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ABSTRACT
The perinucleolar compartment (PNC) is a distinct nuclear body that localizes to the nucleolar periphery. The PNC is predominantly found in

cancer cells, and recent evidence suggests that PNC prevalence can be a pan-cancer marker for tumors of solid tissue origin. The PNC is a

heritable structure enriched with newly transcribed pol III RNAs and RNA-binding proteins, which exchange rapidly with the surrounding

nucleoplasm. The structural integrity of the PNC is dependent upon the continuous transcription of pol III RNA and an intact DNA structure.

Although the complete structure and function of the PNC remains to be resolved, much progress has been made in the characterization of the

PNC in recent years. Here we summarize our current understanding of the dynamics, structure and function of the PNC. J. Cell. Biochem. 107:

189–193, 2009. � 2009 Wiley-Liss, Inc.
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T he cell nucleus is an intricate and dynamic organelle that is

organized into many morphologically distinct regions or

‘‘nuclear bodies’’ (NBs). This compartmentalization represents the

spatial and temporal organization of molecular complexes that are

important for efficient execution of the essential processes occurring

within the nucleus [reviewed in Zimber et al., 2004]. While much

remains to be understood regarding the structure and function of

these NBs, substantial progress has been made in recent years. The

rudimentary structures, dynamics, and molecular activities have

been investigated in depth for several nuclear bodies including

the Cajal body [Morris, 2008], promyelocytic leukemia (PML)

nuclear body [Bernardi and Pandolfi, 2007], and nuclear speckles

[Lamond and Spector, 2003]. The functional relevance of these NBs

is beginning to be revealed. The perinucleolar compartment (PNC), a

nuclear body located at the nucleolar periphery, is in comparison

much less explored. Here we will highlight the recent advancements

in the elucidation of the structure and dynamics of the PNC, and we

will speculate potential roles of the PNC in the malignant phenotype.

THE PNC

The PNC was first described during the characterization of the

polypyrimidine tract binding (PTB) protein, where PTB was shown to

localize as a perinucleolar structure [Ghetti et al., 1992]. Subse-

quently, Matera et al. [1995] found that several pol (polymerase) III

RNAs are enriched in this structure and termed it the PNC. The PNC is

an irregularly shaped subnuclear body that ranges in size from 0.25
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up to 4 mm in length [Matera et al., 1995 and data not published].

While the PNC is closely associated with the nucleolus, it is

structurally distinct [Huang et al., 1997] (Fig. 1).

Electron microscopy demonstrated that the PNC is composed of

multiple thick, electron dense-strands, each measuring approxi-

mately 80–180 nm in diameter [Huang et al., 1998]. Additionally, a

three-dimensional computer reconstruction of the electron micro-

scopic images shows that the PNC forms a reticulated meshwork on

the nucleolar surface. Live cell imaging of cells expressing green

fluorescent protein-tagged PTB (GFP-PTB) revealed that the PNC is a

dynamic structure that makes small, distinct movements along the

nucleolar periphery over time. The PNC is detected throughout

interphase, is disassembled at the beginning of mitosis, and is

reassembled in late telophase in daughter cells. The PNCs in the

daughter cells often are similar in number and shape [Huang et al.,

1998].

PNC AS A PAN-CANCER MARKER

The nucleus is a complex organelle in which nucleic acids,

transcription factors, and regulatory machinery are highly

organized. The compartmentalization of these components may

help regulate the coordination of nuclear processes including gene

expression, DNA replication, and repair. As all of these processes are

significantly changed in cancer cells, a long standing indicator of

malignant transformation is the alteration of nuclear morphology

[Zaidi et al., 2007]. Nuclear size, shape, and heterogeneous labeling
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Fig. 1. Immunolabeling of PNCs in HeLa cells. Monoclonal antibody 3B1

(Santa Cruz Biotechnology, Inc., CA) specific for the CUG-BP protein, immu-

nolabels the perinucleolar compartment (arrows) in red at the periphery of

nucleoli (arrowheads). The cell nuclei are stained blue with DAPI and the

cytoplasm fluoresces green with Cell Tracer (Molecular Probes, OR). Scale bar,

10 Î¼ m. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
with histological stains have long been used in clinical practices to

grade tumors. One specific example of nuclear change associated

with cancer cells is the presence of the subnuclear body, the PNC.

Early characterization of the PNC demonstrated that the PNC is

predominantly present in cancer cells [Huang et al., 1997]. A broad

survey of PNC prevalence (percentage of cells with one or more PNC)

in over 50 cancerous cell lines and normal cells was conducted to

evaluate the tissue and species specificity of the PNC [Norton et al.,

2008a]. The results show that PNC prevalence is low in normal cell

lines (consistently below 0.5%) and immortalized cell lines (between

0% and 6%). Non-cancerous cell lines are derived from multiple

tissue types, including both human and mouse embryonic stem cells.

PNC prevalence increases in cancer cells from solid tumors,

including carcinomas, blastomas, and sarcomas. However, it does

not show significant increases in malignancy of hematopoietic

origin. Interestingly, there is a large variation of PNC prevalence

among different cancer cell lines (ranging from 5% to near 100%).

The heterogeneous nature of PNC prevalence in tumor cells was

thought to reflect the malignant potential of the given population.
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This notion has been supported by additional observations that are

outlined below. These findings indicate that PNCs form in a broad

range of tumor cells derived from solid tissues, indicating the

potential for the PNC to be a pan-cancer marker.

In an effort to determine the association of PNC and malignancy

in vivo, PNC prevalence was evaluated in human breast cancer

samples of varying clinical stages. It was shown that while PNC

prevalence is 0% in normal breast tissue, prevalence increases in

parallel with clinical progression of disease, and reaches near 100%

in distant metastases [Kamath et al., 2005]. In addition, high PNC

prevalence in primary tumors of stage I patients positively correlates

with disease relapse in a case-matched study and is predictive of

survival in a retrospective 17 year follow-up study [Kamath et al.,

2005]. The close correlation between PNC prevalence and metastasis

indicates that the PNC containing cells have a metastatic advantage

over non-PNC containing cells, and the formation of the PNC may

reflect key changes during transformation that associate with

metastatic capability. These findings highlight the potential utility

of the PNC as a prognostic marker for tumors in breast cancer

patients.

The correlation between high PNC prevalence and malignancy

was also found in other human tissues and cell lines. Normal,

hyperplastic, and malignant uterine smooth muscle tissue samples

were examined for PNC, and the results show that PNC prevalence

significantly increases in the malignant tissues [Norton et al.,

2008a]. In addition, PNC prevalence was also examined in thyroid

cell lines derived from papillary, follicular, and anaplastic

carcinomas. Similarly, PNC prevalence is significantly increased

in the more malignant thyroid cell lines. These results validate the

association of the PNC with malignant behavior in cancer cells and

affirm the potential utility of the PNC as a prognostic marker for

malignancy in solid tissue tumors.

To further address the link between PNC prevalence and

metastasis, multiple cell lines of varying metastatic potential have

been examined for PNC prevalence. In one experiment, two cell lines

were created from a single patient: one from the primary melanoma

tumor and one from a distant metastasis. PNC prevalence increases

dramatically in cell lines derived from distant metastasis over those

derived from the primary tumor, and the same results were observed

in a similar experiment using colorectal cell lines. The association

of PNC with metastasis was further examined using a well charac-

terized prostate cancer model [Pettaway et al., 1996], in which PC-3

human prostate tumor cells are implanted into a nude mouse

prostate and selected according to their ability to metastasize. PNC

prevalence is the highest in the cell line enriched with mostly

metastatic cells after multiple rounds of selection and is lowest in the

localized tumor cells. Additionally, breast cancer cell lines that

express a metastatic suppressor gene exhibit a significantly lower

prevalence of PNC [Norton et al., 2008a]. These results together

support the assertion that PNCs form at advanced stages of trans-

formation and are prominent in cells of high metastatic capacity.

Although the function of the PNC in malignant transformation

remains uncertain, it is apparent that the PNC is involved in a

process specific to cancer cells, as the PNC does not associate with

traits common to both cancer and normal cells. For example, PNC

prevalence is not affected by cell proliferation. HeLa cells grown in
JOURNAL OF CELLULAR BIOCHEMISTRY



serum free media exhibit a significantly reduce growth rate, but PNC

prevalence does not change. High glucose or low glucose growth

conditions do not alter PNC prevalence; demonstrating glycolysis

state does not influence PNC structure. Furthermore, changes of

differentiation status of cancer cells with various stimulus do not

affect PNC prevalence, and PNCs are not present in embryonic stem

cells [Norton et al., 2008a]. These findings suggest that the PNC is

associated with a process specific to malignancy rather than traits

that are common in both cancer and normal cells.

RNA AND PROTEIN COMPONENTS OF THE PNC

While the complete molecular composition of the PNC has yet to be

determined, several protein and RNA components of the PNC have

been identified. All known PNC localizing RNAs are non-coding

RNAs transcribed by pol III, while all identified PNC-associated

proteins are known for their primary role in pol II RNA metabolism.

The proteins include CUG-BP [Timchenko et al., 1996], PTB [Ghetti

et al., 1992], KSRP [Hall et al., 2004], RAVER1 [Huttelmaier et al.,

2001], RAVER2 [Kleinhenz et al., 2005], ROD1, nucleolin [Kopp and

Huang, 2005]; RNAs include MRP, RNAse P, hY (1,2,5) [Matera et al.,

1995], ALU, and SRP (7SL) [Wang et al., 2003]. For a description

of each PNC component see Table I. While the RNAs that enrich at

the PNC are exclusively pol III transcripts, not all pol III RNAs

localize to the PNC. For example, U6 and 5S RNA are not detected at

the PNC.

Although the proteins that localize to the PNC are known to

interact with pol II RNAs, no pol II transcripts have been detected in

the PNC. In situ hybridization of multiple pol II RNAs did not exhibit

enrichment in the PNC [Hall et al., 2004; Kopp and Huang, 2005].

Additionally, inhibition of pol II transcription does not disassemble

the structural integrity of the PNC, suggesting that PNC structure is

independent of pol II transcription [Huang et al., 1998]. However,

the localization the PTB protein to the PNC is dependent upon its

RNA binding capacity [Huang et al., 1997]. This suggests that PTB,

and perhaps other RNA binding proteins of the PNC, are binding

RNA in the PNC. Furthermore, PNC structure is sensitive to RNase

treatment, signifying that RNA is important for PNC structural

integrity. These observations post at least two possible explanations:
TABLE I. Protein and RNA Components of the PNC

Component name

RNA components
RNase P RNA RNA portion of RNase P complex, involved in maturat
MRP RNA RNA portion of the MRP complex, involved in mitocho

Eenennaam et al., 2000]
hY RNA Small RNAs that interact with Ro protein to form Ro r
Alu RNA Forms Alu RNA complex, implicated in regulation of t
SRP RNA RNA portion of the signal recognition particle, involve

Protein components
PTB Protein that prefers pyrimidine rich sequences, involve

2001; Kozak, 2003]
CUG-BP RNA binding protein that interacts with polyadenylate

[Timchenko et al., 1996; Savkur et al., 2001]
KSRP Highly expressed in neural cells and involved in RNA
RAVER1/2 Both proteins are heterogeneous nuclear RNPs that bin
ROD1 A homologue of yeast negative regulator of differentia
Nucleolin The only protein component of the PNC also enriched

Tuteja, 1998; Ginisty et al., 1999]
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that these proteins are either interacting with pol II transcripts that

have yet to be detected in the PNC, or previously uncharacterized

interactions are occurring between the PNC-associated proteins

and the pol III RNAs. Research is ongoing to establish the complete

composition of the PNC, and to determine the protein–RNA inter-

actions occurring in association with the PNC.

PNC AND pol III TRANSCRIPTION

The importance of RNA in PNC stability was first observed when

RNase, but not DNase, treatment in permeabilized cells eliminated

PNC [Huang et al., 1998]. Since all RNA detected in the PNC are of

pol III origin, the significance of pol III transcription in PNC

stability was evaluated. The results demonstrated that inhibition of

polymerase III causes disassembly of the PNC [Wang et al., 2003].

Interestingly it is not polymerase III activity, but rather the

continuous production of pol III transcripts themselves that are

important for PNC structure. Overexpression of one of the PNC-

associated RNAs, RNase MRP RNA, from a pol II promoter was able

to partially overcome the PNC disassociation caused by pol III

inhibition [Wang et al., 2003]. This evidence supports the

importance of pol III RNA to the PNC.

It is likely that the RNAs composing the PNC are newly

transcribed. Five minute pulse labeling with BrU shows a

concentration of newly synthesized RNA in the PNC [Huang

et al., 1998]. Furthermore, while pol III inhibition leads to rapid

disassociation of the PNC, the mature pol III RNAs in their functional

complexes remain intact at similar time points [Wang et al., 2003].

These observations demonstrate that the PNC is enriched with newly

synthesized pol III RNA that are not in their known functional

complex, and these RNAs are critical to the structural integrity of the

PNC. Although the PNC is associated with newly transcribed RNAs,

it is not the site of transcription for several of the RNAs identified in

the PNC. In situ hybridization of the genes encoding four of the PNC

associated RNAs show no association with the PNC [Matera et al.,

1995; Kopp and Huang, 2005]. In addition, it is also unlikely that the

PNC acts as an assembly point for the newly transcribed RNAs into

their prospective ribonucleoprotein complexes, because the protein

subunits of these complexes are not detected in the PNC [Hall et al.,
Brief description

ion of 50 end of tRNA [van Eenennaam et al., 2000]
ndrial DNA replication and pre-ribosomal RNA processing [van

ibonucleoproteins (RNPs) [Wolin and Steitz, 1984]
ranscription and translation [Hasler and Strub, 2006a,b]
d in secretory protein transport and elongation arrest [Wolin and Walter, 1989]

d in RNA splicing and translational regulation [Wagner and Garcia-Blanco,

d RNA and is implicated in alternative splicing and mytonic dystrophy

splicing and decay [Chen et al., 1997; Min et al., 1997]
d RNA and interact with PTB [Kleinhenz et al., 2005]
tion, shares homology with PTB [Yamamoto et al., 1999]
in the nucleolus, involved in rDNA transcription, RNA processing [Tuteja and
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Fig. 2. A working model of the PNC. pol III RNAs interact with a subset of

proteins to form uncharacterized complexes that nucleate on a DNA locus as

the PNC in malignant cells. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
2004; Kopp and Huang, 2005]. Therefore, the PNC may represent a

transitional depot between the newly synthesized pol III RNA and

the assembly of their final functional complex.

It has long been known that pol III transcription is deregulated in

cancer [reviewed in White, 2004]. Early experiments demonstrated

that pol III is hyperactive in mouse melanomas [Schwartz et al.,

1974], and more recent investigations support these findings in

human cell lines and tissues [Liebhaber et al., 1978; Winter et al.,

2000]. During the experimental examination of the role of pol III in

tumorigenesis, a recent study showed that the overexpression of

the pol III transcripts, tRNA and 5S rRNA, is sufficient to induce

increased proliferation and oncogenic transformation [Marshall

et al., 2008]. These findings demonstrate that increased pol III

transcription not only correlates with malignancy, but may play a

direct role in the development or progression of cancer. The link

between pol III transcription and cancer becomes relevant when

examining the role of the PNC in malignancy. While the pol III

transcripts that localize to the PNC do not individually play a known

role in the development of cancer, the concentration of pol III

transcripts in the PNC could be indicative of the deregulation of pol

III transcription in cancer cells. Additionally, it raises the question of

whether the nucleation of pol III transcripts to the PNC is not merely

a consequence of malignancy but rather a factor involved in

regulating the function of these RNAs in disease progression and

maintenance. Studies are underway to analyze the complexes the

pol III RNA form in association with the PNC and their functional

relevance to malignancy.

PNC ASSOCIATION WITH DNA LOCUS

During early characterization of the PNC it was observed that the

PNC is a heritable structure, where daughter cells have the same

number of PNC as parental cells, and the PNC are often spatially

arranged as mirror images [Huang et al., 1997; Norton et al., 2008b].

These early observations suggested a possible link between the PNC

and DNA. Recent chemical and cell biology studies have provided

further evidence that the PNC is associated with a DNA locus.

Chemical biology studies have shown that PNC structure can

be disassembled by a large array of genome toxic drugs. The

disassembly of the PNC is not due to the DNA-damage response from

treated cells, but rather DNA damage itself. While not all types of

DNA damage disrupt the PNC, DNA intercalators and cross linkers

do, suggesting that the base-pairing capacity of DNA is critical to the

structural of the PNC. Further evidence to support a PNC–DNA

association came from cell biology studies using a cdk1 conditional

mutant. At non-permissive conditions, the mutant is defective in cell

division but allows for continuous endoreplication. If the PNC is

associated with a DNA locus, it should interact with the newly

replicated DNA, and PNC prevalence would increase. As was

predicted, PNC prevalence was shown to increase in unison with

replication cycle, providing further support that PNC is associated

with DNA [Norton et al., 2008b]. Additionally, treatment with

camptothecin, a topo I inhibitor and blocker of cell cycle at S/G2

phase, blocks cells and increases DNA content in each cell. Again,

PNC prevalence was shown to increase with the enhanced amount of
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DNA produced upon camptothecin treatment. These experiments

provide strong evidence that the PNC is associated with DNA.

Examination of synchronized HeLa cells shows that during S

phase, a majority of PNCs split into a doublet form, but then

reformed during G2 phase [Norton et al., 2008b]. This is consistent

with the behavior of a DNA locus and suggests that the PNC

associated locus replicates at mid S phase. To evaluate how

chromatin structure could impact the PNC, cells were treated with a

histone deacetylase (HDAC) inhibitor to enhance the acetylation

state of the chromatin. Upon HDAC treatment, the structure of the

PNC changed from a dense, round structure to an extended, fibrous

structure, indicating that the PNC associated locus is responsive to

the epigenetic regulations. Taken together, these studies strongly

support the association of the PNC with a DNA locus. It is thought

that the nucleation of PNC on a DNA locus may represent at least two

possibilities: the locus may be a site of transcription of yet to be

identified PNC associated RNA, or the PNC may regulate gene

expression at this locus. Studies are underway to identify the DNA

locus that the PNC is nucleated upon, which will provide clues to the

potential function of the PNC.

CONCLUDING REMARKS

Much progress has been made in the characterization of the PNC

since its discovery in 1992. The PNC is a dynamic nuclear body that

correlates with cancer and metastasis and has potential as a

prognostic marker for solid tissue tumors. The PNC is enriched with a

mixture of pol III RNAs and RNA binding proteins that are primarily

implicated in pol II transcription. The structural integrity of the PNC

is dependent upon continuous transcription of pol III RNA and intact

DNA structure, and the PNC is associated with an undefined DNA

locus. Since pol III transcription is deregulated in cancer cells and

directly contributes to the transformed phenotype, the formation of

the PNC may play a role in the maintenance and/or promotion of

malignancy. Based on these observations, our current working

model (Fig. 2) is that newly transcribed pol III RNA nucleates on a
JOURNAL OF CELLULAR BIOCHEMISTRY



DNA locus to form the PNC. These RNAs may interact with PNC

associated proteins to form previously uncharacterized complexes.

In this way, the PNC may serve as a transitional depot where these

newly synthesized pol III RNAs are regulated. Future studies should

focus on identifying the molecular complexes and the DNA locus

that are associated with the PNC. These advancements will work to

further the understanding of the functional relevance of PNCs in

cancer cells.
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