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PHD (plant homeodomain) finger proteins emerge as central epigenetic readers and modulators in cancer biology, orchestrating a broad spectrum of cellular processes pivotal to oncogenesis and tumor suppression. This review delineates the dualistic roles of PHD fingers in cancer, highlighting their involvement in chromatin remodeling, gene expression regulation, and interactions with cellular signaling networks. PHD fingers’ ability to interpret specific histone modifications underscores their influence on gene expression patterns, impacting crucial cancer-related processes such as cell proliferation, DNA repair, and apoptosis. The review delves into the oncogenic potential of certain PHD finger proteins, exemplified by PHF1 and PHF8, which promote tumor progression through epigenetic dysregulation and modulation of signaling pathways like Wnt and TGFβ. Conversely, it discusses the tumor-suppressive functions of PHD finger proteins, such as PHF2 and members of the ING family, which uphold genomic stability and inhibit tumor growth through their interactions with chromatin and transcriptional regulators. Additionally, the review explores the therapeutic potential of targeting PHD finger proteins in cancer treatment, considering their pivotal roles in regulating cancer stem cells and influencing the immune response to cancer therapy. Through a comprehensive synthesis of current insights, this review underscores the complex but promising landscape of PHD finger proteins in cancer biology, advocating for further research to unlock novel therapeutic avenues that leverage their unique cellular roles.
Keywords: PHD, cancer, signaling pathways, immune responses, oncogenic drivers, tumor suppressors
1 INTRODUCTION
1.1 Cellular mechanisms in cancer progression
Cancer presents a significant global health challenge, emerging from DNA alterations that compromise the regulatory frameworks controlling cell proliferation, survival, apoptosis, and DNA repair. This complex disease is propelled by mutations that either suppress tumor activity or activate oncogenic pathways, complicating the understanding of its initiation, progression, and metastasis due to the intricate signaling networks involved (Mantovani et al., 2019). At the heart of these networks lie epigenetic mechanisms, which are processes that alter gene expression without changing the DNA sequence, including DNA methylation, histone modification, and RNA-associated silencing. These epigenetic changes can drastically affect gene expression within signaling networks, leading to the dysregulation of key cellular processes involved in cancer (Mohammad et al., 2019; Ilango et al., 2020; Huang G. et al., 2021). Cancer stem cells (CSCs), a fundamental component of tumors, exhibit self-renewal and differentiation capabilities that drive tumor recurrence, metastasis, and therapy resistance. A promising approach for cancer treatment involves targeting essential signaling pathways and epigenetic regulations to inhibit specific transcription factors and disrupt aberrant CSC metabolism. This strategy holds potential for improving therapeutic outcomes by addressing the unique characteristics of CSCs in cancer progression and treatment resistance (Toh et al., 2017; Yang et al., 2020).
1.2 Roles of PHD finger proteins in diseases
Over two decades ago, researchers identified a novel domain in an Arabidopsis protein characterized by its conserved N-terminal cysteine/histidine-rich region, introducing the plant homeodomain (PHD) finger motif to the scientific community (Schindler et al., 1993). The structural integrity of the PHD domain, when paired with a zinc finger motif, encompasses a compact configuration of approximately 60 amino acids. This configuration facilitates chromatin binding and the modulation of gene expression through alterations in chromatin structure (Weissman, 2001). The PHD finger as an epigenetic reader has shown diversity in structural biology, such as the recognition of H3K4 trimethylation, acetyllysine labeling, N-terminal motif binding of the PHD finger, and so on. The folding fine-tuning of histone residues extends the potential of PHD module diversity (Li and Li, 2012). PHD finger proteins are defined by a characteristic “xCDxCDx” motif, with amino acids at binding sites that are enriched, giving rise to diverse molecular subtypes (Boamah et al., 2018). PHD finger proteins do not bind to other efficient structures in a single way. In addition to the typical H3K4me3 histone binding mechanism, non-histone binding, H3 analog binding, and direct contact between lysine residues and DNA have also been found. Different modes of action enhance the connection between PHD domain and chromatin. High throughput screening, proteomics and microarray analysis can be used to calculate the different binding ligands of PHD fingers to assist the study of biological functions (Gaurav and Kutateladze, 2023). These proteins play critical roles in a multitude of cellular functions, ranging from transcription regulation and DNA repair to cell cycle control and developmental growth.
Various types of PHD finger proteins are associated with a spectrum of human conditions, underscoring their fundamental importance in growth and development as well as in disease pathogenesis (Black and Kutateladze, 2023). For instance, PHF2 is essential for maintaining neural development and genomic stability (Pappa et al., 2019). It is also implicated in metabolic disorders, where its regulatory function in gene expression can impact metabolic pathways and insulin sensitivity. Dysregulation of PHF2 activity may induce adipogenesis and metabolic syndrome (Okuno et al., 2013; Jeong et al., 2023). Reprogramming of pluripotent embryonic stem cells is maintained by PHF5A, which stabilizes the transcription program of stem cells and controls the elongation of RNA polymerase II, ensuring the proper realization of stem cell pluripotency and differentiation (Strikoudis et al., 2016). PHF6 and PHF8 are associated with developmental disorders. Mutations in the PHF6 gene are linked to Börjeson-Forssman-Lehmann syndrome, a rare X-linked intellectual disability syndrome characterized by developmental delay, facial dysmorphisms, and other physical anomalies (Hsu et al., 2019).
1.3 PHD fingers in cancer development
In the realm of oncology, the significance of PHD fingers extends beyond their mere existence, serving as a critical component in recognizing and interpreting distinct histone modifications such as methylation, acetylation, and phosphorylation. For example, the N-terminal PHD finger of PHF1 recognizes the symmetric demethylation of the third arginine of histone H4 catalyzed by PRMT5-WDR77. The C-terminal PHD is associated with the CUL4B-Ring E3 ligase complex that catalyzes substrate ubiquitination (Liu et al., 2018). PHF6 recruits histone methyltransferase SUV4-20H2, mediating H4K20me3 expression, which is an inhibitory histone modification, and inhibiting rDNA transcription (Huang X. et al., 2021). Interestingly, for histone H2B, PHF6 can both ubiquitinate lysine 120 and acetylate lysine 12, and simultaneously, the identification of the acetylation site helps PHF6 exert its E3 ubiquitin ligase activity (Oh et al., 2020). These modifications are paramount in the regulation of gene expression, achieved by altering the structure and accessibility of chromatin (Jain et al., 2020). As epigenetic markers, the modifications are inheritable through cell divisions, thereby influencing gene expression patterns without altering the underlying DNA sequence. The regulation of epigenetic markers by cancer cells plays a crucial role in their development and progression, affecting the expression of genes involved in cell proliferation, DNA repair, and apoptosis (Chen et al., 2023). PHD finger proteins have been studied in a variety of tumors (Figure 1), such as breast cancer, liver cancer lung cancer and so on. The same PHD finger protein may cause different tumors, and the mechanisms of carcinogenic PHD finger proteins in different tumors may also be different. The intricate interplay of PHD fingers in cancer biology suggests their specific and tissue-dependent roles, acting either as oncogenes or tumor suppressors, depending on the activated signaling pathways in certain cancer types.
[image: Figure 1]FIGURE 1 | Tumor types associated with different PHD finger proteins.
ING (Inhibitor of Growth) proteins are vital in cellular functions, bridging histone acetylation activities with chromatin through their conserved region of PHD (Taheri et al., 2022). The PHD mediates interactions with methylated lysine residues in ING proteins, playing a crucial role in gene expression regulation and DNA damage response in cancer biology (Jacquet and Binda, 2021). Recent research elucidates the involvement of PHD finger proteins in the immune response to cancer therapy, shedding light on their impact on treatment effectiveness. For example, interactions between circular RNAs and PHD proteins influence immune responses, impacting the efficacy of immunotherapy (Guan et al., 2023). Although PHD finger proteins are a recent addition to cancer immunotherapy, their capacity to impact cancer development and shape the immune system’s response to treatment warrants further exploration and consideration.
This review aims to consolidate current insights into the role of PHD fingers within cancer-associated mechanisms, emphasizing their significance as oncoproteins, tumor suppressors and therapeutic targets. By elucidating the molecular underpinnings through which PHD fingers modulate tumor progression, this synthesis not only identifies existing knowledge lacunae but also charts a course for future investigational trajectories. The potential unveiling of novel therapeutic avenues through this exploration could significantly pivot cancer treatment paradigms.
2 ROLES OF PHD FINGERS IN ONCOGENESIS
PHD fingers intricately regulate chromatin remodeling and gene expression, allowing their significance in both oncogenesis and tumor suppression across various cellular signaling pathways (Figure 2). This positions them as pivotal players in cancer biology. Their involvement spans direct participation in DNA damage repair and cell cycle regulation to indirect roles in shaping the tumor microenvironment and influencing cancer cell metabolism.
[image: Figure 2]FIGURE 2 | Cellular signaling networks involving plant homeodomain (PHD) finger proteins (PHF1, PHF5A, PHF6, PHF8, PHF14, PHF19, PHF20, and PHF20L1) as well as proteins containing PHD regions (JADE2, JADE3, and UHRF1) in oncogenesis.
2.1 Chromatin structure regulation in cancer progression
Dysregulation of PHD finger proteins has been increasingly implicated in the development of cancer. Upregulation of PHF1 in diverse cancers underlines its role in tumorigenesis. PHF1 proceeds epigenetic regulation via its Tudor domain and PHD fingers, recognizing specific histone modifications of arginine 3 on histone H4 (H4R3me2s). Through interactions with protein complex such as PRMT5/WDR77 and CRL4B, PHF1 influences gene networks critical for cell proliferation and migration (Liu et al., 2018). In the development of ossifying fibromyxoid tumor (OFMT), PHF1 modulates transcriptional repression by integrating with the Polycomb Repressive Complex 2 (PRC2), which is responsible for the histone mark lysine 27 on histone H3 (H3K27me3). This impacts chromatin accessibility and enhances oncogenic gene expression, driving cancer progression (Hofvander et al., 2020).
PHF5A, identified as a crucial splicing factor in tumor progression, has been implicated in breast cancer’s aggressive behavior. By stabilizing the SF3b spliceosome and facilitating its interaction with histones, PHF5A alters chromatin structure and gene expression, notably influencing apoptotic pathways (Zheng et al., 2018). This modification, particularly pronounced in breast cancer, underscores PHF5A’s role in undermining apoptosis, highlighting its therapeutic potential against cancer’s advance. Similarly, by interacting with RNA polymerase associated factor PAF1, increased expression of PHF5A correlates with enhanced proliferation and migration in various tumor cell types, including pancreatic tumor (Karmakar et al., 2020), lung cancer (Mao et al., 2019), non-small cell lung cancer (Yang et al., 2022), and colorectal cancer (Wang et al., 2019).
PHF6, initially identified as a tumor suppressor, acts as a prognostic epigenetic regulator in breast cancer. Through its interaction with HIF-1α and HIF-2α, PHF6 enhances HIF-driven transcriptional events to initiate breast tumorigenesis. Additionally, PHF6 recruits Bromodomain PHD finger Transcription Factor (BPTF), a component of the nucleosome remodeling factor complex, to mediate epigenetic remodeling and augment HIF transcriptional activity. High expressions of PHF6 in breast cancer are governed by upstream YAP signals and correlate with a poor prognosis for patients (Gao et al., 2023). Additionally, PHF6 proceeds as an oncogene in hepatocellular carcinoma (HCC), promoting tumor growth and progression. By altering E-cadherin and Vimentin levels upon silencing, PHF6 hints its role in epithelial-to-mesenchymal transition and metastasis (Yu et al., 2019).
PHF8, identified as a histone demethylase, promotes metastasis through its epigenetic regulation abilities. By erasing repressive histone marks of H4 Lysine 20 monomethyl (H4K20me1) and H3 Lysine 9 monomethyl (H3K9me1), PHF8 alters chromatin structure, thereby influencing gene expression (Moubarak et al., 2022). By demethylating and removing repressive histone markers on the promoter region of the FOXA2 gene, PHF8 transcriptionally upregulates FOXA2, which is a key transcription factor involved in neuroendocrine prostate cancer development. This action suggests that PHF8’s function is intertwined with the modification of chromatin structures to regulate gene expression, emphasizing its role in the epigenetic landscape of cancer progression (Liu Q. et al., 2021).
Systematic analysis of data from the Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) highlights PHF14’s varied expression across different tumors and its association with patient prognosis. It has found that PHF14 gene amplification is present in many types of tumors, and the genetic mutations dominated by missense mutations also account for a large proportion. Besides, the heat map has showed a positive correlation between PHF14 and three DNA methyltransferases in multiple cancers, which are involved in epigenetic modification of specific bases in DNA sequences. Therefore, PHF14’s involvement in chromatin complex effects underscores its significance in oncogenesis and presents it as a potential target for cancer therapy (Cao et al., 2023). However, the exact histone marker proteins involved with PHF14 for chromatin modification require further investigation.
In multiple myeloma (MM), PHF19 plays a key role in regulating chromatin and consequently the transcriptional landscape by influencing the activity and its recruitment of PRC2. This catalysis of histone mark H3K27me3 affects the expression of crucial genes that govern cell proliferation and differentiation, thereby facilitating cancer progression by altering gene expression patterns and promoting genetic instability within MM cells. Understanding PHF19’s dual role in chromatin remodeling and gene expression provides new avenues for targeted therapies in aggressive MM subsets (Ghamlouch et al., 2021).
As a H3K27me2 reader, PHF20L1 coordinates transcriptional repression by linking PRC2-mediated methylation with NuRD-mediated deacetylation. This function establishes it as a vital contributor to oncogenesis, especially in breast cancer, where it suppresses tumor suppressor genes and promotes cell proliferation and metastasis (Hou et al., 2020). Additionally, PHF20L1 influences the tumor landscape by altering transcriptional dynamics, significantly impacting clinical outcomes and therapy responsiveness in ovarian cancer. The study underscores PHF20L1’s potential as a therapeutic target, given its correlation with diminished patient survival rates (Alberto-Aguilar et al., 2022).
JADE family members JADE2 and JADE3 are key members involved in chromatin remodeling and cell cycle regulation, surface as a hallmark of cancer progression. Findings on non-small cell lung cancer (NSCLC) reveal that JADE2’s heightened expression correlates with improved 5-year survival rates, underscoring its role in tumorigenesis (Murphy et al., 2023). Actual understanding of the specific proteins that co-function with JADE2 to regulate chromatin structure is currently limited. JADE3 contributes to chromatin remodeling through histone acetylation, promoting transcriptional activation of key cancer-related genes. In colon cancer, its upregulation correlates with disease advancement and poorer survival outcomes. By fostering cancer stem cell-like properties through interaction with critical gene promoters, such as LGR5, JADE3 directly influences tumor initiation and growth (Jian et al., 2018).
PHD finger proteins, such as PHF1, PHF5A, PHF6, PHF8, PHF14, PHF19, PHF20L1, JADE2, and JADE3, play critical roles in oncogenesis through modulation of chromatin structure and regulation of cellular signaling networks. By recognizing specific histone modifications, these proteins influence gene networks essential for cell proliferation, migration, and tumorigenesis. For instance, PHF1 engages with PRMT5–WDR77 and CRL4B complexes to promote cancer progression, while PHF5A’s interaction with the SF3b spliceosome and PAF1 impacts apoptotic pathways and cellular behavior across various cancers. Similarly, PHF6, PHF8, and others modulate transcriptional events and chromatin accessibility, driving oncogenic gene expression. The comprehensive involvement of PHD finger proteins in gene regulation through various cellular signaling networks underscore their significance in the epigenetic landscape of cancer progression, offering potential targets for innovative cancer therapies.
2.2 Regulation and influence in cancer signaling pathways
The intricate interactions between PHD finger proteins and various signaling pathways elucidate their significant role in tumor growth, metastasis, and the development of resistance to cancer therapies.
PHF1 is involved in multiple gene fusions in the development of OFMT, including EP400–PHF1, MEAF6–PHF1, and PHF1–TFE3, which have profound epigenetic consequences. These fusions significantly affect pathways critical for cell growth and differentiation, including the Wnt signaling pathway. Such alterations in gene expression are largely recapitulated in fibroblast lines expressing these fusions, underscoring the essential role of PHF1 and its associated gene fusions in the oncogenesis of OFMT through modulation of chromatin architecture and transcriptional regulation (Hofvander et al., 2020).
PHF6 mutations, often found alongside JAK3 mutations in T-cell acute lymphoblastic leukemia (T-ALL) patients, play a critical role in cancer progression by modulating signaling pathways. PHF6 deficiency exacerbates JAK3-induced T-ALL by suppressing the Bai1-Mdm2-P53 pathway, independently of the JAK3/STAT5 pathway. This interaction suggests PHF6’s essential function in leukemia development and underscores the potential of combining JAK3 and MDM2 inhibitors as a targeted therapy for T-ALL patients with co-mutation of PHF6 and JAK3 (Yuan et al., 2022). Additionally, PHF6 maintains acute myeloid leukemia (AML) through regulation of the NF-κB signaling pathway. Its depletion inhibits NF-κB signaling by disrupting the PHF6-p50 complex and hindering p50’s nuclear translocation, thereby suppressing BCL2 expression and promoting apoptosis in AML cells. This disruption reduces the proliferation of myeloid leukemia cells and impacts the self-renewal ability of leukemia stem cells (LSCs), suggesting a pro-oncogenic role for PHF6 in myeloid leukemia (Hou et al., 2023).
PHF8 influences prostate cancer progression and resistance mechanisms by integrating into the androgen receptor signaling axis, a key pathway in castration-resistant prostate cancer (CRPC). It is regulated post-transcriptionally by the c-MYC/miR-22 axis, which itself is modulated by androgen receptor signaling. PHF8 co-expression with androgen receptor underscores its role in CRPC, with knockdown studies revealing its significance in cell cycle progression (Maina et al., 2016). Additionally, the role of androgen receptor signaling pathway in breast cancer prognosis and immune infiltration has been previously reported (Huang et al., 2022). PHF8 enhances HER2-positive breast cancer progression through a synergistic interaction with HER2 signaling, regulating key oncogenic pathways. Elevated PHF8 expression, driven by HER2, acts as a coactivator for HER2 transcription, epithelial-to-mesenchymal transition markers, and cytokine production. Specifically, the PHF8-IL-6 axis influences trastuzumab resistance and T-cell infiltration, highlighting its role in tumor immunity and therapy resistance (Liu et al., 2020). Furthermore, PHF8 drives melanoma metastasis by specifically enhancing cell invasion. Through orchestrating a molecular program, PHF8 directly modulates the TGFβ signaling pathway, thereby regulating melanoma invasion and metastasis (Moubarak et al., 2022).
PHF14 emerges as a key regulator in glioblastoma, influencing cancer progression through modulation of the Wnt signaling pathway. Mechanistic insights reveal that PHF14’s regulation of the Wnt pathway alters the expression of key markers in epithelial-mesenchymal transition (EMT) and angiogenesis, highlighting its significance in glioblastoma malignancy and offering a novel therapeutic target avenue (Wu et al., 2019). In colorectal cancer (CRC) progression, PHF14 contributes to cell proliferation and growth, with its knockdown triggering DNA damage and activating the ATR-CHK1-H2A.X pathway, leading to apoptosis (Pan et al., 2022). Furthermore, PHF14 propels tumor progression in gastric cancer by modulating the AKT and ERK1/2 signaling pathways. Attenuation of PHF14 expression results in reduced phosphorylation of AKT and ERK1/2, leading to suppressed colony formation tumorigenesis (Zhao et al., 2020).
PHF19 plays a crucial role in driving CRC advancement by increasing the expression of molecules associated with EMT. Through the modulation of EMT marker expression, PHF19 boosts the migratory and invasive abilities of tumor cells, thereby promoting CRC malignancy (Li et al., 2021). In hepatocellular carcinoma (HCC) progression, PHF19 influences the Hedgehog-Gli1 signaling pathway. By interacting with the E3 ligase of Gli1, PHF19 impedes Gli1 ubiquitination, thereby stabilizing and enhancing Gli1 accumulation The ablation of PHF19 in an HCC mouse model significantly hampers tumorigenesis and prolongs survival, underscoring PHF19’s function as a facilitator of Hedgehog pathway activation (Xiaoyun et al., 2021).
PHF20 promotes apoptosis and enhances cisplatin chemosensitivity in hypopharyngeal squamous cell carcinoma (HSCC) through the OCT4-p-STAT3-MCL1 signaling pathway. Inhibiting PHF20 leads to increased apoptosis, and sensitization to cisplatin mediated via suppression of the OCT4-p-STAT3-MCL1 axis, indicating PHF20’s role in regulating key apoptotic and survival pathways in HSCC (Liu X. et al., 2021).
The ubiquitin-like with plant homeodomain and ring finger domains 1 (UHRF1) regulates cancer signaling pathways in esophageal squamous cell carcinoma (ESCC) by influencing the PI3K/Akt/mTOR pathway, crucial for tumor growth and resistance to therapies. Silencing UHRF1 enhances ESCC cells’ radiosensitivity through apoptosis induction, this process is facilitated by the de-methylation of the tumor suppressor gene PTEN, subsequently inhibiting the PI3K/Akt/mTOR pathway (Hui et al., 2021).
The elucidation of PHD fingers’ regulatory roles across various cancer signaling pathways underscores their key contribution to oncogenesis, tumor progression, and resistance to therapies. These proteins, through their diverse interactions within signaling networks, have emerged as crucial modulators of cancer cell survival, proliferation, metastasis, and therapy response. For instance, PHF6 mutations amplify T-cell acute lymphoblastic leukemia progression by disrupting the Bai1-Mdm2-P53 pathway, independent of the JAK3/STAT5 axis, suggesting a targeted therapeutic strategy involving JAK3 and MDM2 inhibitors. Similarly, PHF8’s involvement in castration-resistant prostate cancer via the AR signaling axis and its role in promoting HER2-positive breast cancer and melanoma metastasis highlight its significance in tumor progression and therapy resistance. Moreover, PHF14 and PHF19 are identified as key players in glioblastoma, colorectal, and hepatocellular cancers, influencing crucial pathways such as Wnt, AKT, ERK1/2, and Hedgehog-Gli1. Additionally, UHRF1’s regulation of the PI3K/Akt/mTOR pathway in esophageal squamous cell carcinoma further illustrates the extensive impact of these proteins on cancer pathophysiology, offering novel insights into potential therapeutic targets.
3 ROLES OF PHD FINGERS IN CANCER SUPPRESSION
Tumor-suppressive PHD finger proteins play a crucial role in halting cancer progression through their involvement in chromatin recognition and signaling networks (Figure 3). The ING family proteins, characterized by conserved PHD-type zinc fingers, play pivotal roles in chromatin modification and transcriptional regulation, responding to DNA damage to maintain genomic stability and acting as tumor suppressors in various cancers. By modulating CSCs, PHD fingers pave the way for targeted cancer therapies through epigenetic regulation and signaling pathways. These proteins collectively offer substantial anti-tumorigenic strategies, emphasizing their therapeutic relevance.
[image: Figure 3]FIGURE 3 | Cellular signaling networks involving plant homeodomain (PHD) finger protein PHF2 as well as proteins containing PHD regions (UBR7, ING1-5, BRPF1, and UHRF1) in cancer suppression.
3.1 PHD finger proteins as tumor suppressor
PHD finger proteins, essential in tumor suppression and epigenetic modulation via intricate cellular signaling networks (Figure 3). Their influence on the epigenetic landscape highlights their significance as potential therapeutic targets, underscoring their foundational importance in cancer biology and treatment paradigms.
PHF2 expression is markedly diminished in ALL patients, correlating with increased leukemia cell proliferation and adverse prognostic markers in B-cell ALL. Functioning as a histone demethylase, PHF2 is implicated in epigenetic transcription regulation. PHF2 reveal its role in counteracting oncogenesis in ALL through the enriched histone mark of H3K4me3. Lower PHF2 levels contribute to leukemia progression. Thus, PHF2 acts as a crucial tumor-inhibiting factor, with its downregulation associated with the aggressive behavior of leukemia cells (Ge et al., 2018). In ovarian cancer (OVCA), the ARID5B-PHF2 complex acts as a tumor-inhibiting factor by promoting histone demethylation at the H3K36me2 site, which enhances the transcription of SORBS2, a gene associated with favorable diagnosis and prognosis. This demethylation activity disrupts EMT process and inhibits tumor progression. The low expression levels of ARID5B, PHF2, and SORBS2 in OVCA tissues and cell lines highlight their potential role in restraining OVCA development, indicating involvement of PHF2 as an anti-oncogene (Deng et al., 2023). Similarly, PHF2 inhibits cancer progression in breast cancer by stimulating the transcription of tumor suppressor genes such as E-cadherin and PHF2 itself, in concert with FOXA2. The interaction between FOXP2 and FOXA2 leads to the activation of PHF2’s transcription, promoting an epithelial phenotype by increasing E-cadherin expression and inhibiting EMT. This regulatory mechanism underlines PHF2’s role in maintaining the epithelial state of breast cancer cells, thereby countering metastatic behaviors and tumor progression (Liu Y. et al., 2021).
The UBR7 PHD finger, characterized by its unique capability to function as an E3 ubiquitin ligase, particularly targets histone H2B at lysine 120 (H2BK120Ub) for monoubiquitination. This enzymatic activity is crucial for suppressing triple-negative breast cancer (TNBC) by regulating histone modifications that impact gene expression critical for tumor suppression and metastasis. The loss of UBR7 is significantly associated with the occurrence and metastatic progression of TNBC, highlighting its role in hampering EMT and tumor generation through epigenetic regulation of key genes involved in cell adhesion and the Wnt/β-catenin signaling pathway (Adhikary et al., 2019).
PHD finger proteins emerge as crucial epigenetic modulators and tumor suppressors across diverse cancers. Their roles in altering the epigenetic landscape underscore their importance in cancer biology. Specifically, PHF2’s reduction correlates with enhanced leukemia proliferation and poor prognosis in B-cell ALL, acting through IKAROS enhancement. In ovarian and breast cancers, PHF2 counteracts oncogenesis by promoting tumor suppressor gene transcription, disrupting EMT. Moreover, UBR7’s unique ubiquitin ligase activity on histone H2BK120 underscores its significance in TNBC suppression through epigenetic regulation. Collectively, these findings highlight PHD finger proteins’ roles in cancer suppression and their potential as therapeutic targets.
3.2 ING proteins as multifaced tumor suppressors
The ING family proteins, with their conserved PHD-type zinc fingers, interact with chromatin-modifying complexes, influencing transcriptional and post-translational regulation. ING proteins respond to DNA damage by triggering cell cycle arrest, DNA repair, or apoptosis, thereby maintaining genomic stability and acting as tumor suppressors across various cancers.
ING1 was the pioneering protein in the ING family identified as a tumor suppressor. p33ING1 was shown to impede cell proliferation, whereas its inhibition using antisense RNA resulted in the opposite effect on the growth of breast cancer cells (Garkavtsev et al., 1996). Additionally, ING1 acts as a core component of mSIN3a-HDAC corepressor complexes, contributing to inducing cellular senescence and apoptosis. It is particularly downregulated in castration-resistant prostate cancer cells, highlighting its role in cellular proliferation inhibition and tumor suppression (Melekhova and Baniahmad, 2021).
Similar to its integral role in mSIN3a-HDAC complexes, ING2 modulates cell cycle arrest and apoptosis, especially through the p53 pathway, which underlines its significant function in maintaining cellular integrity and suppressing tumor growth (Melekhova and Baniahmad, 2021). Additionally, ING1 and ING2, through their recruitment by the AR, have been shown to orchestrate the downregulation of the human telomerase reverse transcriptase subunit (hTERT) in prostate cancer cells. Higher androgen levels prompts the engagement of ING1 and ING2 at the hTERT promoter, leading to its repression. Such a mechanism underscores the complex interplay between hormonal signaling and epigenetic modifiers in cancer progression, where ING1 and ING2 emerge as critical mediators of AR’s transcriptional repressive functions on key oncogenic drivers (Bartsch et al., 2021).
This function of ING3 is notable in breast cancer, where nuclear ING3 expression is considerably reduced compared to normal tissues. Its lower nuclear presence is significantly associated with adverse clinicopathological characteristics such as high histological grade and lymph node metastasis, highlighting its role in cancer suppression. High nuclear ING3 levels are linked with improved prognosis, suggesting its potential as a prognostic indicator in breast cancer management (Wu et al., 2020). Additionally, ING3 is linked with poor disease prognosis in specific prostate cancer subgroups. It plays a key role in cellular senescence and apoptosis, particularly through p21 upregulation (Melekhova and Baniahmad, 2021). Binding of ING3 with histone mark H3K4me3 prevents EMT in prostate cancer cells (Melekhova et al., 2021).
Known for its tumor-suppressing capabilities, ING4’s expression is diminished in a significant portion of primary malignancies in prostate cancer. It modulates key processes such as angiogenesis, cellular senescence, and the NF-κB/miR-155 pathway, thereby influencing tumor growth and invasion (Melekhova and Baniahmad, 2021). Similarly, ING4 suppresses tumorigenesis by promoting pathologic cell cycle arrest, apoptosis, autophagy, contact inhibition, and hypoxic adaptation, while impeding tumor angiogenesis, invasion, and metastasis. These effects are mediated through chromatin acetylation by binding to histone H3 trimethylated at lysine 4 (H3K4me3), and through transcriptional regulation of key factors like P53 and NF-κB in various human cancers (Du et al., 2019).
In prostate cancer, ING5’s involvement in apoptosis, particularly in androgen-dependent and -independent prostate cancer cell lines, underscores its crucial role in tumor suppression (Melekhova and Baniahmad, 2021). Besides, ING5 significantly downregulates prostate cancer and curbs tumor growth by inhibiting cell proliferation, clonogenicity, migration, and invasion, while promoting apoptosis. This tumor-restraining effect is mediated through the attenuation of AKT signaling and activation of the p53 pathway (Barlak et al., 2020). Furthermore, ING5 markedly reduces hepatocyte growth factor-induced proliferation, invasion, and epithelial-mesenchymal transition in thyroid cancer cells, and diminishes tumor growth and metastasis in vivo. This effect is mediated through the c-Met/PI3K/Akt signaling pathway, highlighting ING5’s role in inhibiting thyroid cancer progression (Gao and Han, 2018).
PHD fingers, including the ING family, are integral to histone remodeling and contribute to various cancer signaling pathways, orchestrating responses to DNA damage or apoptosis in malignant cells. ING1 and ING2, key components in mSIN3a-HDAC complexes, actively repress cell proliferation and tumor growth, also modulating hormonal-epigenetic interplay via androgen receptor signaling. ING3’s diminished nuclear expression in breast cancer correlates with aggressive disease via p21 signaling, while ING4’s involvement in multiple regulatory pathways, including the NF-κB/miR-155 axis, mitigates tumor progression. ING5’s downregulation attenuates oncogenic signaling, exemplified by its counteractive effects on the c-Met/PI3K/Akt pathway in thyroid cancer. Collectively, these proteins are essential for the negative regulation of cancer cell proliferation and the advancement of apoptosis, positioning the ING family as substantial contributors to tumor suppression mechanisms.
3.3 Regulating cancer stem cells
Exploration of PHD finger proteins has unveiled their significance in the modulation of CSCs, heralding a new era in the development of targeted cancer therapies. These proteins, integral to the machinery of epigenetic regulation and signaling pathway interactions, have been pinpointed as crucial agents in influencing the behavior of CSCs, thus opening novel avenues for therapeutic intervention.
The investigation into liver cancer CSCs has revealed the therapeutic promise of targeting PHD finger proteins. PHD finger-containing protein BRPF1 contributes to histone acetylation. Significant elevation of BRPF1 in CD133+ liver CSCs, when inhibited by compounds like GSK5959, leads to a notable decline in the sphere-forming ability of liver cancer cells. This reduction is a critical marker of the diminished proliferative and survival capabilities of CSCs, suggesting a viable strategy for combating liver cancer, a condition notorious for its aggressive progression and limited treatment avenues (Cheng et al., 2021).
Moreover, targeting PHD finger-containing protein UHRF1 markedly slows the advancement of hepatocellular carcinoma. UHRF1 contributes to inhibition of GLI1/Hedgehog and Wnt signaling, resulting in decreased tumor growth and a shift in the expression profile of CSC-specific genes. This highlights UHRF1’s potential as a therapeutic target, offering new hope for enhanced treatment outcomes in hepatocellular carcinoma cases (Wang et al., 2023).
PHD finger proteins, through their roles in histone modification and signaling pathways, present novel therapeutic targets against CSCs in liver cancer. The inhibition of BRPF1 and UHRF1, both containing PHD, overexpressed in liver CSCs, reduces CSC proliferation and survival, curbing tumor growth. These findings underscore the potential of PHD finger proteins in altering CSC characteristics and improving hepatocellular carcinoma treatment strategies.
3.4 Interaction of PHD fingers with immune regulation
PHD finger proteins are emerging as critical epigenetic modulators in cancer immunology. Their elevated expression in various cancers aligns with increased immune response, underscoring their capacity to modulate tumor immunity, shaping reactions to cancer treatment and providing promising targets for enhancing immunotherapeutic efficacy.
IL6, an inflammatory cytokine released by immune cells, links CD8+ Teff trafficking across tumor vessels to antigen-specific tumor apoptotic targets (Fisher et al., 2011). In HER2-positive breast cancer, IL6 has a central position in the PHF8 differentially regulatory protein network. In addition, trastuzumab induced apoptosis increased when PHF8 was knocked down, and this state was reversed with the addition of IL6 (Liu et al., 2020). Exploring the interaction between PHD finger proteins and inflammatory factors is helpful to discover the window of tumor therapy mediated by immune T cells.
Cancer-associated fibroblasts (CAFs) coordinate the function of immune cell infiltration in the tumor microenvironment (Sahai et al., 2020). Algorithmic analysis implied at the relationship between PHF14 and CAFs, enriching the hypothesis that PHF14 affects immune regulation. Further studies showed that PHF14’s expression is positively correlated with tumor immune checkpoint gene expression levels, indicating its significant role in modulating tumor immunity. By regulating the expression of immune checkpoint genes, PHF14 potentially influences the immune system’s ability to recognize and combat tumor cells. This interaction suggests a mechanism through which PHF14 may contribute to tumor immune escape, highlighting its importance in the context of immunology and cancer progression (Cao et al., 2023). Understanding PHF14’s influence on immune checkpoint pathways could enhance the efficacy of immune checkpoint inhibitors, offering new avenues for cancer immunotherapy.
PHF19, a key component of PRC2, is identified as an epigenetic regulator implicated in various cancers, including HCC. The upregulation of PHF19 in cancers correlates with increased immune cell infiltration, particularly of myeloid-derived suppressor cells and Th2 subsets of CD4+ T cells, which may contribute to the immune evasion mechanisms of tumors. The expression of PHF19 is also significantly associated with tumor mutation burden and microsatellite instability, suggesting a potential role in the modulation of immune response to cancer (Zhu et al., 2021). This relationship underscores the potential of targeting PHD finger proteins to overcome immune suppression and enhance the efficacy of cancer therapies.
PHD finger proteins, particularly PHF14 and PHF19, exhibit a profound capacity to regulate immune cell infiltration and checkpoint gene expression within tumors, thereby influencing the immune landscape of various cancers, including hepatocellular carcinoma. Their upregulation, correlating with tumor mutation burden and microsatellite instability, implies a role in immune modulation and cancer progression. The association between PHF14 and immune checkpoints suggests a potential to modulate the tumor’s visibility to the immune system. Given these proteins’ influence on cancer immunity, they merit increased attention as targets to enhance immunotherapy responses, opening new research directions in cancer immunology.
4 SYNOPSIS OF THE DUAL ROLES OF PHD FINGER
PHD finger proteins are integral components of the cellular machinery, modulating chromatin structure to regulate gene expression. In oncogenesis, PHD finger proteins like PHF1, PHF5A, and PHF8 contribute to cancer progression by dysregulating chromatin (Liu et al., 2018; Karmakar et al., 2020; Moubarak et al., 2022). For example, PHF1 is implicated in tumorigenesis through its role in epigenetic regulation, recognizing specific histone modifications and influencing gene networks essential for cell proliferation and migration (Liu et al., 2018). Similarly, PHF5A, by modulating splicing and chromatin structure, affects gene expression that undermines apoptosis, promoting cancer progression (Zheng et al., 2018).
Conversely, the tumor-suppressive role of PHD finger proteins is exemplified by PHF2 and the ING family, which maintain genomic stability and suppress tumor growth through chromatin modification and transcriptional regulation. PHF2 acts as a histone demethylase, reducing leukemia cell proliferation by influencing histone marks and tumor suppressor gene transcription. The ING family, with conserved PHD-type zinc fingers, participates in histone remodeling and chromatin-modifying complexes, acting as tumor suppressors (Jeong et al., 2023).
PHD finger proteins operate through diverse signaling pathways to dictate cancer dynamics. For oncogenesis, proteins such as PHF1, PHF6, PHF8, PHF14, PHF19 and PHF20 contribute to cancer progression by modulating key signaling pathways including Wnt, Bai1-Mdm2-P53, NF-κB, HER2, TGFβ, androgen receptor and AKT, influence gene networks crucial for cell proliferation (Maina et al., 2016; Hofvander et al., 2020; Liu et al., 2020; Zhao et al., 2020; Moubarak et al., 2022; Yuan et al., 2022; Hou et al., 2023). The Wnt signaling pathway is implicated in the progression of OFMT and glioblastoma through the involvement of both PHF1 and PHF14 (Wu et al., 2019). Similarly, PHD-containing protein UHRF1 regulates esophageal squamous cell carcinoma via the PI3K/Akt/mTOR pathway, facilitated by the demethylation of tumor suppressor genes (Hui et al., 2021).
On the other hand, certain PHD fingers act as tumor suppressors. PHD-containing protein UBR7, for instance, is implicated in TNBC through its Wnt/β-catenin (Adhikary et al., 2019). The ING family proteins, characterized by their PHD fingers, further exemplify this tumor-suppressive role. ING1 and ING2, for example, modulate cell cycle arrest and apoptosis through androgen receptor signalling, contributing to tumor suppression (Bartsch et al., 2021). The p53 signaling pathway is implicated in suppressing prostate cancer and various other cancer types by engaging with ING2, ING4, and ING5.
As for drug therapy research, at present, the targeted drugs of the PHD domain are still unclear, but small molecule inhibitors and peptides that regulate the histone binding activity of the PHD finger have been designed (Table 1). The PHD domain’s primary function is to recognize histone modifications, affecting post-transcriptional translation. Besides, it can also fulfil functions in combination with DNA sequences. Fragment-based NMR screening to identify benzimidazole, which docked in H3K4me-specific pockets and replaced the H3K4me peptide on PHD fingers (Miller et al., 2014). Elise K. Wagner et al. used the newly developed HaloTag technique to identify, amiodarone, tegaserod and disulfiram as inhibitors that disrupt the binding of JARID1A PHD3 and H3K4me3 (Wagner et al., 2012). The combination of PHD fingers with histone H3 methylated lysine 4 can be interrupted by Calixarenes (Ali et al., 2015). A compound, 4-benzylpiperidin-1-carboximidamide, was found by small molecule fragment screening to reduce the affinity of PHD to the H3K9me3 peptides (Houliston et al., 2017). These small molecules allosteric targeting can provide a template for the study of PHD finger protein-related tumor inhibitors.
TABLE 1 | PHD domain-related drugs/chemicals and their mechanisms of action.
[image: Table 1]Moreover, the correlation between PHF14 expression and immune checkpoint gene levels suggests a potential for PHD finger proteins to influence the tumor immune environment, offering insights into enhancing the efficacy of immunotherapeutic agents (Cao et al., 2023). By navigating the intricate landscape of chromatin structure and cellular signaling networks, PHD fingers offer a promising target for innovative cancer therapies. Harnessing the potential of PHD finger proteins to modulate the epigenetic and signaling pathways in cancer not only deepens our understanding of tumor biology but also paves the way for revolutionizing cancer treatment strategies.
5 CONCLUSION
The PHD finger proteins have carved a niche in the realm of cancer biology, revolutionizing treatment approaches through their nuanced regulation of cellular signaling networks. By modulating chromatin structure and gene expression, PHD fingers act at the crossroads of oncogenesis and tumor suppression, offering new therapeutic avenues. These proteins not only participate directly in DNA repair and cell cycle regulation but also exert indirect effects on the tumor microenvironment and cancer cell metabolism, underscoring their integral role in cancer progression.
In oncogenesis, PHD fingers are implicated in enhancing tumor growth and metastasis through aberrant epigenetic regulation. Conversely, as tumor suppressors, they maintain genomic stability, influencing key processes like apoptosis and cell proliferation. Their versatility is further highlighted in their interaction with CSCs, pointing towards strategies that target CSC-related pathways for cancer treatment, potentially curbing tumor recurrence and metastasis.
The dual functionality of PHD finger proteins in cancer underscores the complexity of their roles in cellular signaling pathways. On one hand, mutations in PHD finger proteins like PHF6 exacerbate leukemia progression, while on the other hand, proteins such as UHRF1 regulate essential pathways in ESCC, affecting tumor growth and therapy resistance. This intricate interplay positions PHD fingers as critical modulators of cancer cell survival, proliferation, and metastasis, as well as therapy response.
Looking ahead, PHD finger proteins hold the promise of enhancing immunotherapeutic efficacy. Their impact on immune cell infiltration and the expression of immune checkpoint genes provides a novel perspective on modulating tumor immunity. Targeting PHD finger proteins to overcome immune suppression could significantly improve cancer treatment outcomes, emphasizing their potential as therapeutic targets. In addition, signaling pathway inhibitors and epigenetic drugs that could be used in clinical treatment also have well research prospects.
In conclusion, PHD finger proteins represent a fascinating and complex element in cancer biology. Their ability to navigate and modulate intricate signaling networks offers groundbreaking potential in cancer treatment. The exploration of PHD fingers in oncology opens up a spectrum of therapeutic possibilities, promising to shift paradigms in cancer treatment. Further research into these proteins will undoubtedly yield profound insights, paving the way for novel therapies that leverage their unique roles in the cellular regulation of cancer.
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