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Forkhead box (FOX) transcription factors play a crucial role in the regulation of many diseases, being an evolutionarily conserved superfamily of transcription factors. In recent years, FoxK1/2, members of its family, has been the subject of research. Even though FoxK1 and FoxK2 have some functional overlap, increasing evidence indicates that the regulatory functions of FoxK1 and FoxK2 are not the same in various physiological and disease states. It is important to understand the biological function and mechanism of FoxK1/2 for better understanding pathogenesis of diseases, predicting prognosis, and finding new therapeutic targets. There is, however, a lack of comprehensive and systematic analysis of the similarities and differences of FoxK1/2 roles in disease, prompting us to perform a literature review.
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INTRODUCTION
Forkhead box (FOX) proteins are a family of evolutionarily conserved transcription factors characterized by highly conserved “fork-head” and “winged-helix” DNA binding domains (DBD) that specifically bind to the highly conserved sequence 5′-TTGTTTAC-3′. Based on sequence homology, members of the mammalian FOX family can be further divided into 19 subfamilies, namely FoxA to FoxS (Lam et al., 2013). Their role in regulating the expression of target genes contributes to various cellular functions, including cell cycle, cell growth, proliferation, differentiation, programmed death, metabolism, DNA damage, drug resistance, angiogenesis, and carcinogenesis (Huang and Lee 2004).
FoxK (FoxK1 and FoxK2 collectively known as FoxK) are members of the Forkhead transcriptional family, which are expressed in all tissues and organs and play an essential role. FoxK is highly conserved in structure and function. It regulates cell proliferation, survival, skeletal muscle regeneration, myogenic differentiation and various tumors genesis and development through transcriptional regulation (Katoh and Katoh 2004). It has been identified that FoxK1/2 gene structure and epigenetic abnormalities are closely associated with the development of various human diseases, but the detailed biological mechanisms are not yet known. Further exploration of the function of FoxK1/2 protein will help to reveal the pathogenesis of related diseases and explore preventive and therapeutic measures. The present paper describes FoxK1/2 gene and protein structure, biological function, and analyzes the role of FoxK1/2 in different diseases.
STRUCTURE AND FUNCTION OF FOXK1/2
Biological Structure
FoxK1 and FoxK2 are structurally similar, and both have two domains. One is the FOX domain, containing the DNA domain, which mainly recognizes the promoter region containing the 5′-GTAACA-3′ standard sequence (He et al., 2018; Sakaguchi et al., 2019) and can bind directly to DNA. One is the forhkead-associated domain (FHA), a protein interaction domain that mainly mediates the binding of FoxK to protein phosphorylation residues (Liu et al., 2019). Both domains are highly conserved in FoxK1 and FoxK2, mediating their interactions with other proteins and regulating cell cycle dynamics (Figure 1).
[image: Figure 1]FIGURE 1 | The two members of FOXK family are shown with their domain arrangement. Letters within the bar indicate structural domains. Some of the well-known proteins interacting with FOXK1 and FOXK2 are shown above the lines at the corresponding domains. FOX, forkhead winged helix-turn-helix DNA binding domain; FHA, forkhead-associated domain; SID, Sin3b-interacting domain; Sds3, suppressor of defective silencing 3; FOXO4/MEF2C, Forkhead Box Class O4/Myocyte Enhancer Factor-2C; BAP1, BRCA associated protein 1; BARD1, BRCA1 associated ring domain 1.
The encoding gene of FoxK1 is located on chromosome 7p22.1 and encodes a total of 733 amino acids that produce the FoxK1 protein (Huang and Lee 2004). There are two distinct subtypes, namely FoxK1a and FoxK1b. FoxK1, also known originally as myocyte nuclear factor, is based on a restricted expression pattern in the myogenic lineage of mouse embryogenesis and was discovered in Williams’ laboratory (Bassel-Duby et al., 1994). The FHA domain of FOXK1 can interact with defective silencing inhibitor 3 (Sds3) (Shi et al., 2012a). Moreover, the n-terminal contains SID (a 3-interaction domain independent of Swi) and can interact directly with Sin3 (Shi and Garry 2012). It also interacts with FoxO4 (Forkhead Box Class O4), MEF2C(Myocyte Enhancer Factor-2C), and BAP1 (BRCA-associated protein 1) (Shi et al., 2012b; Okino et al., 2015).
The encoding gene of FoxK2 is located on chromosome 17q25.3 and encodes 660 amino acids, producing the corresponding FoxK2 protein (Huang and Lee 2004). It has three different subtypes. The FHA domain of FoxK2 can also interact with Sds (Wang et al., 2015). Moreover, its N-terminal is related to the BAP1 interaction (Okino et al., 2015) and can interact with BARD1 (BRCA1-related ring domain 1) as well (Liu et al., 2015), which is similar to FoxK1.
FoxK1/2 is an essential transcription factor that regulates cell proliferation, survival, skeletal muscle regeneration, myogenic differentiation, and cancer development (Katoh and Katoh 2004). Previous studies have shown that FoxK1/2 is closely associated with various diseases and plays a complex role in tumor therapy especially.
Biological Function
Regulated Target Genes
FoxK1/2 plays an irreplaceable role in many diseases as an essential transcription factor. FoxK1 overexpression can eliminate the inhibitory effect of Mir-137 and activate the Wnt/β-catenin pathway to promote cell growth (Ji, Jiang, and Zhang 2018). Ectopic expression of FoxK1 can up-regulate its target genes (zinc finger E-box binding homeobox 1), AP-1, and TERT (telomerase reverse transcriptase). FoxK1 also promotes epithelial-mesenchymal transition (EMT) of glioblastoma pleomorphic cells by activating transcription of its downstream target gene, Snail (Xu et al., 2018). However, FoxK1 inhibits the EMT process by suppressing the expression of its target gene Twis (inducer of EMT) in breast cancer cell line McF-7 (Sun et al., 2016). The miRNA-646 has been shown to target FoxK1 and inhibit its function in promoting proliferation and EMT-induced metastasis (Zhang et al., 2017). FHL2 (four and a half LIM domains 2) is a LIM protein that interacts directly with FoxK1 through its LIM domain to form a complex and inhibit FoxO4 transcriptional activity in myogenic progenitor cells (Shi, Bowlin, and Garry 2010). During mitosis, FoxK1 can act as a transcriptional repressor of p21, interacting with scaffold protein, JNK-associated leucine zipper protein (JLP), and PLK1 (polo like kinase 1) to regulate cell cycle-dependent gene expression (Ramkumar et al., 2015).
For FoxK2, the EMT process of McF-7 cells can be inhibited mainly by repressing Ezh2 transcription, and the EMT progression of these cells can also be inhibited by repressing target genes such as N-cadherin and Snail (Chen et al., 2017; Wang et al., 2018).
Since several ncRNAs directly regulate FoxK protein (Lin et al., 2017; Zhang et al., 2017; Ma et al., 2018), the targeted therapeutic regulation of FoxK on ncRNA may also be a valuable therapeutic strategy.
FoxK1/2 and Autophagy
Autophagy is a well-preserved eukaryotic catabolic process that promotes homeostasis and ensures cell survival. During stress, such as starvation, cells generate membrane-bound autophagosomes that engulf cytoplasmic proteins, lipids, and organelles (Mizushima 2007). These substances are then transported to the lysosome for degradation, which contributes to the cellular reorganization during tissue development and differentiation and the production of metabolites necessary to maintain energy requirements under nutrient constraints. Autophagy has been considered a cytoplasmic phenomenon regulated solely by cytoplasmic complexes. However, a growing number of studies have shown that autophagy is sensitive to epigenetic and transcriptional changes (Bowman, Ayer, and Dynlacht 2014).
Related studies show that DNA damage mediated FoxK cytoplasmic capture induces autophagy because FoxK (FoxK1 and FxoK2) can act as transcriptional inhibitors of autophagy-related genes (ATGs). A cancer derived FoxK mutation induces FoxK hyperphosphorylation and enhances autophagy, leading to resistance to chemotherapy. Combination therapy with cisplatin and chloroquine can overcome chemotherapy resistance caused by FoxK mutation (Chen et al., 2020).
It is also observed that FoxK1/2 counteracts the effect of another Foxo3 transcription factor that induces an overlapping set of autophagy and atrophy targets in muscle. FoxK1/2 specifically recruits the SIN3a-HDAC complex to inhibit the acetylation of histone H4 and the expression of key autophagy genes (Bowman, Ayer, and Dynlacht 2014).
FOXK1/2 and Ubiquitination
According to relevant studies, FoxK2 can bind SIN3A and PR-DUB complexes. The PR-DUB complex contains a vital tumor suppressor protein, the deubiquitin enzyme BAP1. FoxK2 recruits BAP1 into DNA (Okino et al., 2015) and promotes local histone deubiquitination, leading to changes in target gene activity (Ji et al., 2014).
ASXL1 (ASXL transcriptional regulator 1) interacts with the fork head transcription factors FoxK1 and FoxK2 to regulate a subset of FoxK1/2 target genes. It was found that the mutant ASXL1 protein with c-terminal truncation was expressed at a much higher level in ASXL1 heterozygous leukemia cells than the wild-type protein and lost its ability to interact with FoxK1/2. Specific deletion of the mutant allele eliminates Ce-terminal truncated ASXL1 expression and increases the association between wild-type ASXL1 and BAP1, thereby restoring the expression of the bap1-ASXL1-FoxK1/2 target gene (Xia et al., 2021).
These studies demonstrate the biological role of FoxK1/2 as transcription factors. However, the function and mechanism of FoxK1/2 in disease and progression remains largely unknown (Figure 2).
[image: Figure 2]FIGURE 2 | The biological functions of FoxK1 and FoxK2 have been shown to have multiple permissive and inhibitory effects.
THE ROLE OF FOXK1/2 IN DISEASE
FoxK1/2 and Cancer
Breast Cancer
In breast cancer, FoxK1 has both stimulatory and inhibitory effects, while FoxK2 has inhibitory effects. The average expression of Foxk1 gene has been reported to be lower in breast cancer tissues than in its adjacent tissues, and patients with low FoxK1 expression have a worse prognosis effect than with high expression. Endothelial tube formation assays indicated that Foxk1 might regulate breast cancer angiogenesis through transcriptional repression of vascular endothelial growth factor (Sun et al., 2016). However, other studies concluded conversely that FoxK1 expression was significantly higher in breast cancer tissues than in adjacent tissues through QRT-PCR detection. The Patients with high FoxK1 expression had significantly higher pathological grades than patients with low FoxK1 expression. Meanwhile, the overall survival rate was significantly lower with high expression. Its high expression was significantly correlated with tumor TNM stage, tissue grade and lymph node metastasis.
FoxK2 can inhibit the proliferation and invasion of breast cancer cells and suppress the growth and metastasis of breast cancer. FoxK2 is activated by ERα trans, and the transcriptional inhibition occurs through continuous feedback from HIF1β (hypoxia-inducible factor 1β)/EZH2 (enhancer of zeste 2 polycomb repressive complex 2 subunit) (Nestal de Moraes et al., 2015). Studies have shown that FOXK2 can inhibit the proliferation and metastasis of breast cancer in vivo and in vitro. Mechanistically, FOXK2 inhibits the transcription of a series of oncogenes, including HIF1β, EZH2 and VEGFR, by binding to SIN3A, NCoR (nuclear receptor corepressor 1)/SMRT (nuclear receptor corepressor 2), NuRD and other transcription inhibition complexes. It affects a series of signaling pathways, including the cell cycle, DNA damage response, p53, hypoxia response, EMT etc., thereby inhibiting the occurrence and development of breast cancer (Shan et al., 2016).
Conversely, FoxK2 plays a central role in the cytotoxic drug responses in breast cancer. Cloning and cell viability analysis showed that enhanced FoxK2 expression sensitized McF-7 breast cancer cells to paclitaxel or epirubicin treatment while depletion of FoxK2 through small interfering RNA (siRNA) resulted in resistance. Previously data also showed that the activation of tumor suppressor FoxO3a by paclitaxel and epirubicin is mediated by FoxK2 induction (Peng et al., 2016).
Gastric Cancer
Interestingly, FoxK1/2 play different roles in gastric cancer, FoxK1 promoting and FoxK2 inhibiting it. FoxK1 protein expression is higher in 80% of fresh cancer tissues than in adjacent normal tissues. FoxK1 overexpression enhances gastric cancer cells proliferation, migration, and invasion. In addition, transforming growth factor -β1 (TGF-β1) stimulates FoxK1 expression (Zhang et al., 2019). FoxK1 can physically interact with and stabilize vimentin, and FoxK1 positively correlates with vimentin expression in gastric cancer cells. Elevated expression levels of both proteins were significantly associated with differentiation, lymph node metastasis, staging, and poor prognosis of AJCC’s current staging system. In addition, the co-expression of FoxK1 and vimentin promotes the metastasis of gastric cancer cells by inducing EMT (Zhang et al., 2019).
FoxK2 has an inhibitory effect on gastric cancer. High-grade gastric cancer tissues express low levels of FoxK2 (Liu et al., 2018). The results showed that high FoxK2 expression predicted a better prognosis, indicating that FoxK2 may be a therapeutic target for gastric cancer and a prognostic milestone for patients with different stages of gastric cancer. In addition, the results showed that FoxK2 overexpression reduced cell invasion, growth, and proliferation. Generally, FoxK2 inhibits the progression of the cell cycle, which plays an important role in how cells change and adapt throughout the cycle (Qian, Xia, and Feng 2017).
Colorectal Cancer
Colorectal cancer is influenced by both FoxK1 and FoxK2, with they all promoting the tumor. FoxK1 is highly expressed in colorectal cancer cells and tissues. It is suggested that the interaction between FoxK1 and FHL2 promotes the growth and metastasis of colorectal cancer cells. FoxK1 is a cell cycle and growth regulator that inhibits apoptosis in colon cancer cells. Downregulation of the FoxK1 gene can induce G0/G1 cell cycle arrest in colorectal cancer cells, inhibit the growth of colorectal cancer cells, promote apoptosis, and increase cell sensitivity to 5-fluorouracil (5-FU) induced apoptosis (Wu et al., 2016). In addition, experimental results have also shown that up-regulation of FoxK1 can reverse the inhibitory effect of miR-497-5p on proliferation, anti-apoptotic activity, and metastasis of colorectal cancer cells (Wang et al., 2020).
FoxK2 is significantly upregulated in human colorectal cancer tissues, which correlates with aggressive characteristics and suggests a poor prognosis. Overexpression of FoxK2 promotes migration, invasion, and metastasis of colorectal cancer. There is more FOXK2 expression in colorectal cancer tissues than in normal tissues, and in metastatic tissues than in primary tissues, and in primary tissues of metastatic patients than in non-metastatic patients, which is associated with poor prognosis. Mechanistically, FOXK2 can be involved in hepato-lung metastasis of colorectal cancer through transcription activation of epidermal growth factor receptor (EGFR), and conversely, the activated EGFR signaling pathway can also activate FOXK2 through extracellular signal-regulated protein kinase (ERK) and nuclear factor κB (NF-κB). FOXK2 can also transcriptionally activate EMT and drive transcription factor ZEB1 to promote EMT and invasion and metastasis of colorectal cancer (Du et al., 2019). Studies have shown that oncogene SOX9 regulates FoxK2 upregulation by binding directly to the FoxK2 promoter, and the loss of FoxK2 attenuated SOX9-induced cell growth. Furthermore, FoxK2 expression correlated with SOX9 expression significantly (Cui et al., 2018).
Liver Cancer
Studies have shown that FoxK1 was upregulated in hepatocellular carcinoma cells compared to normal liver cells. FoxK1 downregulation reduced cell viability and HK2 expression. FoxK1 gene knockout reduced glucose consumption and lactic acid production in HCC cells. In addition, FoxK1 downregulation inhibited Akt/mTOR pathway activation. Inhibition of the Akt/mTOR pathway reduced viability and glycolysis in hepatocellular carcinoma cells (Kong et al., 2020).
FoxK2 functions as the oncogene and downregulation of FoxK2 can inhibit proliferation, colony formation, migration, and invasion in Hep3B and LM3 cells (Khemlina, Ikeda, and Kurzrock 2017). FoxK2 is significantly elevated in HCC cells and correlates to tumor size, TNM stage, and tumor vascular infiltration. Up-regulation of FoxK2 in HCC cells advances cell proliferation and migration (Shan et al., 2016). FoxK2 may be involved in developing liver cancer, and affect the initiation of tumor promoters by inhibiting cell proliferation and migration. FoxK2 can block tumor progression through the p53 pathway, hypoxia pathway, or β-catenin signaling pathway (Wang et al., 2015). In addition, FoxK2 can also induce carcinogenic activity in HCC through the PI3K/Akt signaling pathway.
In addition to breast cancer, gastric cancer, colorectal cancer, and liver cancer mentioned above, FoxK1/2 can also regulate other tumor cells, cellular homeostasis, and biological behavior through different mechanisms.
Overall, Foxk1/2 has dual functions in tumors, acting as either an oncogene or a tumor suppressor (Table 1). Although FOXK1 and FOXK2 have shown partial functional duplication in different studies, their regulatory roles in tumors are not completely equivalent.
TABLE 1 | Functional roles of FOXKs pathway in different types of cancer.
[image: Table 1]FoxK1/2 and Metabolic Disease
At the transcriptional level, FoxK1/2 can directly induce the expression of glycolytic-related kinases and pyruvate dehydrogenase kinases such as hexokinase, phosphofructokinase, pyruvate kinase, and lactate dehydrogenase to maintain aerobic glycolysis and inhibit mitochondrial oxidation (Sukonina et al., 2019).
FoxK1 is a mediator of gene expression regulation by mTORC1. mTORC1 inhibits glycogen synthase activator 3 (Gsk3), which mediates an increase in FOXK1 phosphorylation, resulting in a decrease in DNA binding and nuclear rejection. FOXK1 can also regulate glucose, serine, and nucleotide metabolism directly or by inducing the hypoxia-inducible factor 1α (HIF1α) transcription factor in response to the mTORC1 signaling pathway (He et al., 2018). In vitro and in vivo experiments, including studies on primitive human cells, suggested that FoxK1 and FoxK2 may be essential regulators of reprogramming cellular metabolism to induce aerobic glycolysis.
FoxK1 and FoxK2 also act as downstream signaling molecules of Akt in insulin signaling. FoxK1 and FoxK2 are phosphorylated by the Akt/mTOR pathway following insulin stimulation, resulting in their translocation to the nucleus, controlling gene expression associated with mitochondrial metabolism and cell proliferation (Sakaguchi et al., 2019). Interestingly, one study showed that weight loss led to a decrease in NNMT expression, a decrease in FoxK2, and a parallel increase in FBX021 expression. This NNMT-induced regulation may be mediated by epigenetic regulation, with the DNA methylation level of FoxK2 inversely paralleling its gene expression (Crujeiras et al., 2018).
SOX9 binds directly to the FoxK2 promoter and regulates the up-regulation of FoxK2. Fibroblast-specific loss of SOX9 has been reported to improve left ventricular dysfunction, dilation, and cardiac scarring induced by MI in the heart. Fibroblast SOX9 is a primary regulator of cardiac fibrosis and inflammation (Scharf et al., 2019). Cardiomyocyte-specific SOX9 mediates hypertrophy and early fibrosis following cardiac pressure overload. However, SOX9 deficiency delays cardiac growth and remodeling and fails to maintain cardiac function. Studies have shown that SOX9 driven by cardiac myocytes initiates a hypertrophic cascade reaction, which may involve crosstalk between myocytes and fibroblasts (Schauer et al., 2019). Therefore, it is worth evaluating and exploring whether SOX9 can regulate cardiac fibrosis or any other cardiomyopathy through FoxK1/2.
RESEARCH STATUS AND PROSPECTS
Members of the FoxK family regulate the expression of a variety of genes during cell proliferation, apoptosis, cell cycle progression, DNA damage, and carcinogenesis and are essential regulators of various physiological and pathological processes. FoxK1/2 regulates the expression of a series of downstream target genes as a transcription factor, thereby affecting multiple signaling pathways and biological behaviors of cancer cells. The research on FoxK1/2 is still at the introductory stage, and more and more clinical data are needed to support its mechanism, expression, prognostic effects, and clinical applications in different tumors. Therefore, as the mechanism of FoxK1/2 action is further elucidated in future studies, the discovery of more FoxK1/2 regulatory targets will be of great significance to reveal the pathogenesis and prognosis of tumors and other diseases. In addition, the role of FoxK1/2 in non-neoplastic diseases, such as cardiovascular diseases and metabolic diseases, also deserves attention.
Future research on drugs targeting FoxK1/2-related regulatory pathways will be more challenging, requiring multidisciplinary collaboration among pharmacy, basic medicine, and clinical science.
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