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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
Abbreviations: AKT’, Protein kinase B; BC, Breast cancer; CAM, Cell adhesion
molecule; CD44, Cluster of differentiation 44; HA, Hyaluronan; F11, Pre-mRNA
cleavage complex 2 protein; PI3K, phosphoinositide 3-kinase; Ras, Rat sarcoma;
Tet, Tetracycline; CPA, cleavage and polyadenylation; CstF, cleavage stimulating
factor; CPSF, cleavage and polyadenylation specificity factor; CF II, cleavage factor
II; CTD, C-terminal domain; CID, CTD interaction domain; CTNNB1, beta-
catenin; Clp1, cleavage factor polyribonucleotide kinase subunit 1; APA,
Alternative polyadenylation; REF, RNA and Export factor; WNK1, WNK lysine
deficient protein kinase 1; MAPK, Mitogen-activated protein kinase; ERK,
extracellular-signal-regulated kinase.
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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 a-helices, with an additional C-
terminal helix and three anti-parallel a-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
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subunits of cleavage and polyadenylation factor (CPF), and the
CTD of Pol II, which couples the transcription elongation
complex to the proce s s ing mach ine ry (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).

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;
Frontiers in Oncology | www.frontiersin.org 3
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).

CONCLUSION

A large body of evidence from the literature supports our
hypothesis that PCF11 might be a novel transcriptional target
TABLE 1 | Summary of the role of PCF11 in different cancers.

Cell line Cancer/cell type Role of PCF11 References

MCF7 Human epithelial breast cancer cells MCF7-treated with Cannabidiol an anti-cancer agent significantly downregulated PCF11. (27)
4T1 Mouse triple negative Breast cancer

cells
Knockdown of PCF11 caused 70% reduction in migration and invasion. (15)

NIH 3T3 Mouse embryo fibroblasts Knockdown of PCF11 reduced cell proliferation. (15)
CHP-134 & BE(2)-
C

Human neuroblastoma cells PCF11 depletion suppressed tumor growth, abolished colony formation and reduced
invasiveness

(31)

LNCaP Human prostate adenocarcinoma cells Genistein, a prostate cancer preventive agent, downregulated PCF11. (32)
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FIGURE 1 | Physiological functions of PCF11 in normal cells and its role in cleavage, polyadenylation, termination and mRNA export..
FIGURE 2 | Validated (→) and proposed (⤑) mechanisms that associate PCF11 to CD44/HA signaling promoted BC cell invasion.
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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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et al. Selective Roles of Vertebrate PCF11 in Premature and Full-Length Transcript
Termination. Mol Cell (2019) 74:158–172.e159. doi: 10.1016/j.molcel.2019.01.027

13. Schäfer P, Tüting C, Schönemann L, Kühn U, Treiber T, Treiber N, et al.
Reconstitution of Mammalian Cleavage Factor II Involved in 3' Processing of
mRNA Precursors. Rna (2018) 24:1721–37. doi: 10.1261/rna.068056.118

14. Becker J, Wilting J. WNT Signaling in Neuroblastoma. Cancers (2019)
11:1013. doi: 10.3390/cancers11071013

15. Wang R, Zheng D, Wei L, Ding Q, Tian B. Regulation of Intronic
Polyadenylation by PCF11 Impacts mRNA Expression of Long Genes. Cell
Rep (2019) 26:2766–2778.e2766. doi: 10.1016/j.celrep.2019.02.049
16. Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, et al.
Database Resources of the National Center for Biotechnology Information.
Nucleic Acids Res (2022) 50:D20–d26. doi: 10.1093/nar/gkab1112

17. Noble CG, Hollingworth D, Martin SR, Ennis-Adeniran V, Smerdon SJ, Kelly
G, et al. Key Features of the Interaction Between Pcf11 CID and RNA
Polymerase II CTD. Nat Struct Mol Biol (2005) 12:144–51. doi: 10.1038/
nsmb887

18. Volanakis A. Role of Pcf11 Post-Translational Modifications in Gene
Expression. Oxford, United Kingdom: University of Oxford (2016).

19. Noble CG, Beuth B, Taylor IA. Structure of a Nucleotide-Bound Clp1-Pcf11
Polyadenylation Factor. Nucleic Acids Res (2007) 35:87–99. doi: 10.1093/nar/
gkl1010

20. Volanakis A, Kamieniarz-Gdula K, Schlackow M, Proudfoot NJ. WNK1
Kinase and the Termination Factor PCF11 Connect Nuclear mRNA Export
With Transcription. Genes Dev (2017) 31:2175–85. doi: 10.1101/
gad.303677.117

21. Yang F, Hsu P, Lee SD, YangW, Hoskinson D, XuW, et al. The C Terminus of
Pcf11 Forms a Novel Zinc-Finger Structure That Plays an Essential Role in
mRNA 3'-End Processing. RNA (New York N.Y.) (2017) 23:98–107. doi:
10.1261/rna.058354.116

22. Millevoi S, Vagner S. Molecular Mechanisms of Eukaryotic pre-mRNA 3' End
Processing Regulation. Nucleic Acids Res (2010) 38:2757–74. doi: 10.1093/nar/
gkp1176

23. Sadowski M, Dichtl B, Hübner W, Keller W. Independent Functions of Yeast
Pcf11p in pre-mRNA 3' End Processing and in Transcription Termination.
EMBO J (2003) 22:2167–77. doi: 10.1093/emboj/cdg200

24. Ghazy MA, Gordon JM, Lee SD, Singh BN, Bohm A, Hampsey M, et al. The
Interaction of Pcf11 and Clp1 Is Needed for mRNA 3'-End Formation and is
Modulated by Amino Acids in the ATP-Binding Site. Nucleic Acids Res (2012)
40:1214–25. doi: 10.1093/nar/gkr801

25. Turner RE, Henneken LM, Liem-Weits M, Harrison PF, Swaminathan A,
Vary R, et al. Requirement for Cleavage Factor IIm in the Control of
Alternative Polyadenylation in Breast Cancer Cells. RNA (2020) 26:969–81.
doi: 10.1261/rna.075226.120

26. Johnson SA, Cubberley G, Bentley DL. Cotranscriptional Recruitment of the
mRNA Export Factor Yra1 by Direct Interaction With the 3' End Processing
Factor Pcf11. Mol Cell (2009) 33:215–26. doi: 10.1016/j.molcel.2008.12.007

27. Alsherbiny MA, Bhuyan DJ, Low MN, Chang D, Li CG. Synergistic
Interactions of Cannabidiol With Chemotherapeutic Drugs in MCF7 Cells:
Mode of Interaction and Proteomics Analysis of Mechanisms. Int J Mol Sci
(2021) 22:10103. doi: 10.3390/ijms221810103

28. Pio GM, Xia Y, Piaseczny MM, Chu JE, Allan AL. Soluble Bone-Derived
Osteopontin Promotes Migration and Stem-Like Behavior of Breast Cancer
Cells . PloS One (2017) 12:e0177640–e0177640. doi : 10.1371/
journal.pone.0177640
June 2022 | Volume 12 | Article 878034

https://doi.org/10.1002/ijc.31937
https://doi.org/10.1038/nrc1670
https://doi.org/10.1007/s00018-007-7388-0
https://doi.org/10.1007/s00018-007-7388-0
https://doi.org/10.1155/2012/676731
https://doi.org/10.1038/nrc1276
https://doi.org/10.1016/0092-8674(90)90694-A
https://doi.org/10.1016/0092-8674(90)90694-A
https://doi.org/10.1038/sj.onc.1209628
https://doi.org/10.1016/j.ajpath.2011.04.042
https://doi.org/10.7150/jca.6638
https://doi.org/10.7150/ijbs.23586
https://doi.org/10.1111/jcmm.16296
https://doi.org/10.1016/j.molcel.2019.01.027
https://doi.org/10.1261/rna.068056.118
https://doi.org/10.3390/cancers11071013
https://doi.org/10.1016/j.celrep.2019.02.049
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1038/nsmb887
https://doi.org/10.1038/nsmb887
https://doi.org/10.1093/nar/gkl1010
https://doi.org/10.1093/nar/gkl1010
https://doi.org/10.1101/gad.303677.117
https://doi.org/10.1101/gad.303677.117
https://doi.org/10.1261/rna.058354.116
https://doi.org/10.1093/nar/gkp1176
https://doi.org/10.1093/nar/gkp1176
https://doi.org/10.1093/emboj/cdg200
https://doi.org/10.1093/nar/gkr801
https://doi.org/10.1261/rna.075226.120
https://doi.org/10.1016/j.molcel.2008.12.007
https://doi.org/10.3390/ijms221810103
https://doi.org/10.1371/journal.pone.0177640
https://doi.org/10.1371/journal.pone.0177640
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Al-Mansoob et al. PCF11 Is a Downstream Target of CD44
29. Soares J, Santos MR, Peixoto A, Ferreira D, Brandao A, Fernandes E, et al.
Glycoproteogenomics Characterizes the CD44 Splicing Code Driving Bladder
Cancer Invasion. bioRxiv (2021) 12(7):3150–77. doi: 10.7150/thno67409

30. Zhang Y, Shen L, Shi Q, Zhao G,Wang F. Comprehensive Analysis of APA Events
and Their AssociationWith TumorMicroenvironment in Lung Adenocarcinoma.
Front Genet (2021) 12:645360–0. doi: 10.3389/fgene.2021.645360

31. Ogorodnikov A, LevinM, Tattikota S, Tokalov S, HoqueM, Scherzinger D, et al.
Transcriptome 3'end Organization by PCF11 Links Alternative Polyadenylation
to Formation and Neuronal Differentiation of Neuroblastoma. Nat Commun
(2018) 9:5331. doi: 10.1038/s41467-018-07580-5

32. Bhamre S, Sahoo D, Tibshirani R, Dill DL, Brooks JD. Gene Expression
Changes Induced by Genistein in the Prostate Cancer Cell Line LNCaP. Open
Prostate Cancer J (2010) 3(1). doi: 10.2174/1876822901003010086

33. Hornshøj H, NielsenMM, Sinnott-Armstrong NA, Świtnicki MP, Juul M, Madsen
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