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Breast Cancer (BC) is the most common and the major health issue in women worldwide. Metastasis, a multistep process, is the worst aspect of cancer and tumor cell invasion is the defining step. Tumor cell invasion requires cell adhesion molecules (CAMs), and alterations in CAMs is considered as an initiating event in metastasis. Among CAMs, CD44 is a large family of more than 100 isoform, and its precise function was initially controversial in BC. Therefore, we have previously established a (Tet)-off inducible expression system of CD44 in MCF-7 primary BC cell line, and showed that CD44 promoted BC invasion/metastasis both in vitro and in vivo. A microarray gene expression profiling revealed more than 200 CD44-downstream potential transcriptional target genes, mediating its role in BC cell invasion and metastasis. Among these CD44-target genes, the Pre-mRNA cleavage complex 2 protein (PCF11) was upregulated upon the activation of CD44 by its major ligand hyaluronan (HA); This prompted us to hypothesize PCF11 as a potential novel transcriptional target of CD44-promoted BC cell invasion and metastasis. A large body of evidence from the literature supports our hypothesis that CD44 might regulate PCF11 via MAPK/ERK pathway. This review aims to discuss these findings from the literature that support our hypothesis, and further provide possible mechanisms linking CD44-promoted cell invasion through regulation of its potential target PCF11.
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Background

One of the most common malignancies in women worldwide is breast cancer (BC), a complex family of diseases associated with a molecular heterogeneity (1). BC cells are commonly known to metastasize into other crucial organs (2). The ability of BC cells to leave their primary tumor site and migrate to a new location, where they form a secondary tumor is dependent on three main processes that include cell adhesion molecules (CAM), proteinases, and growth factors for cell proliferation (3). The process of adhesion relies on CAM that function in cell-cell and cell-extracellular interactions (4). CAM is a wide family of proteins that include immunoglobulins, integrins, cadherins and selectins (5).

A member of the CAM family known as CD44 is the primary receptor of hyaluronan (HA), which is commonly involved in cell signaling mediating cell proliferation, invasion and migration (6). We have previously established a tetracycline (Tet)-Off-regulated expression system of CD44 both in vitro (7) and in vivo (8) to further investigate the role and signaling pathways of CD44-promoted BC cell invasion and metastasis. A 12K CHIP Affymetrix microarray analysis was performed to identify the genes regulated by CD44/HA signaling involved in BC cell invasion (9). Microarray analysis revealed a pool of ˜ 200 potential CD44-target genes associated with its signaling in regulating BC cell invasion. Using a combination of molecular, pharmacological and functional approaches, we have validated a number of these targets, and further dismantled their signaling pathway linking CD44 activation to their transcription (7–11).An additional upregulated gene, the pre-mRNA cleavage complex 2 (PCF11) was selected from the CHIP screen for further investigation based on several lines of evidence supporting the hypothesis that PCF11 is a transcriptional target that underpins CD44-promoted BC tumor cell invasion.

In mammalian cells, the cleavage and polyadenylation (CPA) process is a crucial step for the maturation of mRNA, hence a complex of proteins that work together to perform this step. The CPA complex formed of the cleavage stimulating factor (CstF), the cleavage and polyadenylation specificity factor (CPSF) and the cleavage factor II (CFII) (encompassing PCF11 as a subunit) functions in the termination of transcription (12). PCF11 binds another subunit, Clp1, and plays a major role in regulating the length of the expressed genes (13). Due to its function in CPA and termination, it therefore undergoes autoregulation in order to control cell differentiation, cell adhesion and migration (12). PCF11 regulates vertebrate development (12), and differentiation in neuroblastoma (14). It also controls proliferation, migration and invasion of BC cells (15).

In this review, based on evidence from the literature, we discussed the potential signaling pathways that link PCF11, as a downstream target, to CD44-downstream signaling that promote BC cell invasion and metastasis.



Structure of Pcf11

PCF11 is located within the long arm of chromosome 11 (11q14.1; starting from base pairs 83,157,095 and ending at base pairs 83,187,451). It comprises about 357 kb of DNA that contains 16 exons (16). PCF11 is usually located within the nucleus and participates in several pathways, including processing of mRNA export pathway, mRNA splicing and RNA Polymerase II Transcription Termination (14). The PCF11 protein encompasses 1555 amino acids with several conserved domains in a helix-turn-helix structure. PCF11 binds to C-terminal domain (CTD) of polymerase II via its CTD interaction domain (CID), subsequently stimulating the phosphorylation of serine 2 that signals the termination of transcription (14). The CID of PCF11 is the right-handed super-helix containing eight α-helices, with an additional C-terminal helix and three anti-parallel α-helices repeats (17). Helices 5 and 6 cause a rotation in which helices 7 and 8 are nearly parallel to helices 3 and 4, which are rotated in a left-handed manner with regards to helices 1 and 2 (17). The arrangement of the CID helices allows certain type of distribution of electron density and hydrophobicity that ultimately provide the domain with extra stability (17). Moreover, it contains conserved Clp1 binding domain and two conserved zinc-binding regions that possess high affinity for RNA (18). The PCF11 protein is a scaffold protein that is mostly recruited to bind other proteins such as Clp1, Rna14, Rna15 (19) and WNK1 (20).



Functions of Pcf11

As a subunit of the CFII, PCF11 contributes to both pre-mRNA 3’ end processing and termination; It couples the termination of transcription to the export machinery of mRNA (21).


Physiological Functions of PCF11 in Normal Cells

Nuclear pre-mRNA are subjected to post-transcriptional modification such as the addition of a poly(A) tail to the 3’-end of mRNA. This process involves two main steps: i) the 3’-untranslated region which gives the genes variability, and the ii) the elongation of the poly(A) tail (22). Although CFII contributes to the process with other CPA proteins, its subunits play major roles unlike other proteins. Specifically, PCF11 is one of the scaffolding proteins in the complex and the only subunit able to interact with all other three subunits, including Rna14, Rna15 and Clp1 (23). Moreover, PCF11 interacts directly with the subunits of cleavage and polyadenylation factor (CPF), and the CTD of Pol II, which couples the transcription elongation complex to the processing machinery (24). The aforementioned interactions occur via the N-terminal CID of PCF11, which interacts with the CTD of Pol II, the C-terminal Clp1 interaction domain and the central domain allowing its interaction with Rna14-Rna15 as a homodimer (24)The CID-CTD interaction between PCF11 and RNA polymerase is what dismantles elongation complexes in vitro, and promotes polymerase’s CTD serine-2 phosphorylation in yeast (12). Furthermore, depletion of PCF11 alone abolished the early termination activity of the complex and allowed transcriptional readthrough past the end sites and extended the 3’ end, proving the role of PCF11 in proximal APA shifts (12).

remarkably, it has been reported that the poorly invasive MCF7 cells express short genes, while highly metastatic MDA-MB-231 express long genes; the major function of PCF11 in 3’UTR cleavage and polyadenylation, when inhibited resulted in the production of long genes via intronic polyadenylation. All these findings put together indicate that PCF11 3’UTR processing function is associated with the highly metastatic phenotype (25).

Moreover, PCF11 can couple mRNA export with the termination of transcription (26). The mRNA export machinery is associated with RNA and RNA Export factors (REF) such as Yra1, commonly recruited by an ATPase/RNA helicase known as Sub2. Yra1 then works in pairs with the RNA binding protein Aly, which delivers the mRNA to the export receptors. Yeast models proved physical linking of Yra1 recruitment to PCF11, through direct protein-protein interaction with the zinc finger/Clp1 region of PCF11 (26). Additionally, biochemical assays suggest overlapping regions between PCF11 and the export receptor Mex67 and Sub2, indicating its role in coupling the mRNA export to transcription termination (26). Additionally, biochemical assays suggest overlapping regions between PCF11 and the export receptor Mex67 and Sub2, indicating its role in coupling the mRNA export to transcription termination as shown in (Figure 1).




Figure 1 | Physiological functions of PCF11 in normal cells and its role in cleavage, polyadenylation, termination and mRNA export..





Functions of PCF11 in Cancer and Its Association to CD44

Although the functional role of PCF11 in BC is poorly understood and the underlying mechanisms remain nascent (27), it promotes invasion and migration in a triple-negative mouse BC cell line known as 4T1 (15). In fact, 4T1 cell line is a metastatic cell with high migration and invasion abilities; however, knockdown of PCF11 in 4T1 reduced their migration and invasion by 70% (15). In MCF7 cell lines treated with the anti-cancer cannabidiol, PCF11 was amongst the significantly downregulated proteins ( (27). More interestingly, CD44 activates WNK1-induced BC cell migration through its involvement in MAPK/ERK pathway, as its knockdown suppressed ERK (28). On the other hand, PCF11 has a WNK1 binding domain (20) and CD44 regulates the MAPK/ERK pathway (29). Thus, these data support our hypothesis that CD44 might regulate PCF11 via MAPK/ERK pathway.

Alternative polyadenylation (APA) factors can regulate various cancers (30). Amongst these APA factors, PCF11 is involved in several cancers as in Table 1, including neuroblastoma (25) liver, lung and BC (33). In mouse embryo fibroblasts, knockdown of PCF11 reduced proliferative genes (15). Also, PCF11 is suggested as a marker in prostate cancer, in which treatment with the prostate cancer preventive agent genistein downregulates PCF11 in LNCaP cell lines (32). In neuroblastoma, high levels of PCF11 regulate differentiation, proliferation, apoptosis and cell cycle, while low levels of PCF11 are associated with favorable outcomes and spontaneous tumor regression (34). Depletion of PCF11 in human neuroblastoma cell lines, abolished colony formation, induced retarded tumor growth and reduced invasiveness (31). Studies have reported that PCF11 induces invasiveness in neuroblastoma through mediating WNT signaling via beta-catenin 1 (CTNNB1), subsequently activating PI3K/AKT that regulates, cell cycle progression, proliferation and apoptosis (35). In addition, knockdown of PCF11 significantly inhibited WNT signaling (31). High levels of PCF11 significantly upregulate EIF2S1 and IGF1R (31). IGF1R is an insulin growth receptor that directly interacts with PI3K/AKT to induce malignant phenotypes in neuroblastoma (35). Furthermore, bioinformatics tools revealed several transcriptional factors in association with PCF11 including transcriptional factors induced by MAPK/ERK and PI3K/AKT signaling pathways such as, STAT1, Elk1 and CREB/ATF, respectively (36). Curiously, CD44 promotes breast tumor cell invasion and migration via regulation of the WNT signaling pathway (37). It also promotes cytoskeletal remodeling, survival, growth and invasion via activation of the PI3K/AKT pathway (8, 10) as shown in (Figure 2).


Table 1 | Summary of the role of PCF11 in different cancers.






Figure 2 | Validated (→) and proposed (⤑) mechanisms that associate PCF11 to CD44/HA signaling promoted BC cell invasion.






Conclusion

A large body of evidence from the literature supports our hypothesis that PCF11 might be a novel transcriptional target that underpins CD44-downstream signaling promoting BC cell invasion/metastasis. As discussed above, PCF11 promote cancer progression via regulation of the mechanisms controlling cell proliferation, migration, and invasion. While in BC, PCF11 is part of the MAPK/ERK pathway (28), it is part of the WNT/PI3K/AKT signaling pathway in neuroblastoma (31). On the other hand, CD44 was validated as a key regulator of WNT (37), PI3K/AKT (8) and MAPK/ERK signaling pathways (29), thereby supporting our hypothesis that PCF11 is a potential novel transcriptional target that underpins CD44/HA-promoted tumor cell invasion. Ongoing in vitro experiments in our laboratory, aim to identify and validate the molecular players that link the activation of CD44, by its ligand HA, to the transcriptional regulation of PCF11 3’UTR to promote tumor cell invasion and metastasis.
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