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Abstract
Hakai, an E3 ubiquitin ligase for the E-cadherin complex, plays a crucial role in lowering cell-cell
contacts in epithelial cells, a hallmark feature of tumor progression. Recently, Hakai was also found
to interact with PSF (PTB-associated splicing factor). While PSF can function as a DNA-binding
protein with a tumor suppressive function, its association with Hakai promotes PSF’s RNA-binding
ability and post-transcriptional influence on target mRNAs. Hakai overexpression enhanced the
binding of PSF to mRNAs encoding cancer-related proteins, while knockdown of Hakai reduced the
RNA-binding ability of PSF. Furthermore, the knockdown of PSF suppressed Hakai-induced cell
proliferation. Thus, Hakai can affect the oncogenic phenotype both by altering E-cadherin-based
intercellular adhesions and by increasing PSF’s ability to bind RNAs that promote cancer-related
gene expression.
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Role of Hakai in cell proliferation and tumor progression
Hakai was originally identified as a RING finger-type E3 ubiquitin-ligase for the E-cadherin
complex, a major component of adherens junctions. Hakai binds to the cytoplasmic domain of
E-cadherin and mediates its ubiquitination, endocytosis and lysosomal degradation. In turn,
the loss of E-cadherin leads to the disruption of epithelial cell-cell adhesions, a key event in
epithelial transformation,1–6 and facilitates invasion and metastasis. The cytoplasmic domain
of E-cadherin is connected to the cytoskeleton through proteins such as β-catenin and α-catenin,
which regulate gene expression and participate in signaling pathways that modualte cell
proliferation, differentiation, and survival.7,8 After activation of several tyrosine kinases, such
as the receptors for EGF or HGF, the E-cadherin complex is phosphorylated at tyrosine
residues. Phosphorylation of E-cadherin facilitates its recognition by Hakai, followed by its
proteolysis and clearance from cell-cell contacts.
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The occurrence of the excessive internalization and degradation of E-cadherin upon Hakai
overexpression raises the possibility that Hakai could enhance tumor progression and
metastasis.1,9 Several lines of evidence in our recent report also support a role of Hakai in
tumorigenesis10: 1) Overexpression of Hakai promotes proliferation of various cultured cell
lines; 2) Hakai is upregulated in hyperproliferative human endometrium and lymph nodes; 3),
Hakai induces anchorage-independent cell growth, and 4) Hakai expression is elevated in
human colon and gastric adenocarcinomas. Collectively, these data suggest that Hakai may be
involved in tumorigenesis by disrupting intercellular adhesions and by promoting cell
proliferation.

Hakai interacts with PSF and promotes PSF RNA-binding function
In search of downstream effectors of Hakai that function independently of binding to E-
cadherin, we recently identified a novel Hakai-interacting protein, PSF (polypyrimidine tract-
binding protein-associated splicing factor).10 PSF is a nuclear protein implicated in
transcription, DNA binding, unwinding, and repair, as well as pre-mRNA splicing and RNA
editing.11–19 PSF contains an N-terminal proline- and glutamine-rich domain, through which
it interacts with Hakai, two RNA recognition motifs (RRMs), and a C-terminal region that
contains two nuclear localization signals, both of which are required for its nuclear localization.
20

PSF co-localizes with Hakai in the nucleus, raising the possibility that Hakai could play a role
in the nucleus through its association with PSF. Previously, few specific mRNAs had been
reported to be PSF targets. In our recent study, we demonstrated that Hakai overexpression
influences the RNA-binding ability of PSF to specific target transcripts. By using
ribonucleoprotein immunoprecipitation (RNP IP) assays using anti-PSF and control IgG
antibodies, populations of PSF-associated mRNAs were extracted from the IP samples and
reverse transcribed; the resulting probes were used to hybridize human cDNA arrays. This
analysis revealed that overexpression of Hakai leads to the increased association of PSF with
a significant number of transcripts.10

Several PSF-associated transcripts encode proteins implicated in protein translation and
modification, tumorigenesis, cell adhesion, and cytoskeleton dynamics (Figure 1). The
influence of Hakai in regulating the association of PSF with target mRNAs was also examined
by analyzing Hakai knockdown cells. We found that silencing Hakai led to a reduction in PSF
binding to target mRNAs, further supporting the notion that Hakai promotes the RNA-binding
ability of PSF. Interestingly, we observed that PSF in Hakai-overexpressing cells migrated
more slowly in polyacrylamide gels than it did in parental cells, suggesting that PSF was
posttranslationally modified by Hakai. However, Hakai did not appear to induce ubiquitination
of PSF, suggesting that PSF is not a substrate of this E3 enzyme. It is known that Mnk (the
mitogen-activated protein kinase signal-integrating kinase) can phosphorylate PSF, an event
that favours the binding of PSF to the TNF-α mRNA.21. NPM/ALK (tyrosine kinase
nucleophosmin/anaplastic lymphoma kinase) also phosphorylates PSF, increasing its RNA-
binding ability and inhibiting the function of PSF as a transcriptional repressor.22 Additionally,
phosphorylation of PSF by BRK (breast tumor kinase) lowers PSF binding to bind RNA and
induces the S-phase cell cycle arrest.23 It is possible that Hakai overexpression affects the
activity of proteins that induce a modification on PSF, which in turn may modulate PSF’s
interaction with target mRNAs and alter their post-transcriptional fate. According to this
hypothesis, increases in Hakai abundance or in the activity of post-translational modulators of
PSF can alter PSF’s properties from DNA-binding to RNA-binding, and consequently
modulate cellular processes such as cell cycle arrest, proliferation or apoptosis.10, 21–23
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Perspective: implication of PSF in proliferation and oncogenesis
In order to understand the physiological significance of the Hakai-PSF interaction, we focused
on the process of cell proliferation. Our data suggested that Hakai may regulate cell
proliferation by modulating PSF activity. In Hakai-overexpressing MDCK (Madin-Darby
canine kidney) cells, stable knockdown of PSF partially suppressed the proliferative influence
of Hakai overexpression. Moreover, expression of a Hakai mutant lacking the RING finger
domain suppressed cell proliferation, suggesting that the E3 ubiquitin-ligase activity of Hakai
is necessary for promoting cell division. This Hakai mutant was able to bind PSF, indicating
that Hakai’s interaction with PSF alone did not promote cell proliferation. The physical and
functional interactions between PSF and the E3 ubiquitin-ligase activity of Hakai await further
analysis.

Several lines of evidence support a role for PSF in proliferation and oncogenesis. First, PSF
promotes the translation of the cancer-related protein Myc in vitro and in vivo by binding to
the Myc mRNA internal ribosome entry site (IRES) and increasing its activity. Second, PSF
contains a DNA-binding domain that co-ordinately represses multiple oncogenic genes in
human cell lines, suggesting a role for PSF in tumor suppression; however, binding of the
retrotransposon VL30 RNA to PSF was followed by PSF’s disengagement from the repressed
genes, to their increased transcription, and to metastatic development.24,25 A third line of
evidence suggests that PSF could help to transform normal differentiated cells into tumor cells
via mutations in PSF that could reduce PSF abundance or PSF localization, as seen for the
fusion protein PSF-TFE3 (transcription factor binding to IGHM enhancer 3), which is found
in a subset of renal cell carcinomas.26,27 Fourth, PSF interacts with RNF43, another oncogenic
RING finger protein that has the ability to stimulate cell growth. As it was proposed that RNF43
exerted a growth-promoting influence, the heterodimer RNF43-PSF could also impact upon
diverse nuclear events relevant to tumorigenesis.28

Taken together, we hypothesize that PSF can act as a repressor of oncogenic genes through its
DNA-binding properties; under specific physiological or pathological conditions, such as when
Hakai is overexpressed (Figure 2), PSF could revert its tumor suppressive action by detaching
from DNA, associating instead with mRNA molecules, post-transcriptionally regulating the
fate of mRNAs targets, and thereby promoting tumorigenesis. As we elucidate further details
of this working model, we will gain a deeper understanding of the role of Hakai and PSF in
epithelial tumorigenesis.
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Abbreviations

BRK breast tumor kinase

EGF epidermal growth factor

HGF hepatocyte growth factor

Mnk mitogen-activated protein kinase signal-integrating kinase

NPM/ALK tyrosine kinase nucleophosmin/anaplastic lymphoma kinase

PSF polypyrimidine tract-binding-protein-associated splicing factor

RRM RNA recognition motif
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Figure 1. Functional distribution of subsets of mRNAs bound to PSF in Hakai-overexpressing
epithelial MDCK cells
No transcripts were significantly enriched in association with PSF in normal epithelial MDCK
cells. Examples of transcripts enriched in each category are shown.
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Figure 2. Diagram of PSF function as DNA-binding protein in normal cells and as RNA-binding
protein in Hakai-overexpressing cells
In normal epithelial cells, PSF is associated with DNA and represses cancer-related gene
expression. Under conditions of Hakai overexpression, PSF is post-translationally modified,
which turns it into an RNA-binding protein with higher affinity for many mRNAs encoding
cancer-promoting proteins.

Figueroa et al. Page 7

Cell Cycle. Author manuscript; available in PMC 2010 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


