the possibility for cancer metastasis in malignant cancer [7]. 

FOXL1 has been identified as tumor suppressor responsible for the development of gastrointestinal tract. 

Low FOXL1 expressions tend to increase depth of invasion, lymph node metastasis, and distant metastasis 

[8]. As mentioned before, FOXC2 and FOXL1 exist in the same cluster together with FOXF1 at 16q24.1 [9]. 

The results noted in this study may be explained by their close physical relationship, as any frameshift 

mutation caused by insertion or deletion could affect both genes. However, other clusters identified by 

previous studies have not resulted in such significant correlations. Therefore, being inside a cluster does not 

necessarily indicate close expressional relationship. More experiments regarding this phenomenon would 

allow for a better understanding of how exactly these two genes interact with each other. Confirmations of 

the findings of this study, as well as other tumor-specific relationships may also provide alternatives on 

targeting genes for cancer treatment or for prognosis based on known gene functions of the FOX family 

members. The other pairs in the clusters did not show strong correlations, which may suggest that physical 

location may not be the primary reason for expression correlation. 
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