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Functional Potential of P2P-R: A Role in the Cell Cycle
and Cell Differentiation Related to its Interactions With
Proteins That Bind to Matrix Associated Regions of DNA?

Robert E. Scott,1,2* Thomas Giannakouros,1,2 Sizhi Gao,1,2 and Philippos Peidis1,2

1Department of Pathology, University of Tennessee Health Science Center, Memphis, Tennessee 38163
2Laboratory of Biochemistry, Department of Chemistry, Aristotle University of Thessaloniki, Greece

Abstract P2P-R is the alternately spliced product of the P2P-R/PACT gene in that P2P-R lacks one exon encoding
34 amino acids. The 250 kDa P2P-R protein is the predominate product expressed in multiple murine cell lines. It is a
highly basic protein that containsmultiple domains including anN-terminal RING type zinc finger, a proline rich domain,
an RS region, and a C-terminal lysine-rich domain. P2P-R binds the p53 and the Rb1 tumor suppressors and is
phosphorylated by the cdc2 and SRPK1a protein kinases. P2P-R also interacts with scaffold attachment factor-B (SAF-B),
a well characterizedMARs (formatrix attachment regions) binding factor, andmay interact with nucleolin, anotherMARs
binding factor. In addition, P2P-Rbinds single strandDNA (ssDNA). The expressionof P2P-R is regulatedbydifferentiation
and cell cycle events. P2P-RmRNA is markedly repressed during differentiation, whereas immunoreactive P2P-R protein
levels are >10-fold higher in mitotic than in G0 cells. The localization of P2P-R also is modulated during the cell cycle.
During interphase, P2P-R is present primarily in nucleoli and nuclear speckles whereas during mitosis, P2P-R associates
with the periphery of chromosomes. Overexpression of near full length P2P-R inducesmitotic arrest in prometaphase and
mitotic apoptosis, and overexpression of selected P2P-R segments also can promote apoptosis. This compendium of data
supports the possibility that P2P-R may form complexes with the Rb1 and/or p53 tumor suppressors and MARs-related
factors, in a cell cycle and cell differentiation-dependent manner, to influence gene transcription/expression and nuclear
organization. J. Cell. Biochem. 90: 6–12, 2003. � 2003 Wiley-Liss, Inc.
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In early 1997, full-length P2P-R cDNA [Witte
and Scott, 1997] and full-length PACT cDNA
[Simons et al., 1997] were cloned and character-
ized. The highly homologous P2P-R and PACT
cDNAs encode a �250 kDa protein product.
P2P-R has now proven to be the alternately
spliced product of the PACT/P2P-R gene; P2P-R
lacks one exon containing 102 nucleotides that
encodes 34 amino acids (Fig. 1A). Recent PCR
studies using primers 50 and30 to the alternately

spliced exon demonstrated that P2P-R is the
predominant product expressed in multiple
murine cell lines [Scott and Cox, unpublished
observation]. Whether the PACT protein that
contains the exonmissing in P2P-R is expressed
in specific cell types remains to be determined.
It is of interest that the peptide encoded by the
exon missing in P2P-R has a coiled-coil struc-
ture that can determine protein binding specifi-
cities, suggesting that the PACTmolecule, that
contains such a domain, might have unique
binding characteristics [Peidis, Giannakouros,
and Scott, unpublished observation].

Biochemical data show that P2P-R is a highly
basic nuclear proteinwith an isoelectric point of
9.6. In addition to containing multiple nuclear
localization signals, P2P-R contains a series of
important domains. Starting at its N-terminus
and proceeding to its C-terminus, there exists a
RING type zinc finger, a proline-rich domain, an
RS-like region and a lysine-rich domain. The
C-terminal third of P2P-R also contains an
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hnRNP core epitope because the FA12 mono-
clonal antibody against core hnRNPs was ini-
tially used to identify the P2P-R cDNA from
a 3T3 expression library [Witte and Scott,
1997].
Specific domains of P2P-R interact with im-

portant proteins (Fig. 1B). These P2P-R bind-
ing proteins include the Rb1 and p53 tumor
suppressors. Documentation of the binding of
Rb1 and p53 to P2P-R/PACT has been pub-
lished, showing that aa 735–908 of P2P-R
binds to the pocket domain of Rb1, whereas aa
1204–1314 binds to the oligomerization and
C-terminal regulatory domain of p53 (aa 347–
357) [Simons et al., 1997; Witte and Scott, 1997;
Gao and Scott, in press].
Preliminary studies suggest that P2P-R

might be a member of a new family of proteins
that share a common domain organization with
the ability to influence the nuclear matrix. One
well-characterized protein of this family is
topors [Haluska et al., 1999; Zhou et al., 1999].
It too contains an N-terminal RING type zinc
finger, an internal RS region, a p53 binding
domain and a lysine rich C-terminal sequence.
Topors was initially cloned on the basis of its
ability to interact with topoisomerase I (topors,
topoisomerase I-binding RS protein), which can

affect the nuclear matrix, via its interaction
with nucleolin [Haluska et al., 1999].

Two protein kinases can phosphorylate
P2P-R. Figure 2A shows that P2P-R can be
phosphorylatedby themitotic cdc2kinase. Such
data are relevant to recently published reports
showing that the immunoreactivity of P2P-R
is markedly modulated during mitosis. More
specifically, Western blots using the M56 anti-
P2P-R monoclonal antibody detect only low
levels of P2P-R in quiescent G0 cells, whereas
mitotic cells show >10� higher levels of P2P-R
[Gao et al., 2002].

In this respect, it should be noted that the
localization of P2P-R also changes during the
cell cycle. Whereas P2P-R localizes to nucleoli
and nuclear speckles in interphase cells,mitotic
cells that lack nucleoli and show markedly
repressed transcriptional and pre-RNA splicing
activities, show most P2P-R at the periphery
of chromosomes together with nucleolin and
a series of other factors (Fig. 2B) [Gao et al.,
2002]. It is possible that such changes in P2P-R
localization might be related to an associa-
tion of P2P-R with the nuclear matrix. The
nuclear matrix, as a regulator of nuclear struc-
ture and nuclear metabolism, undergoes dy-
namic changes during the cell cycle. Although

Fig. 1. DNA and protein characteristics of the P2P-R/PACT
cDNAs and its product. The P2P-R cDNA differs from PACT
cDNA in the absence of one 102 base pair exon that exists 50 of
the segment that encodes the RS protein domain. A: Illustrates
the region of the P2P-R/PACT gene containing the alternately

spliced domain (bold) that is absent from P2P-R. The 50 and 30

sequence towhich PCR primers that have been prepared to assay
the relative expression of P2P-R versus PACT is underlined. B:
Tabulation of the protein domains of P2P-R and the factors
known to bind to specific P2P-R domains.
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traditionally it has been thought that during
mitosis, the nuclearmatrix just disassembled in
prophase and then reassembled in telophase, it
now appears that much of the nuclear matrix of
interphase cells can be used to form the mitotic
apparatus [Mancini et al., 1996].

In addition, SRPK1a has been found to phos-
phorylate the RS region of P2P-R [Peidis,
Giannakouros, Scott, and Gao, unpublished
observation]. SRPK1a is encoded by an alter-
natively processed transcript derived from the
SRPK1 gene and contains an insertion of 171
amino acids at its N-terminal domain [Nikola-
kaki et al., 2001]. Interestingly, SRPK1a speci-
fically interacts, via its N-terminal domain,
with SAF-B, a MARs binding protein [Nikola-
kaki et al., 2001].

Recent studies have also established that the
RS region of P2P-R can bind two factors that
associate with MARs. Immunoprecipitation ex-
periments document that P2P-R binds SAF-B
[Scott, Peidis, and Giannakouros, unpublished
observation, see also Fig. 3A] and preliminary
yeast two hybrid results suggest that P2P-R can
also bind to nucleolin [Witte and Scott, unpub-
lished observation].

SAF-B was first purified and found to be a
novel MARs binding factor in 1996 [Renz and
Fackelmayer, 1996]. Subsequently, SAF-B was

reported to couple transcription and pre-RNA
splicing and to be localized at speckles in the
nucleus [Nayler et al., 1998]. Then it was re-
ported that SAF-B is essentially the same
protein as HAT that interacts with hnRNPA1
and several other hnRNPs through its RS
domain [Weighardt et al., 1999]. Both SAF-B
andHATwere also found to be identical toHET,
a transcriptional regulator of the heat shock
protein 27 gene [Oesterreich et al., 1997]. In
this regard, it is intriguing that P2P-R that
interacts with SAF-B also contains an hnRNP
core epitope recognized by the FA12monoclonal
antibody and aheat shock 90 epitope recognized
by the AC88 monoclonal antibody [Witte and
Scott, 1997].

The ability of nucleolin to bind to MARs
also has been clearly documented [Dickinson
and Kohwi-Shigematsu, 1995; Galande, 2002].
Indeed, MARs have been identified in the
nucleoli of multiple cell types as diverse as
rat cells [Stephanova et al., 1993] and tobacco
cells [Fujiwara et al., 2002]. About 30 addi-
tional proteins have been reported to bind to
MARs. These include: lamins, matrins, SATB1,
huRNP-U, topoisomerase II, the Ku autoanti-
gen, histone H1, and poly (ADP-ribose) poly-
merase [Galande andKohwi-Shigematsu, 2000;
Galande, 2002; Liebich et al., 2002].

Fig. 2. Cell cycle-associated changes in P2P-Rphosphorylation
and intracellular localization. A: Evidence that the cdc2 mitotic
protein kinase phosphorylates in vitro a GST fusion protein
containing 735-890 of P2P-R. The full-length fusion protein
migrates with an apparent molecular mass of approximately

52 kDa. The lower bands are thought to represent degradation
products. Histone H1 was employed as the positive control
substrate for cdc2. B: Summary of evidence from confocal
microscopy studies documenting that the localization of P2P-R
changes during the cell cycle.
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Matrix attachment regions of DNA and asso-
ciated factors appear to partition chromatin into
functional regions [von Kries et al., 1991]. They
have been identified primarily in exons but
recent data suggest that they may also exist
in introns preceding 50 ends of genes. In both
locations, MARs and associated proteins are
thought to control transcription and multiple
other nuclear activities [Glazko et al., 2003].
Recent reports suggest that a MARs recogni-
tion signature sequence may even exist [van
Drunen et al., 1999] in contrast to prior studies,
which suggested that no consensus sequences
exist. MARs tend to be concentrated in nuclear
speckles and in nucleoli, which is intriguing
since P2P-R also localizes both in the nucleolus
and in nuclear speckles in interphase cells
[Simons et al., 1997; Gao and Scott, 2002].
Experiments to evaluate the biological out-

comeof overexpression ofnear full-lengthP2P-R
or smaller P2P-R segments provide additional
insights into the function of P2P-R. The over-
expression of near full-length P2P-R induces
mitotic arrest at prometaphase and mitotic
apoptosis [Gao and Scott, 2002]. In addition,
overexpression of selected P2P-R segments that
include a 158 aa region contiguous with the p53
and ssDNA binding domains of P2P-R, facil-
itates apoptosis induced by the topoisomerase
I inhibitor camptothecin [Gao and Scott, in
press]. In view of the fact that camptothecin-
induced apoptosis is linked to its ability to
stabilize single strand DNA cleavages induced
by topoisomerase I, the finding that specific

P2P-R segments have ssDNA binding potential
suggests that P2P-R may influence topoisome-
rase I-camptothecin–DNA interactions [Gao
and Scott, in press]. Whether P2P-R interacts
directly with topoisomerase I, as does topors,
and whether the function of P2P-R in apoptosis
relates to its purported association with MARs,
remains to be evaluated.

A final set of data, related to the original basis
for the cloning of P2P-R, needs to be empha-
sized. Studies published between1989 and1997
[Minoo et al., 1989; Witte and Scott, 1997]
established that when 3T3T adipocytes termi-
nally differentiate and when human keratino-
cytes terminally differentiate or senesce, the
expression of a type of hnRNP-like A protein,
designated P2P, was markedly repressed. The
FA12 anti-core hnRNP antibody that detects
P2Ps was therefore used to clone the cDNA
designated P2P-R [Witte and Scott, 1997].
Figure 4 shows that the expression of P2P-R
mRNA also is markedly repressed by adipocyte
differentiation. In contrast, the expression of
P2P-R mRNA does not change during the cell
cycle in related cell types. This suggests that
modulation of P2P-R expression does not result
from quiescence but from more complex differ-
entiation-dependent regulatory mechanisms.
More specifically, if the level of P2P-R mRNA
in G0 and G2/M phase cells is set at 100%,
Figure 4 shows that the level of P2P-RmRNA in
non-terminally and terminally differentiated
cells is decreased by 70–95% [Witte and Scott,
1997; Gao et al., 2002].

Fig. 3. A complex of P2P-R, SAF-B/nucleolin, p53 and/or RB
plus other factors may exist at MARs to influence nuclear
organization and DNA transcription. A: Evidence that the RS
domain of P2P-R [GST-SR1] binds to the MARs binding protein
designated SAF-B ( ) whereas SAF-B does not bind to control
GST alone. B: Model based on evidence that P2P-R can interact

with the MARs binding proteins SAF-B and nucleolin (prelimin-
ary data) in addition to p53, Rb1, and SRPK1a. The model
suggests that the complex of P2P-R with SAF-B/nucleolin, p53
and/or Rb1 might directly influence MARs or other functional
MARs factors (arrows).
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The molecular and biological characteristics
of P2P-R therefore have been extensively
studied and many insights have been devel-
oped. However, the core function of P2P-R has
yet to be definitively established.

P2P-R FUNCTIONAL HYPOTHESIS

Ourworkinghypothesis suggests thatP2P-R’s
core function stems from its ability to complex
with MARs-associated factors, such as SAF-B
and nucleolin, and the tumor suppressors p53
and Rb1 that might be influenced by modifica-
tion ofP2P-Rvia phosphorylation bySRPK1aor
cdc2 protein kinases or other enzymes. This
hypothesis also suggests this complex of inter-
actions can be modulated during the cell cycle
and cell differentiation. Figure 3B is presented
to illustrate such a purported MARs complex
that includes P2P-R, SAF-B or nucleolin, with
p53, Rb1 and the protein kinase SRPK1a.

It is possible that a complex of P2P-R and
SAF-B might localize to specific sites on the
nuclear matrix associated with speckles. That
complex might also involve p53 and/or Rb1 and
it might function to influence the organization
of chromatin directly or by modulating the ac-
tivity of other MARs-associated factors, such as
topoisomerases and thereby to influence gene
expression.

A complex of P2P-R and nucleolin might also
localize to specific sites in the nuclear matrix
where rRNA transcription occurs [Ginisty et al.,
1998]. That complex might also involve p53
and/or Rb1 to influence MARs directly or the
function of other MARs-associated factors.

Both of these possibilities are compatible
with the fact that both p53 and Rb can localize

to MARs sites under specific biological situa-
tions. Hypophosphorylated Rb associates with
the nuclear matrix, especially at the nuclear
periphery and in nucleolar remnants [Mancini
et al., 1994]. In contrast, mutant Rb does not
bind to thenuclearmatrix [Mancini et al., 1994].
Rb also interacts with specific nuclear matrix
proteins, such as p84 [Durfee et al., 1994] and
topoisomerase II a [Bhat et al., 1999]. The
interaction of Rb with the nuclear matrix may
even affect its organization because Rb-defi-
cient mice show a highly relaxed chromatin
structure [Herrera et al., 1996]. Rbmay thereby
influence transcription by its ability to modify
the conformation of individual nucleosomes
[Morrison et al., 2002].

Although native p53 appears not to bind to
MARs sites in DNA, p53 can bind to double and
single strand DNA, and at least half of all
nuclear p53 appears to bind to specific nuclear
structures [Steinmeyer and Deppert, 1988;
Zerrahn et al., 1992]. In contrast, mutant p53s
have the distinct ability of binding to the
nuclear matrix with high affinity [Weissker
et al., 1992; Will et al., 1998; Deppert et al.,
2000]. Mutant p53s can bind to MARs sites in
DNA [Muller et al., 1996; Koga and Deppert,
2000], and the ability of mutant p53 to bind to
MARs sites has been proposed to account for the
‘‘gain of function’’ outcome that causes some
mutant p53s to act as oncogenes [Deppert, 1996;
Deppert et al., 2000].

The model for the proposed role of P2P-R in
MARs-related activities (Fig. 3B) includes all
the above perspectives and provides a focus for
many challenging future experiments. The pre-
cise sites within the P2P-R protein that are
phosphorylated by SRPK1a and by cdc2 need to
be defined and the times that P2P-R phosphor-
ylation is modified during the cell cycle need to
be established. The functional impact of P2P-R
phosphorylation also needs to be defined, as
does the interaction of P2P-R with the nuclear
matrix binding factors SAF-B and nucleolin.
For example, it needs to be established if P2P-R
can be coimmunoprecipitated with SAF-B or
nucleolin from cells and if the distribution of
P2P-R, SAF-B, and/or nucleolin can be coloca-
lized during the cell cycle using confocal micro-
scopy. The use of cell systems that lack either
P2P-R, SAF-B, nucleolin, p53 or Rb1 could also
provide important insights into how proposed
MARs complexes might function. Ultimately,
the functional impact of modulating P2P-R

Fig. 4. Differentiation selectively represses P2P-R RNA expres-
sion. The relative expression of P2P-R RNA at specific cell cycle
and differentiation states was determined by densitometric
analysis ofNorthernblots using eitherGAPDH levels or ethidium
bromide RNA staining as loading controls.
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interactionswithMARs complexes also needs to
be defined to explain the role of P2P-R in
apoptosis [Gao and Scott, 2002; Gao and Scott,
in press].
Concerning P2P-R and its potential interac-

tion with MARs in association with differentia-
tion, it has recently been reported that mice
devoid of the MARs binding factor SATB1 show
major cell lineage specific defects in T-lympho-
cyte development [Alvarez et al., 2000]. More
specifically, SATB1 null mice, which develop
with only a small thymus and spleen, die within
one month after birth with multiple defects in
T-cell function. It therefore is possible that
complexes of MARs binding proteins may act as
global regulators of cell differentiation [Alvarez
et al., 2000]. Ongoing studies to develop aP2P-R
knockout mouse model should provide new in-
sights in that regard. It has also been reported
that the nuclear matrix is modified by terminal
differentiation in a variety of cell types [Davie,
1997; Fischer et al., 1998; Morioka et al., 1998;
Cheung et al., 2001; Hawkins et al., 2001].
Finally, the recent discovery that the differen-
tiation-regulatory p63 protein influences P2P-R
gene expression [Wu et al., 2003] supports the
possibility that linkages exist between differ-
entiation, nuclear matrix characteristics, and
P2P-R.
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