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The perinucleolar compartment associates with malignancy
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Abstract The perinucleolar compartment (PNC) is a unique nuclear substructure, forming predominantly in cancer
cells both in vitro and in vivo. PNC prevalence (percentage of cells containing at least one PNC) has been found to
positively correlate with disease progression in several cancers (breast, ovarian, and colon). While there is a clear
association between PNCs and cancer, the molecular function of the PNC remains unclear. Here we summarize the
current understanding of the association of PNCs with cancer and its possible functions in cancer cells.
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Introduction

Cancers are complex diseases reflecting ever evolving
consequences of multi-step complex transformation pro-
cesses. Along with tremendous molecular changes at genetic
and epigenetic levels in a cancer nucleus, the architecture and
high order organization of the nucleus undergo alterations
correspondingly. For more than a century, the increases in size
and number of nucleoli, and other changes in nuclear
morphometry have been documented in cancer cells and
used as parameters in predicting disease outcomes in cancer
patients (Pianese, 1896; Zwerger et al., 2011), demonstrating
the levels of changes in nuclear structure directly reflect the
levels of transformation of the cancer cells. However, the
molecular relevance of the morphological changes in cancer
cell nuclei is still not well understood. Whether the structural
alterations represent functional requirement of the transfor-
mation or merely a consequence of the functional changes
remains to be determined. One of the nuclear architecture
changes is the formation of the perinucleolar compartment
(PNC) in cancer cells. In this review, we summarize the
current understanding of the formation and the structure
function of perinucleolar compartment in cancer cell.

PNCs are detected predominantly in cancer
cells

The PNC is an irregularly shaped structure with a diameter
ranging from 0.25 to 1 µm and is physically associated with
the nucleolus. When examined by transmission electron
microscopy using conventional UA-lead staining, the PNC is
composed of multiple electron-dense strands approximately
80–180 nm in diameter and is structural distinct from the
linked nucleolus (Huang et al., 1997). At the light
microscopic level, PNCs can be detected either by immuno-
fluorescence using antibodies specifically recognizing PTB, a
polypyrimidine tract binding protein, or by in situ hybridiza-
tion to the RNA components of RNase MRP (Fig. 1) (Matera
et al., 1995; Lee et al., 1996; Huang et al., 1997). PNCs are
detected predominantly in solid tissue derived cancer cells or
cell lines either from patient tumors or transformed in vitro.
They are rarely present in normal cells including embryonic
stem cells from human or mice (Huang et al., 1997; Norton
et al., 2008a). PNC structures are stably associated with the
nucleoli through interphase in the cell cycle and undergo
disassembly and reassembly along with nucleoli during cell
divisions (Huang et al., 1997).

PNC prevalence associates with the
aggressiveness of cancer in vivo

PNC prevalence is highly heterogeneous among various
cancer and transformed cell lines (Huang et al., 1997; Norton
et al., 2008a). Evaluations of PNC prevalence in the most
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aggressive regions of primary tumors from breast, ovarian,
and colon show consistent positive associations of PNC
prevalence with the progression of the diseases (stages and
grades) (Kamath et al., 2005; Slusarczyk et al., 2010) (our
unpublished data).While PNC prevalence can vary in primary
tumor tissues, it reaches near 100% in distant metastases.
Univariate analyses using matched cases demonstrate a
correlation between high PNC prevalence in primary tumors
and poor prognosis of breast cancer patients (Kamath et al.,
2005). Multivariate analyses (adding PNC prevalence to
tumor size and grade) demonstrate that PNC prevalence
contains additional prognostic power in predicting the relapse
of early stage infiltrating ductal breast carcinomas (for lymph
node negative and 1–3 lymph nodes involved) (Kamath et al.,
2005). Similar trends have also been shown in colon and
ovarian cancer (Slusarczyk et al., 2010) (our unpublished
data). The observations that PNC prevalence increases in
parallel with the progression of cancer and reaches nearly
100% in metastases suggest that PNC-containing cancer cells
have growth and metastatic advantages over those without
detectable PNCs.

PNC prevalence directly reflects the
metastatic capability in cells derived from
animal tumor models of human prostate
cancer

Experimentally, PNC prevalence was evaluated in cancer cell
lines enriched either for metastatic capability or for localized
growth properties. PC-3 cell line series were designed to
isolate populations of cells with varying degrees of
malignancy from a single source (Pettaway et al., 1996).

PC-3M cells were created by placing a PC-3 xenograft, a
human prostate cancer cells grown from resected tumor (PNC
prevalence less than 5%), into a nude mouse, allowing the
tumor to metastasize, removing a distant metastatic lesion,
and then culturing the cells from the metastasis. The one
round of enrichment for metastatic capable cells (PC-3M)
significantly increased PNC prevalence (87.1%±4.0%) from
the parental cells (PC-3) (Pettaway et al., 1996). Subse-
quently, PC-3M cells were injected into the prostate glands of
a nude mouse. Cells were then removed from lymph node
metastases and re-injected into the prostate of another nude
mouse. This process was iterated four times so as to enrich for
a highly metastatic population of cells. The PC-3M LN4 cell
line was isolated from a lymph node metastasis removed from
the fourth mouse (Pettaway et al., 1996). Nearly all (98.0%±
1.3%) PC-3M LN4 cells contained one or more typical sized
or atypically large PNCs (Norton et al., 2008a). In
comparison, non-metastatic tumor cells were enriched by
isolating PC-3M cells that remained in the prostate of the
injected mouse and then by re-implanting these cells into the
prostate of another mouse. The PC-3M Pro4 cell line was
generated from the prostate of the fourth mouse in the
iteration of this process and was therefore enriched with non-
metastatic cells (Pettaway et al., 1996). PNC prevalence in
PC-3M Pro4 cells (78.0%±4.1%) was significantly less
(p< 0.05) than the PC-3M LN4 cells. More importantly, the
majority of the PNCs in PC-3M Pro4 cell lines were
atypically small (Norton et al., 2008a). When PNC
prevalence is adjusted to the percentage of cells containing
PNCs with diameter larger than 2.2 μm, it shows a close
correlation with the ability of the cell population to
metastasize (Norton et al., 2008a). These observations are
complementary to the findings in tumor tissues where PNC

Figure 1 RNase MRP RNA and PTB colocalize in the PNC at the nucleolar periphery. In situ hybridizations using specific oligo probe
show perinucleolar enrichment of the RNA (left panel, arrows) which is colocalized (right panel, arrows) with a bright PTB
immunolabeling signal (middle panel, arrows). The bar = 10 µm.
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prevalence showed stepwise increases from primary tumors
to lymph nodes and reached nearly 100% in distant metastasis
(Kamath et al., 2005), reinforcing the correlation between
PNC prevalence and metastatic behavior. Furthermore, the
suppression of breast cancer metastasis significantly reduced
PNC prevalence in these cells (Norton et al., 2008a). The
close association between PNC prevalence and levels of
malignancy both in vitro and in vivo indicate that the
formation of the PNC reflects critical changes during
transformation that signify metastatic capability of cancer
cells.

PNC prevalence can be a cancer specific
phenotypic marker

Ideal tumor markers should be those that are associated with
the pathophysiology unique to cancer cells (unlimited
anchorage independent growth and metastasis) and the
reduction of such a marker in cancer cells should then be
indicative of improvement in the cellular behavior and be
predictive of more favorite patient outcome (Frank and
Hargreaves, 2003). This type of marker can be used to screen
for specific anti-cancer compounds that disrupt core cellular
processes critical for sustaining malignant behavior of cancer
cells. These compounds could then be potential candidates for
the development of selective and specific anti-cancer
chemotherapy. PNCs appear to fit such characteristics. As
discussed above, PNCs specifically form in metastatic
capable cancer cells. The formation of PNC does not
associate with growth traits that are shared by normal and
cancer cells, including proliferation rate, glycolysis, differ-
entiation statues (Norton et al., 2008a). Thus, the specific
phenotypic representation of metastasis makes the reduction

of PNC prevalence an ideal surrogate mark for identifying
novel anti-cancer drugs. Compounds that have PNC inhibi-
tory (PNCi) effect may disrupt cellular processes that are
required for the maintenance of malignant phenotype as
reflected in the loss of PNCs (Fig. 2).

A high-content-put assay screen for PNCi effect using over
150000 small compounds has identified 98 compounds of
diverse structures that reduce PNC prevalence by 50% in
PC-3M cells (Norton et al., 2009a). Among these PNCi
compounds are well-known or clinically used anti-cancer
chemotherapeutics including doxorubicin, mitomycin, cis-
platin, camptothecin, F-Ara-A, amonafide, and gemcitabine.
Additionally, other chemotypes with no known anti-cancer
roles were also identified. It is interesting that more than one
chemotypes are among the hits (Norton et al., 2009a). One
explanation is that the development and maintenance of
malignant phenotype is highly complex and involves multiple
cellular pathways or mechanisms. Disruption of any one
essential mechanism could impact the phenotypes. If PNCs
are indeed markers reflecting metastatic capability, it should
be disrupted by multiple mechanisms. In fact, two mechan-
isms, transcription and DNA structure, both are well known
targets for the current chemotherapies against cancer are
critical for PNC integrity. Crosslinking DNA at the duration
without significant impacting pol III transcription (Norton
et al., 2009b) or blocking pol III transcription (Wang et al.,
2003) is sufficient to disassemble the PNC. Therefore, the
structurally diverse hits could serve as molecular probes to
help identify key cellular mechanisms that are critical for the
maintenance of the PNC and of malignant phenotypes.

A novel analog (MEAN) (Norton et al., 2008b; Liu et al.,
2011) of a known anti-cancer compound, amonafide (AMN)
has been developed from these hits. MEAN has in vitro anti-
tumor properties and in vivo efficacy in xenograft mouse

Figure 2 Schematic diagram summarizes that PNCs form as the consequence of transformation. Its formation signifies that cancer cells
become capable of metastasis. PNC prevalence, thus, can be used as a cancer marker for anti-cancer drug development.
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tumor models of human cancer at doses that elicit little to no
toxicity. In comparison to its parental compound, animals
tolerate MEANwell through various treatment schedules (Liu
et al., 2011). These observations and findings of other PNCi
compounds (our unpublished data) further validate that PNC
prevalence specifically reflects the malignant behavior of
cancer cells and can be used as a selective cancer behavior
marker for translational studies.

Molecular function of the PNC

While the link between PNCs and malignancy is increasingly
clear, the molecular function of the PNC and its role in cancer
remains unresolved. Localization studies identify several
non-coding pol III RNAs and RNA binding proteins
primarily implicated in pre-mRNA processing to be enriched
in the PNC (Matera et al., 1995; Lee et al., 1996; Wang et al.,
2003).

The PNC is enriched with RNA binding proteins

The PNC was first described during the characterization of
polypyrimidine tract binding protein (PTB) (Ghetti et al.,
1992) that binds to the 3′ end of pre-mRNA introns (Garcia-
Blanco et al., 1989; Wang and Pederson, 1990). PTB is
diffusely distributed in the nucleoplasm in addition to being
concentrated in the PNC (Ghetti et al., 1992). PTB is
implicated in multiple cellular functions including pre-mRNA
splicing (Valcarcel and Gebauer, 1997; Kafasla et al., 2012),
splice site selection in alternative pre-mRNA splicing (Perez
et al., 1997; Wagner et al., 1999; Wagner and Garcia-Blanco,
2002; Chen et al., 2010). RNA polyadenylation (Lou et al.,
1996; Lou et al., 1999; Castelo-Branco et al., 2004; Sawicka
et al., 2008), and translational regulation of certain RNA
transcripts through IRES (internal ribosome entry site)(Hellen
et al., 1994; Kaminski et al., 1995; Witherell et al., 1995;
Schneider et al., 2001; Pickering et al., 2003; Sawicka et al.,
2008). Furthermore, PTB is a highly dynamic protein that
shuttles between the nucleus and the cytoplasm (Kamath et
al., 2001), a process that is highly regulated through
phosphorylation (Xie et al., 2003). PTB, a multifunctional
protein (Sawicka et al., 2008), apparently participates in both
nuclear and cytoplasmic functions through the binding of
pyrimidine rich-RNA sequences. Thus, PTB may serve as a
bridge between RNAs and a variety of cellular factors that
fulfill different functions. Many of these functions are altered
in cancer cells (Chen et al., 2010).

What could be the functional role of PTB in the PNC? PTB
protein shuttles rapidly in and out of the PNC although the
exchange dynamics is substantially slower in the PNC than in
the nucleoplasm where most of the pre-mRNA processing
take place (Pollock et al., 2011). The RNA binding capability
is required for PTB to be localized to the PNC (Huang et al.,

1997), and immunolabeling of PTB in the PNC structure is
insensitive to pol II transcription inhibition, but is sensitive to
RNase A treatment (Huang et al., 1997). These findings
suggest that association of PTB in the PNC relates RNA
binding function that may not be part of pre-mRNA process.
Recently, we have shown that PTB interacts with PNC-
associated small pol III transcribed RNAs in vivo. PTB and
RNase MRP RNA colocalize in the PNC as reticulated
meshes when examined by super resolution light microscopy
of structure illumination mechanisms (Pollock et al., 2011).
Interestingly, in PTB knockdown cells, PNC prevalence
reduces significantly as measured by in situ hybridization to
RNase MRP RNA or immunolabeling against CUGBP
(Wang et al., 2003), indicating that PTB plays key roles in
the localization of RNase MRP RNA and CUGBP to the
PNC. These findings together suggest that PTBmay be part of
novel protein-RNA complexes for these small non-coding
RNAs and may play a role in nucleating the RNA-protein
complex to the PNC. However, the components of these
complexes and their role in function of PNCs and malignancy
remain to be investigated.

Other RNA binding proteins in the PNC include CUGBP/
hNab50, KSRP (K homology-type splicing regulatory
protein) (Hall et al., 2004), Raver 1 (Huttelmaier et al.,
2001), ROD1, and nucleolin (Our unpublished data). CUGBP
was first isolated in a yeast two-hybrid system because of its
interaction with the yeast heterogeneous nuclear ribonucleo-
protein (hnRNP) Nab2p (Anderson et al., 1993). CUGBP
interacts with polyadenylated RNA and is localized pre-
dominantly in the nucleoplasm in addition to being enriched
at a perinucleolar site that coincides with the PNC
(Timchenko et al., 1996; Huang et al., 1998). CUG-BP also
binds the CUG triplet repeats of myotonin protein kinase
RNA, which is associated with the autosomal dominant
neuromuscular disease myotonic dystrophy (Timchenko et
al., 1996). Accumulating evidence suggests that CUG-BP is
also involved in alternative splicing (Savkur et al., 2001;
Charlet et al., 2002; Zhang et al., 2002; Ho et al., 2005), as
well as deadenylation (Paillard et al., 2003). More recently,
CUGBP is also shown to be involved in miRNA and
translational regulations (Apponi et al., 2011; Jones et al.,
2012; Mahadevan, 2012). Although CUGBP is normally
distributed in the nucleus, it becomes predominantly
cytoplasmic upon pol II transcription inhibition (Huang et
al., 1998), suggesting its nuclear localization requires
continuous pol II transcription. However, the CUGBP
concentrated in the PNC remains associated with the PNC
during transcription inhibition, supporting that CUGBP may
have novel interactions in the PNC that are not dependent
upon pol II transcription (Huang et al., 1998). However,
CUGBP knockdown, unlike PTB knockdown, does not
induce the disassembly of PNC (our unpublished data). The
role of CUGBP in the PNC remains to be determined.

Other RNA binding proteins that are enriched in the PNC
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include KSRP (Gromak et al., 2003; Hall et al. 2004; Apponi
et al., 2011), Raver 1, a PTB binding protein (Gromak et al.,
2003; Kafasla et al., 2012), and Rod 1 (our unpublished data),
all of which are in in vivo complexes with PTB, suggesting
that they may participate in common processes. Additionally,
PSF and p54nrb that are involved in RNA editing and
processing (Bond and Fox, 2009; Fox and Lamond, 2010) are
also found associated with PNC. It is not clear whether these
complexes are mediated by RNA binding in the PNC or they
are all in the same complex.

The PNC is enriched with small non-coding RNAs
transcribed by pol III

Several small RNAs transcribed by RNA polymerase III (pol
III) are enriched in the PNC as detected by FISH combined
with immunofluorescence using PTB antibodies. They
include RNase MRP and RNase P RNA, SRP RNA, Alu,
and some of the Ro autoantigen-associated hY RNAs (Matera
et al., 1995; Lee et al., 1996; Wang et al., 2003). However, not
all pol III RNAs are detected in the PNC. In situ hybridization
to tRNA, U6 and 5S rRNA did not show any enrichment of
these RNA in the PNC (Matera et al., 1995). In addition, in
situ hybridization to some mRNA (Hall et al., 2004) or
rRNAs, 28S and 18S RNAs (our unpublished data) also did
not detect these RNAs in the PNC, demonstrating the PNC
may be enriched with a subset of pol III RNA.

RNase MRP RNA and RNase P H1 RNA are RNA
components of two highly conserved sequence-specific
endoribonucleases. The two RNAs share substantial struc-
tural homologies (Xiao et al., 2002; Esakova and Krasilnikov,
2010; Perederina et al., 2010; Esakova et al., 2011). Both
RNAs are highly conserved through evolution and bind to
protein subunits (some of which are shared by both RNA) to
form functional RNase particles (Xiao et al., 2002). RNase
MRP is involved in pre-rRNA processing and mitochondrial
DNA replication (Altman, 1990; Clayton, 1994; Van
Eenennaam et al., 2002). RNase P is involved in tRNA and
pre-rRNA processing (Jarrous, 2002; Xiao et al., 2002). In
situ hybridization and the microinjection of labeled RNase
MRP RNA or RNase P H1 RNA show transient associations
of these RNA with the nucleolus, suggesting that the
functional RNPs assemble in the nucleolus (Clayton, 1994;
Jacobson et al., 1995; Matera et al., 1995). Interestingly,
RNase MRP or P RNA that are concentrated in the PNC do
not appear to be assembled into the known functional RNPs
in the PNC since the common protein subunits shared by both
RNAs are not enriched in the PNC as evaluated by
immunolabeling and tagged expression of these proteins
(Wang et al., 2003). These findings suggest that the MRP and
RNase P RNA in the PNC are unlikely to be in the same
complex with their described protein partners, but rather are
in novel RNA-protein complexes. The nature of the complex
and the function of the complex in the PNC need to be further
explored.

The PNC is enriched with newly
synthesized RNAmainly derived from pol III
transcription

ABrU incorporation assay was used to determine whether the
PNC associated RNAs are newly synthesized. Cells were
briefly permeabilized and incubated in a transcription cocktail
containing BrU for 5 min using a modified protocol from
published work (Jackson et al., 1993; Wansink et al., 1993).
Simultaneous detection of the sites of BrU incorporation by
immunolabeling with an anti-BrU antibody and of the PNC
by anti-PTB antibodies demonstrated heavy incorporation of
BrU at the PNC after 5 min pulse labeling (Huang et al.,
1998). In fact, the signal of BrU incorporation is frequently
more prominantin the PNC than in the remaining majority
volume of the nucleoplasm. These results suggest that the
PNC is either the site of transcription or the site of the
metabolism of newly-synthesized RNA or both (Huang et al.,
1998).

What types of RNAs are enriched in the PNC? To address
this question, all threeRNA polymerases were inhibited
individually and their impacts on PNCs were analyzed.
Inhibition of pol I transcription either by siRNA knockdown
of upstream binding factor (UBF), a pol I specific
transactivator (our unpublished data), or by treatment with
cycloheximidethat inhibits pol I transcription in 4 h(O’Keefe
et al., 1994) did not alter the maintenance and localization of
proteins and RNAs in the PNC (our unpublished data).
Together with the lack of detectable rRNAs in the PNC, these
findings suggest that that PNC-associated RNA is unlikely
derived from pol I transcription. α-amanitin treatment at a
concentration that specifically inhibits pol II transcription
does not significantly impact the structure of the PNC, or the
incorporation of BrU at the PNC (Huang et al., 1998),
indicating that the PNC is not enriched with newly
synthesized pre-mRNA. In comparison, treatment with α-
amanitin at a high concentration that inhibits both pol II and
III induces the disassembly of the PNC within 3 h (Huang et
al., 1998), indicating that PNC enriched RNA is primarily
from pol III transcription.

A direct verification of the role of pol III in the PNC came
from the use of a pol III specific inhibition. Three hours after
tagetin (Steinberg et al., 1990; Steinberg and Burgess, 1992;
Huang et al., 1998) injection into HeLa cells, PNC structures
were assayed by both immunolabeling with anti-PTB
antibody and in situ hybridization to MRP RNA in the
same cells. The results show a loss of the perinucleolar
labeling of both PTB and MRP RNA, but not those MRP
RNA in the nucleolus serving as functional RNase MRP
(Wang et al., 2003). These findings suggest that the newly
synthesized RNA in the PNC is mostly derived from pol III
transcription and the continuous production of these RNA is
important for maintaining PNC structure. However, over-
expression of RNase MRP RNA (the most prominent RNA
detected in the PNC) with or without simultaneous expression
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of PTB and CUG/BP does not induce PNC formation in
primary or immortalized cells (our unpublished data),
suggesting that the formation of the PNC is a complex
process not simply due to the aggregation of overexpressed
components of the PNC.

PNCs are associated with chromatins

Through the use of chemical and cell biologic approaches, the
PNC is found to nucleate on a DNA locus or multiple loci
(Norton et al., 2009). The results of using a panel of
compounds with different DNA interactive characteristics
show that the DNA base-pairing capability is critical to the
PNC structure (Norton et al., 2009). In addition, a CDK1
conditional mutant shows that the number of PNCs at non-
permissive temperature increases corresponding to the
number of endoreplicationrounds (Norton et al., 2009). The
PNC associated locus/loci replicates at early-mid S phase
with a peak at 3 h after release from hydroxyurea(Norton et
al., 2009). The lack of colocalization of the gene loci that
encode PNC enriched RNAs, including RNase MRP, and
RNase P RNA, with the PNC demonstrates that the PNC is
not the sites of transcription for these RNAs (Matera et al.,
1995; Lee et al., 1996; Pollock et al., 2011). Furthermore,
high resolution (100 nm) light microscopy (OMX) shows that
MRP RNA-PTB-CUGBP labeling at the PNC does not
colocalize with newly synthesized RNA (Pollock et al. 2011),
suggesting that the RNA is unlikely representing the newly
synthesized RNase MRP RNA that are being processed at the
PNC. Instead, the RNase MRP RNA containing RNP
colocalized to the PNC in a highly fibril and reticulated
structures observed by both EM and OMX systems (Huang et
al., 1997; Pollock et al., 2011), suggestive of its direct
association with chromatin. Furthermore, treatment with
TSA, which increases acetylation at H3K9, induces expan-
sion of the PNC locus to a much more fibril structure visible
even under lower power light microscopy (Norton et al.,
2009). These observations indicate that the nucleation of the
RNA-protein complex upon the DNA locus/loci may have
direct gene expression regulatory roles in PNC containing
cells. The idea needs to be further tested upon the
identification of specific DNA loci that nucleate at the PNC.

Summary and future direction

The PNC is a unique nuclear substructure that forms during
oncogenic transformation in solid tumor cells. The formation
of PNCs reflects changes in cancer cells that confer their
ability to metastasize. A high PNC prevalence in primary
tumors of breast, colon, and ovary associates with poor
patient outcome. PNC prevalence reduction can be a
phenotypic marker for chemotherapeutic development of
selective and effective anti-cancer agents. Molecularly, PNCs

are enriched with newly synthesized non-coding RNA
primary transcribed by RNA polymerase III, some of which
form novel RNA-protein complexes in the PNC. RNA
polymerase III transcription and DNA structural integrity are
required to maintain the PNC structure. PNCs are nucleated
upon unknown DNA loci. These clues lead to a working
model, in which the formation of PNC may play roles in
regulating specific pol III RNA expression in cancer cells and
the function of these RNA may relate to nucleolar activities
that are significantly altered during carcinogenesis. Future
studies need to identify the molecular components of the
PNC, including the novel RNA-protein complexes and the
gene loci that nucleated on the PNC. The structural under-
standing of the PNC will allow for further investigations to
tease out their functional roles in PNC, nucleoli, and
malignancy.

Acknowledgements

We thank the support from NIH grant (2R01GM078555-05) and

from the Robert H. Lurie Comprehensive Cancer Center.

Compliance with ethics guidelines

This manuscript is a review article and does not involve a research

protocol requiring approval by the relevant institutional review
board or ethics committee.

References

Altman S (1990). Ribonuclease P. Postscript. J Biol Chem, 265(33):
20053–20056

Anderson J T, Wilson S M, Datar K V, Swanson M S, (1993). NAB2: a
yeast nuclear polyadenylated RNA-binding protein essential for cell
viability. Mol Cell Biol, 13(5): 2730–2741

Apponi L H, Corbett A H, Pavlath G K (2011). RNA-binding proteins
and gene regulation in myogenesis. Trends Pharmacol Sci, 32(11):
652–658

Bond C S, Fox A H (2009). Paraspeckles: nuclear bodies built on long
noncoding RNA. J Cell Biol, 186(5): 637–644

Castelo-Branco P, Furger A, Wollerton M, Smith C, Moreira A,
Proudfoot N (2004). Polypyrimidine tract binding protein modulates
efficiency of polyadenylation. Mol Cell Biol, 24(10): 4174–4183

Charlet B N, Savkur R S, Singh G, Philips A V, Grice E A, Cooper T A
(2002). Loss of the muscle-specific chloride channel in type 1
myotonic dystrophy due to misregulated alternative splicing. Mol
Cell, 10(1): 45–53

ChenM, Zhang J, Manley J L (2010). Turning on a fuel switch of cancer:
hnRNP proteins regulate alternative splicing of pyruvate kinase
mRNA. Cancer Res, 70(22): 8977–8980

Clayton D A (1994). A nuclear function for RNase MRP. Proc Natl Acad
Sci USA, 91(11): 4615–4617

Esakova O, Krasilnikov A S (2010). Of proteins and RNA: the RNase P/
MRP family. RNA, 16(9): 1725–1747

374 PNCs forms specifically in cancer cells



Esakova O, Perederina A, Quan C, Berezin I, Krasilnikov A S (2011).
Substrate recognition by ribonucleoprotein ribonuclease MRP. RNA,
17(2): 356–364

Fox A H, Lamond A I (2010). Paraspeckles. Cold Spring Harb Perspect
Biol, 2(7): a000687

Frank R, Hargreaves R (2003). Clinical biomarkers in drug discovery
and development. Nat Rev Drug Discov, 2(7): 566–580

Garcia-Blanco M A, Jamison S F, Sharp P A (1989). Identification and
purification of a 62000-dalton protein that binds specifically to the
polypyrimidine tract of introns. Genes Dev, 3(12A): 1874–1886

Ghetti A, Pinol-Roma S, Michael W M, Morandi C, Dreyfuss G (1992).
hnRNP I, the polypyrimidine tract-binding protein: distinct nuclear
localization and association with hnRNAs. Nucleic Acids Res, 20
(14): 3671–3678

Gromak N, Rideau A, Southby J, Scadden A D J, Gooding C,
Hüttelmaier S, Singer R H, Smith C W J (2003). The PTB interacting
protein raver1 regulates alpha-tropomyosin alternative splicing.
EMBO J, 22(23): 6356–6364

Hall M P, Huang S, Black D L (2004). Differentiation-induced
colocalization of the KH-type splicing regulatory protein with
polypyrimidine tract binding protein and the c-src pre-mRNA. Mol
Biol Cell, 15(2): 774–786

Hellen C U, Pestova T V, Litterst M, Wimmer E (1994). The cellular
polypeptide p57 (pyrimidine tract-binding protein) binds to multiple
sites in the poliovirus 5′ nontranslated region. J Virol, 68(2): 941–950

Ho T H, Bundman D, Armstrong D L, Cooper T A (2005). Transgenic
mice expressing CUG-BP1 reproduce splicing mis-regulation
observed in myotonic dystrophy. Hum Mol Genet, 14(11): 1539–
1547

Huang S, Deerinck T J, Ellisman M H, Spector D L (1997). The dynamic
organization of the perinucleolar compartment in the cell nucleus. J

Cell Biol, 137(5): 965–974

Huang S, Deerinck T J, Ellisman M H, Spector D L (1998). The
perinucleolar compartment and transcription. J Cell Biol, 143(1): 35–
47

Huttelmaier S, Illenberger S, Grosheva I, Rudiger M, Singer R H, and
Jockusch B M (2001). Raver1, a dual compartment protein, is a

ligand for PTB/hnRNPI and microfilament attachment proteins. J
Cell Biol, 155(5): 775–786

Jackson D A, Hassan A B, Errington P R (1993). Visualization of focal
sites of transcription within human nuclei. EMBO J, 12: 1059–1065

Jacobson M R, Cao L G, Wang Y L, Pederson T (1995). Dynamic
localization of RNase MRP RNA in the nucleolus observed by

fluorescent RNA cytochemistry in living cells. J Cell Biol, 131(6 Pt
2): 1649–1658

Jarrous N (2002). Human ribonuclease P: subunits, function, and
intranuclear localization. RNA, 8(1): 1–7

Jones K, Timchenko L, Timchenko N A (2012). The role of CUGBP1 in
age-dependent changes of liver functions. Ageing Res Rev, 11(4):
442–449

Kafasla P, Mickleburgh I, Llorian M, Coelho M, Gooding C, Cherny D,
Joshi A, Kotik-Kogan O, Curry S, Eperon I C, Jackson R J, Smith C
W J (2012). Defining the roles and interactions of PTB. Biochem Soc
Trans, 40(4): 815–820

Kamath R V, Leary D J, Huang S (2001). Nucleocytoplasmic shuttling
of polypyrimidine tract-binding protein is uncoupled from RNA

export. Mol Biol Cell, 12(12): 3808–3820

Kamath R V, Thor A D, Wang C, Edgerton SM, Slusarczyk A, Leary D
J, Wang J, Wiley E L, Jovanovic B, Wu Q, Nayar R, Kovarik P, Shi F,
Huang S (2005). Perinucleolar compartment prevalence has an
independent prognostic value for breast cancer. Cancer Res, 65(1):
246–253

Kaminski A, Hunt S L, Patton J G, Jackson - Rna R J (1995). Direct
evidence that polypyrimidine tract binding protein (PTB) is essential

for internal initiation of translation of encephalomyocarditis virus
RNA. RNA, 1(9): 924–938

Lee B, Matera A G, Ward D C, Craft J (1996). Association of RNase
mitochondrial RNA processing enzyme with ribonuclease P in higher
ordered structures in the nucleolus: a possible coordinate role in
ribosome biogenesis. Proc Natl Acad Sci USA, 93(21): 11471–11476

Liu Y, Norton J T, Witschi M A, Xu Q, Lou G, Wang C, H Appella D,
Chen Z, Huang S (2011). Methoxyethylamino-numonafide is an
efficacious and minimally toxic amonafide derivative in murine
models of human cancer. Neoplasia, 13(5): 453–460

Lou H, Gagel R F, Berget S M (1996). An intron enhancer recognized by
splicing factors activates polyadenylation. Genes Dev, 10(2): 208–
219

Lou H, Helfman D M, Gagel R F, Berget S M (1999). Polypyrimidine
tract-binding protein positively regulates inclusion of an alternative
3′-terminal exon. Mol Cell Biol, 19(1): 78–85

Mahadevan M S (2012). Myotonic dystrophy: is a narrow focus
obscuring the rest of the field? Curr Opin Neurol, 25(5): 609–613

Matera A G, Frey M R, Margelot K, Wolin S L (1995). A perinucleolar
compartment contains several RNA polymerase III transcripts as well
as the polypyrimidine tract-binding protein, hnRNP I. J Cell Biol,
129(5): 1181–1193

Norton J T, Pollock C B, Wang C, Schink J C, Kim J J, Huang S (2008a).
Perinucleolar compartment prevalence is a phenotypic pancancer
marker of malignancy. Cancer, 113(4): 861–869

Norton J T, Titus S A, Dexter D, Austin C P, ZhengW, Huang S (2009a).
Automated high-content screening for compounds that disassemble
the perinucleolar compartment. J Biomol Screen, 14(9): 1045–1053

Norton J T, Wang C, Gjidoda A, Henry R W, Huang S (2009b). The
perinucleolar compartment is directly associated with DNA. J Biol
Chem, 284(7): 4090–4101

Norton J T, Witschi M A, Luong L, Kawamura A, Ghosh S, Sharon
Stack M, Sim E, Avram M J, Appella D H, Huang S (2008b).
Synthesis and anticancer activities of 6-amino amonafide derivatives.
Anticancer Drugs, 19(1): 23–36

O'Keefe R T, Mayeda A, Sadowski C L, Krainer A R, Spec-tor D L
(1994). Disruption of pre-mRNA splicing in vivo results in
reorganization of splicing factors. J Cell Biol, 124(3): 249–260

Paillard L, Legagneux V, Osborne H B (2003). A functional dead-
enylation assay identifies human CUG-BP as a deadenylation factor.
Biol Cell, 95(2): 107–113

Perederina A, Esakova O, Quan C, Khanova E, Krasilnikov A S (2010).
Eukaryotic ribonucleases P/MRP: the crystal structure of the P3
domain. EMBO J, 29(4): 761–769

Perez I, Lin C H, Mcafee J, Patton J (1997). Mutation of PTB binding
sites causes misregulation of alternative 3′ splice site selection in
vivo. RNA, 3(7): 764–778

Pettaway C A, Pathak S, Greene G, Ramirez E, Wilson M R, Killion J J,
Fidler I J (1996). Selection of highly metastatic variants of different
human prostatic carcinomas using orthotopic implantation in nude

Yiping WEN et al. 375



mice. Clin Cancer Res, 2(9): 1627–1636

Pianese G (1896). Beitrag zur histologie und aetiologie der carcinoma.
Histologische und experimentelle untersuchungen. Beitr Pathol Anat
Allgem Pathol, 142(1): 193

Pickering B M, Mitchell S A, Evans J R, Willis A E (2003).
Polypyrimidine tract binding protein and poly r(C) binding protein
1 interact with the BAG-1 IRES and stimulate its activity in vitro and

in vivo. Nucleic Acids Res, 31(2): 639–646

Pollock C, Daily K, Nguyen V T, Wang C, Lewandowska M A,
Bensaude O, Huang S (2011). Characterization of MRP RNA-protein
interactions within the perinucleolar compartment. Mol Biol Cell, 22
(6): 858–866

Savkur R S, Philips A V, Cooper T A (2001). Aberrant regulation of

insulin receptor alternative splicing is associated with insulin
resistance in myotonic dystrophy. Nat Genet, 29(1): 40–47

Sawicka K, Bushell M, Spriggs K A, Willis A E (2008). Polypyrimidine-
tract-binding protein: a multifunctional RNA-binding protein.
Biochem Soc Trans, 36(Pt 4): 641–647

Schneider R, Agol V I, Andino R, Bayard F, Cavener D R, Chappell S A,

Chen J J, Darlix J L, Dasgupta A, Donze O (2001). New ways of
initiating translation in eukaryotes. Mol Cell Biol, 21(23): 8238–
8246

Slusarczyk A, Kamath R, Wang C, Anchel D, Pollock C, Lewandowska
M A, Fitzpatrick T, Bazett-Jones D P, Huang S (2010). Structure and
function of the perinucleolar compartment in cancer cells. Cold
Spring Harb Symp Quant Biol, 75(0): 599–605

Steinberg T H, Burgess R R (1992). Tagetitoxin inhibition of RNA
polymerase III transcription results from enhanced pausing at discrete
sites and is template-dependent. J Biol Chem, 267(28): 20204–
20211

Steinberg T H, Mathews D E, Durbin R D, Burgess R R (1990).
Tagetitoxin: a new inhibitor of eukaryotic transcription by RNA
polymerase III. J Biol Chem, 265(1): 499–505

Timchenko L T, Miller J W, Timchenko N A, DeVore D R, Datar K V,
Lin L, Roberts R, Caskey C T, Swanson M S (1996). Identification of
a (CUG)n triplet repeat RNA-binding protein and its expression in

myotonic dystrophy. Nucleic Acids Res, 24(22): 4407–4414

Valcarcel J, Gebauer F (1997). Post-transcriptional regulation: the dawn
of PTB. Curr Biol, 7(11): R705–R708

Van Eenennaam H, Vogelzangs J H, Lugtenberg D, Van Den Hoogen F
H J, Van Venrooij W J, Pruijn G J M (2002). Identity of the RNase
MRP- and RNase P-associated Th/To autoantigen. Arthritis Rheum,
46(12): 3266–3272

Wagner E J, Carstens R P, Garcia-Blanco M A (1999). A novel isoform
ratio switch of the polypyrimidine tract binding protein. Electro-
phoresis, 20(4–5): 1082–1086

Wagner E J, Garcia-Blanco M A (2002). RNAi-mediated PTB depletion
leads to enhanced exon definition. Mol Cell, 10(4): 943–949

Wang C, Politz J C, Pederson T, Huang S (2003). RNA polymerase III
transcripts and the PTB protein are essential for the integrity of the
perinucleolar compartment. Mol Biol Cell, 14(6): 2425–2435

Wang J, and Pederson T (1990). A 62000 molecular weight spliceosome
protein crosslinks to the intron polypyrimidine tract. Nucleic Acids
Res, 18(20): 5995–6001

Wansink D G, Schul W, van der Kraan I, van Steensel B, van Driel R, de
Jong L (1993). Fluorescent labeling of nascent RNA reveals
transcription by RNA polymerase II in domains scattered throughout
the nucleus. J Cell Biol, 122(2): 283–293

Witherell G W, Schultz-Witherell C S, Wimmer E C K A R D (1995).
Cis-acting elements of the encephalomyocarditis virus internal
ribosomal entry site. Virology, 214(2): 660–663

Xiao S, Scott F, Fierke C A, Engelke D R (2002). EUKARYOTIC
RIBONUCLEASE P: A Plurality of Ribonucleoprotein Enzymes.
Annu Rev Biochem, 71(1): 165–189

Xie J, Lee J A, Kress T L, Mowry K L, Black D L (2003). Protein kinase
A phosphorylation modulates transport of the polypyrimidine tract-
binding protein. Proc Natl Acad Sci USA, 100(15): 8776–8781

Zhang W, Liu H, Han K, Grabowski P J (2002). Region-specific
alternative splicing in the nervous system: implications for regulation
by the RNA-binding protein NAPOR. RNA, 8(5): 671–685

Zwerger M, Ho C Y, Lammerding J (2011). Nuclear mechanics in
disease. Annu Rev Biomed Eng, 13(1): 397–428

376 PNCs forms specifically in cancer cells


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


