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The perinucleolar compartment (PNC) is a nuclear subdo-
main that is unique to tumor cells, and the percentage of cells in
a population containing PNCs (PNC prevalence) indicates the
level of malignancy of that population. Here, we utilize anti-
cancer drugs and other exogenous stimuli to investigate the
structure and function of the PNC. Screening of clinically used
anti-cancer drugs revealed two types of drugs disassemble PNCs
and do so through their specific molecular actions. Transcrip-
tion inhibitors reduce PNC prevalence in parallel with RNA po-
lymerase III transcription reduction, and a subset of DNA-dam-
aging drugs and stimuli (UV radiation) disassemble the PNC.
Inhibition of cellular DNA damage response demonstrated that
the DNA damage itself, not the response or polymerase III inhi-
bition, is responsible for PNC disassembly, suggesting that the
maintenance of the PNC is dependent upon DNA integrity.
Analyses of the types of DNA damage that cause PNC disassem-
bly show that interstrandDNAbase pairing, not strand continu-
ity, is important forPNC integrity, indicating that thePNCcom-
ponents are directly interacting with the DNA. Complementary
cell biology experiments demonstrated that the number of
PNCs per cell increases with the rounds of endoreplication and
that PNCs split into doublets duringmid S phase, both of which
are phenotypes that are typical of a replicating DNA loci.
Together, these studies validate PNCdisassembly as a screening
marker to identify chemical probes and revealed that the PNC is
directly nucleated on a DNA locus, suggesting a potential role
for the PNC in gene expression regulation.

The perinucleolar compartment (PNC)2 is a non-mem-
brane-bound nuclear subdomain that is associated with, but
structurally distinct from, the nucleolus. The PNC is a generally
heritable trait, in which the number of PNCs per cell in daugh-

ter cells often mimics that of their mother cells. The PNC is
heterogeneous in shape and ranges from 0.5 to 4 �m in size (1),
is stable through interphase, disassembles during mitosis, and
reassembles in early G1 (1). The PNC is concentrated with
newly synthesized RNA polymerase III RNAs (MRP RNase
RNA, RNase P H1 RNA, hY RNAs (hY1, -2, and -5), AluRNA,
and SRP (7SL) RNA) and RNA-binding proteins (nucleolin,
PTB, CUG repeat-binding protein, KSRP, Raver1, Raver2, and
Rod1) (2–9).3 Continuous transcription by pol III is necessary
for the structure integrity of the PNC, implicating involvement
of PNCs in pol III RNAmetabolism (9). However, the complete
molecular composition and function of the PNC remain to be
elucidated.
Extensive in vitro studies showed that the PNC is unique to

tumor cells and preferentially forms in tumor cells derived from
solid tissues (1, 10). In vitro studies of cancer cell lines from
various origins and malignant capacities have shown that PNC
prevalence correlates with the malignancy of tumors and has
the potential to be developed as a pan-cancer prognostic
marker (10). In addition, in vivo investigations using human
breast tissue samples demonstrated that PNC prevalence was
0% in normal breast epithelium, increases in parallel with the
disease progression (as determined by staging), and reaches
nearly 100% in distant metastases, demonstrating that PNC
prevalence associates with the malignancy of breast cancer in
vivo. Multivariate analysis further showed that a high PNC
prevalence is associated with poor patient outcomes independ-
ent of current prognostic factors for stage I breast cancer
patients (11). These studies demonstrate that the presence of
the PNC reflects an advanced transformation state of cancer
cells that are capable of metastasis.
Although a handful of components has beendiscovered, little

is known regarding the structure and function of the PNC or its
mechanistic link to cancer. Therefore, we report here the com-
binational use of chemical biology and cell biology approaches
to gain a better understanding of the PNC. Because the PNC is
so tightly associated with the malignant phenotype, known
anti-cancer compounds were screened to identify those that
can reduce PNC prevalence in cancer cell lines. We found that
two types of drugs can significantly reduce PNC prevalence as
follows: pol III transcription inhibitors and a subset of DNA-
damaging agents. In depth analyses of the DNA-damaging
agents indicated that the PNC is likely associated with a DNA
locus. This idea is supported through cell biology approaches,
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leading to the conclusion that PNC is nucleating upon a mid S
phase replicating DNA locus.

MATERIALS AND METHODS

Cell Culture and Drug Treatments—HeLa, HT2-19 (kind gift
from Dr. Yossi Gruenbaum, Hebrew University, Jerusalem,
Israel), and FEMX (including FVP1 and FVP3, kind gifts from
Dr. Ira Pastan, National Institutes of Health) cell lines were
maintained in Dulbecco’s minimum essential media (Invitro-
gen), and PC-3M and DU145 (including RC1 and RC0.1, kind
gifts from Dr. Yves Pommier, National Institutes of Health)
weremaintained in RPMI 1640medium (Invitrogen). Allmedia
was supplemented with 10% fetal bovine serum (Atlanta Bio-
logicals, Lawrenceville, GA) and 100 units/ml of penicillin and
streptomycin (Invitrogen). All drugs and compounds were kept
as 10 or 100 mM stocks (20 mM for folinic acid) in DMSO at
�20 °C except for cis-platin and carbo-platin, which were dis-
solved to 10mM in sterile PBS and kept at 4 °C (made fresh every
2 weeks). For drug treatments, cells were plated �24 h prior to
treatment and treated for 20 h unless otherwise noted. UV
treatment (100 mJ/m2) was performed on coverslips and
removed frommedia, in a UV cross-linking chamber. All xeno-
biotics were obtained from Sigma, except for gemcitabine (kind
gift fromDr. Steven Rosen, NorthwesternMedical School) and
the NCI mechanistic and diversity sets (from the Developmen-
tal Therapeutics Program of the NCI, National Institutes of
Health). For screening this library, HeLa cells were plated at a
density of�10,000 cells perwell in a 96-well plate, treated over-
nightwith the compounds at 10�M (mechanistic set) or 100�M
(diversity set) to get a final solvent concentration of 1% DMSO,
and stainedwith SH54 antibody tomark the PNC (see below for
details). If this concentration killed all the cells, it was titrated
down to a dose that allowed for PNCprevalence determination.
All statistical analyses were performed using a two-tailed, two
sample (unequal variance) Student’s t test.
Immunofluorescent Staining to Mark the PNC—The media

were removed from cells plated on 22 � 22-mm glass cover-
slips, and cells were fixed with 4% (w/v) paraformaldehyde in
PBS for 12 min. The cells were then washed three times for 5
min each with PBS, solubilized for 5 min with 0.5% (v/v) Triton
X-100 in PBS, and then washed three times for 5 min each with
PBS. The coverslips were then incubated in a 1:200 dilution of
SH54 (anti-PTB antibody (1)) in PBS for 1 h and then washed
three times for 10min each with PBS. The coverslips were then
incubated in a 1:200 dilution of fluorescein isothiocyanate-con-
jugated anti-mouse secondary antibody (Jackson ImmunoRe-
search, West Grove, PA) and washed three times for 10 min
each with PBS and then mounted on slides with anti-fade.
Greater than 200 cells per coverslip were scored for PNC prev-
alence (n� 3). To be considered PNC-positive, a cell must have
a distinct, punctate, perinucleolar labeling of PTB that is �1.5
times or greater the intensity of the nucleoplasmic PTB label-
ing. PNC scoring was performed by adjusting the focus plane
through the entire depth of each cell scored using a �60 objec-
tive on an epifluorescent microscope. A �100 objective on an
epifluorescent microscope was used for determining PNC
number per cell. For screening the NCI library a �20 objective
on an inverted epifluorescent microscope was used.

Growth Inhibition Assay—HeLa cells were plated at a density
of 5,000 cells per well in 96-well plates and allowed to attach
overnight. The media were removed, and 198 �l of fresh media
was added to each well. Each well was treated with 1 of 8 doses
for each drug (105, 104.66, 104.33 nM, … 102.66 nM or 106 nM,
105.66, 10533 nM, … 103.66 nM) to give a final vehicle concentra-
tion of 1% DMSO and media volume of 200 �l. Cell prolifera-
tion was measured at t � 0 (time at start of treatment) and t �
72 h using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, AQue-
ous nonradioactive proliferation assay (Promega, Madison,
WI). Briefly, themediumwas removed and replacedwith 120�l
of 1:5 v/v 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt/media
solution and allowed to incubate for 1 h at 37 °C. The absorb-
ance at 490 nm in each well was read with a Spectramax 250
plate reader (Molecular Devices, Sunnyvale, CA). The absorb-
ance at t � 0 was subtracted from all absorbances at t � 72 h so
that a 100% growth inhibitory concentration ([GI100%]) corre-
sponds towhenA0 h �A72 h; forHeLa cells theGImax is�110%.
Each experiment was repeated four times, and the data for each
concentration were averaged, and growth inhibition curves
were constructed using XLfit4 software (IDBS, Guilford, UK).
RNase T1 Protection Assay—To determine the effect of vari-

ous drugs onRNApolymerase III (7SK andY1 promoters) tran-
scription, 500 ng of pBS-7SK-3.6 and pBS-Y1-997 were each
transiently transfected separately into 200,000 HeLa cells (in
35-mm dishes) with Lipofectamine (Invitrogen) according to
the manufacturer’s protocol. The pBS-7SK-3.6 and pBS-Y1-
997 reporter plasmids contain 243 bp of the 7SK promoter
region or 997 bp of the Y1 promoter region, respectively,
upstream from an inverted �-globin gene insert followed by a
sequence from theU1 gene containing theU1 3� box as an RNA
polymerase II termination signal and six Ts as an RNA poly-
merase III termination signal. The pBS-7SK-3.6 and pBS-Y1-
997 reporter plasmids were used to make the complementary
radiolabeled probes for each respective reporter using aT7 pro-
moter located in an inverted orientation 28 bp downstream of
the six Ts. Six hours after transfection, cells were treated with
the drugs. After an additional 20 h, cells were lysed, and total
RNA was collected using 1 ml of TRIzol. Total RNA was then
quantified using a NanoDrop spectrometer, and the RNA con-
centrations for each sample were verified by measuring the
rRNA from 1 �g of total RNA using 1.5% agarose gel electro-
phoresis and staining with ethidium bromide. Specific RNA
transcripts from each reporter gene were analyzed using RNase
T1 protection assays using�1 �g of total RNA and hybridizing
to 300,000 cpm of radiolabeled probe specific to the appropri-
ate reporter transcript. The signals fromprotectedRNAspecies
were quantified using a phosphorimaging scanner and Multi-
Gauge software from Fujifilm.
siRNA and Immunoblotting—SMARTpool double-stranded

RNAs against topoisomerase I were chemically synthesized and
purified by Dharmacon Research Inc. The sequences of the
pooled topo I oligonucleotides are as follows: 5�-GACUAGA-
GAAGCCAUUUUCUU-3�; 5�-AAUCAUUCAAUCGGAAA-
UCUU-3�; 5�-UGGGUGUAGAUUGAUGUGCUU-3�, and 5�-
GACUCUACUACCUUCUUCGUU-3�.
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The negative control siRNA was from Ambion, Inc. (Silencer�
Negative Control 2 siRNA). PC-3M cells were plated at a den-
sity of �200,000 per 35-mm well and allowed to attach over-
night. Transfection of siRNA into the cells was conducted uti-
lizingOligofectamine (Invitrogen) according tomanufacturer’s
recommendations. Seventy two hours post-transfection cells
were lysed in 150 �l of detergent buffer containing 1:100 v/v
protease inhibitor mixture (Sigma). Lysates were run on dena-
turing 12% acrylamide gels and transferred to nitrocellulose
membranes. The membranes were blocked in 5% (w/v) dried
milk in TBST, incubated in anti-topoisomerase I antibody
(Topogen, PortOrange, FL) at 1:2,000 v/v dilution in 5%milk in
TBST overnight at 4 °C, washed, incubated in horseradish per-
oxidase-conjugated anti-rabbit secondary antibody (Jackson
ImmunoResearch) at 1:5,000 v/v dilution in 5%milk for 1 h, and
then developed. The membranes were then stripped with a
reducing buffer, blocked in 5% milk, incubated in rabbit anti-
actin antibody (Sigma) at 1:2,000 v/v dilution in 5%milk for 1 h
at room temperature, washed, incubated in horseradish perox-
idase-conjugated anti-rabbit secondary antibody (Jackson
ImmunoResearch) at 1:5,000 v/v dilution in 5%milk for 1 h, and
then developed. Membranes were developed with PicoWest
developing solution (Pierce) and exposed to film. The band
intensity was determined by scanning the developed films with
a Kodak Image Station 440 CF andmeasuring the average pixel
intensity of an area slightly larger than each band and subtract-
ing the median background pixel intensity of the perimeter of
the same area using Kodak MI software.

RESULTS

PNC Prevalence Reduction by Chemotherapeutic Drugs—
Our previous studies have correlated PNC prevalence with the
level of malignancy in solid tumors (10–11), and because the
molecular mechanisms of clinically used anti-cancer drugs are
well characterized, we screened these drugs for the ability to
reduce PNC prevalence. HeLa and PC-3M cancer cell lines
(PNC prevalence of �80–85%) were treated with 100 �M of
each drug for 20 h, and if this concentration killed the vast
majority of cells or arrested the cells inmitosis (PNCs disassem-
ble during mitosis), the concentration was titrated down by
100.33 M until a concentration was achieved that allowed for
PNC prevalence determination (maximum tolerated concen-
tration, see Table 1). To allow for PNC prevalence determina-
tion, greater than 200 nonapoptotic interphase cells must
remain on the coverslip after processing. PNCs were detected
by immunofluorescent staining against the PTB, a component
of the PNC (Fig. 1B). The results show that a subset of drugs,
including topoisomerase I (topo I) and topoisomerase II (topo
II) inhibitors, DNA cross-linkers, a subset of nucleoside ana-
logs, and methotrexate were able to reduce PNC prevalence
well below the vehicle-treated controls in both cell lines at the
maximum tolerated concentration, whereas DNA alkylators,
microtubule disrupting drugs (including 100 �M, 3-h treat-
ments; data not shown), hydroxyurea (including 2 mM, 20-h
treatments; data not shown), and some nucleoside analogs had
no effect (Fig. 1A). The phenotypic effect on the PNC of drugs
that disassemble the structure and those that do not is exem-
plified in Fig. 1B.

TABLE 1
Maximum tolerated concentrations (MTC) of anti-cancer
chemotherapeutics in HeLa and PC-3M cells
MTC is the highest dose up to 100 �M that allowed for PNC prevalence determina-
tion after 20 h of treatment.
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Reduction of PNC Prevalence Can Be Uncoupled from Drug-
induced Cytotoxicity and Cell Cycle Block—Cancer drugs are
usually cytotoxic or cytostatic to proliferating cancer cells. PNC
prevalence reduction parallels the growth inhibition by some of
these drugs as exemplified by camptothecin (Fig. 2A), suggest-
ing that PNC prevalence reduction is either due to inhibition of
the molecular targets of the drugs or a result of growth inhibi-
tion. To distinguish between these possibilities, we compared
the PNC prevalence reduction to the growth inhibition by
camptothecin (PNC reducing topo I inhibitor) and chloram-
bucil (non-PNC reducing DNA alkylator). Seventy two hour
growth inhibition (GI) curves were created for HeLa cells
treated with these drugs, and the [GI99%] was determined from
the curves. HeLa cells were then treated for 72 h with this con-
centration, and PNC prevalence was compared with the prolif-
eration rate at 12-h time points. In both treatments there was a
separation of PNC prevalence from growth inhibition. The

majority of chlorambucil-treated
cells began undergoing apoptosis by
the end of 72 h, but the PNC preva-
lence remained near control levels
in the remaining live cells and in
some pre-apoptotic cells (Fig. 2B).
In comparison, the PNC prevalence
in camptothecin-treated cells dro-
pped to nearly 10% of the control
while the cells were still proliferat-
ing (Fig. 2B). To further validate
that PNC prevalence reduction is
because of specific molecular
actions of compounds, HeLa cells
were treated with camptothecin,
which is a reversible inhibitor of
topo I, at the [GI99%] for 36 h and
then allowed to recover for 36 h in
the absence of drug. PNC preva-
lence returns to near control levels
within 12 h and fully returns to con-
trol levels 36 h after removal of the
drug (Fig. 2C). The PNC prevalence
recovery is not because of selective
proliferation of PNC-positive cells
after drug removal but is because
of reformation of PNCs because
camptothecin induces cell cycle
block in late S or G2 phases (12), as
demonstrated by the stable cell
number after drug removal (Fig.
2C). Other cell cycle blockers such
as hydroxyurea (G1/S blocker, Fig.
1A) and various cell cycle blocking
kinase inhibitors have no effect on
PNC prevalence (data not shown).
This result also indicates that the
PNC loss in treated cells is not
because of interphase cell cycle
block.
The reversibility of PNC preva-

lence reduction by camptothecin suggests that PNC reduction
induced by this drug is likely due to its on-target inhibition of
topo I, because the inhibitory effect of the drug on this enzyme
is reversible. In addition, as demonstrated in Fig. 2A, PNCprev-
alence reduction correlateswith the growth inhibition in camp-
tothecin-treated cells, suggesting that the cytotoxicmechanism
of the drug (topo I inhibition) is the same as the PNC disassem-
bling mechanism. To test this possibility, camptothecin-resist-
ant cells (RC1 and RC0.1) that contain a mutation in the topo I
enzyme (13) and their camptothecin-sensitive parental cells,
DU145 (human prostate cancer), were used. The mutant cell
lines are 500–1000 times more resistant to camptothecin
(Table 2) in accordance with previously published data (13).
Therefore, if PNCprevalence reduction by camptothecin is due
to off-target effects rather than to topo I inhibition, PNC prev-
alence should be close to 0% in the mutant cell lines at their
respective low growth inhibitory concentrations (i.e. [GI10%])

FIGURE 1. PNC prevalence reduction by clinically used chemotherapeutic anti-cancer drugs after 20 h of
treatment at their respective maximum tolerated concentrations. A, one asterisk represents drugs that
consistently shrank the remaining PNCs when compared with control, and two asterisks represent drugs that
shrank the remaining PNCs to even smaller and nearly undetectable pinpoints (n � 3, error bars � �S.D.).
B, cells treated with vehicle, a PNC disassembling drug (cis-platin) or a cytotoxic non-PNC disassembling drug
(bleomycin), and then immunofluorescently stained for the polypyrimidine tract-binding protein (PTB), a com-
ponent of the PNC. Exemplary PNCs are marked with arrowheads. Scale bar � 10 �m. F-Ara-A, 9-�-D-arabinosyl-
2-fluoradenine; Ara-A, adenine arabinoside.
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because these higher concentrations would reduce PNC prev-
alence to near 0% in the parental line. However, the PNC prev-
alence reduction in themutant cells was similar to, or less than,
the parental cell line at the same GI concentrations of campto-
thecin, demonstrating that PNC prevalence reduction by
camptothecin is indeed due to the inhibition of topo I (Fig. 3A).
A similar approach was used to show that PNC reduction by
etoposide is due to inhibition of the topo II enzyme. Etoposide-
resistant cell lines (FVP1 and FVP3), which have mutations in

the topo II enzyme, and the parental
FEMX melanoma cell line were
treated with etoposide, and in
accordance with previously pub-
lished data (14), the mutant cell
lines are severalfold more resistant
to etoposide (Table 2). The PNC
prevalence reduction in the mutant
cells was similar to, or less than,
the parental cell line at the same
GI concentrations of etoposide,
demonstrating that PNC preva-
lence reduction by etoposide is
due to the inhibition of topo II
(Fig. 3B). In addition,methotrexate,
which inhibits pyrimidine synthesis
through antagonism, is able to
reduce PNC prevalence. When
folinic acid, which allows cells to
overcome inhibition of dihydrofo-
late reductase by methotrexate, is
added to the media along with the
methotrexate, it prevents PNC
prevalence reduction (Fig. 3C).
Thus far, these findings indicate
that PNC prevalence reduction by
xenobiotics is a result of inhibiting
the molecular targets of the com-
pound, rather than nonspecific
cytotoxic effects. Therefore, PNC
prevalence reduction is a screening
marker that will be useful for identi-
fying compounds to investigate the
structure and function of the PNC.
RNA Polymerase III Inhibition

Versus PNC Prevalence Reduction
by Chemotherapeutic Drugs—
Methotrexate inhibits DNA and
RNA synthesis, whereas hydroxyu-
rea only inhibits DNA synthesis.
Because methotrexate is able to dis-
assemble the PNC and hydroxyurea
cannot (Fig. 1), along with the data
from Fig. 3C, these data demon-
strate that RNA synthesis but not
DNA replication is crucial for PNC
maintenance. This is consistent
with our previous studies in which
the integrity of the PNC is depend-

ent upon pol III transcription, but not immediately dependent
upon pol I or pol II transcription. Previous observations in cells
treated with polymerase inhibitors were made after only 3–5-h
treatments (2), and because we treated cells with drugs for 20 h
in the present studies, it is not clearwhether a prolonged pol I or
pol II inhibition can disassemble the PNC. To examine this
possibility, HeLa cells were treated with cycloheximide, which
indirectly inhibits pol I activity through protein synthesis in-
hibition, and 5,6-dichloro-1-D-ribofuranosylbenzimidazole,

FIGURE 2. PNC prevalence reduction by drugs is not due to cytotoxicity and is reversible. A, camptothecin-
induced growth inhibition (F) and PNC prevalence reduction (E) at 72 h. PNC prevalence above 1 �M could not
be counted because not enough cells remained on the coverslips for staining. Data were fit with one-site
dose-response curves. B, top panel, PNC prevalence (f) and proliferation (F) for vehicle- (1% DMSO), [GI99%]
camptothecin- (294 nM), and [GI99%] chlorambucil (297 �M)-treated HeLa cells. Bottom panel, immunofluores-
cent staining against PTB to mark PNCs in HeLa cells at 72 h of treatment time. DMSO section shows absence of
PTB staining in mitotic cells, and chlorambucil section shows the absence of PTB staining in apoptotic cells.
C, top panel, PNC prevalence in HeLa cells treated with vehicle (E) and 294 nM camptothecin (F) for 36 h and
then replaced with fresh media plus vehicle for 36 h. Middle panel, proliferation of HeLa cells treated with
vehicle (�) and 294 nM camptothecin (f) for 36 h and then replaced with fresh media for 36 h. Bottom panel,
HeLa cells treated with camptothecin immunofluorescently stained for PTB at t � 0, 36, and 72 h to mark PNCs.
Scale bars � 10 �m, and error bars � �S.D. (n � 3). Proliferation was determined with the 3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, assay described under
“Materials and Methods.”
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which directly inhibits pol II transcription, for 20 h at the same
concentrations used for prior short term treatments (2). Inhi-
bition of pol I (by way of inhibition of protein synthesis) and pol
II for 20 h does not affect the PNC prevalence (Fig. 4A), indi-
cating that PNC prevalence reduction by methotrexate is most
likely due to pol III inhibition. To further determine the rela-
tionship between RNA polymerase III transcription and PNC
prevalence, we utilized an RNase protection assay to quantify
pol III transcription in drug-treated cells. In this system, HeLa
cells are transfected with an untranslatable reporter driven by
either the Y1 or 7SKpol III promoters (Fig. 4B) and treatedwith
drugs, and after 20 h the total RNA is isolated for probing in the
RNase protection assay. pol III inhibition correlates well (p �
0.05) with the PNC prevalence reduction when cells were
treated with the nucleoside analogs andmethotrexate (Fig. 4C).
Because DNA synthesis inhibition and pol I/II inhibition does
not disassemble the PNC, the data demonstrate that PNC
reduction by these nucleic acid analogs and anti-metabolites is
a result of pol III transcription inhibition.

Interestingly, not all drugs that reduce PNC prevalence
inhibit pol III transcription in parallel. For example, actinomy-
cinD reduces PNCprevalence to near 0% of the control at 9 nM,
but only decreases pol III transcription by 18% (p 	 0.01), sug-
gesting that it, as well as camptothecin and mitomycin C (p 	
0.05), is reducing PNC prevalence, at least in part, through
mechanisms other than pol III transcriptional inhibition. In
addition, decreased pol III transcription alone does not always
correlate with decreased PNC prevalence as demonstrated by
the pol III inhibition caused by bleomycin and N,N�,N�-trieth-
ylenethiophosphoramide (p 	 0.05), neither of which affect
PNCprevalence, suggesting that other effects of these drugs are
inhibiting the disassembly of the PNC because tagetin, a very
specific and direct inhibitor of pol III, has been shown to disas-
semble the PNC (2).
DNADamageDisassembles the PNC—Topoisomerase inhib-

iting, DNA cross-linking, DNA-alkylating, and DNA-oxidizing
drugs all ultimately cause extensive DNA damage. Therefore,
we determined if the DNA damage induced by the PNC-affect-
ing drugs was responsible for PNC disassembly. The topo II-
inhibiting drugs, such as etoposide, cause DNA damage as a
result of inhibiting topo II in its enzymatic cycle so as to prevent
cut DNA from being religated. To determine whether the loss
of function of the enzyme or the DNA damage is the cause of
PNC disassembly by topo II inhibitors, HeLa cells were treated
with merbarone and ICRF-193, which inhibit topo II catalytic
activity without inducing DNA damage (15, 16). The results
show that neither of these compounds is able to decrease PNC
prevalence at their maximum tolerated concentrations (Fig.
5A), demonstrating that the DNA damage rather than the loss
of topo II function is responsible for disassembly of the PNC.
Topo I inhibitors also induce extensive DNA damage because
of the formation of topo I-DNA cleavable complexes. Because
there are no known catalytic inhibitors of topo I, the expression
of this enzyme was knocked down in PC-3M cells with siRNA.
Seventy twohours after siRNA treatment, the level of topo Iwas
reduced to �10% (p 	 0.01) of the mock transfected cells, but

FIGURE 3. PNC prevalence reduction by topo I and topo II inhibitors and methotrexate is due to on-target effects. A, 72-h growth inhibition curves were
created for camptothecin in the parental DU145 cell line and two clonal DU145 sublines (RC1 and RC0.1), both of which are resistant to camptothecin because
of a mutation in the topo I enzyme. The cell lines were treated with camptothecin at the three doses in Table 2 for 72 h, and the PNC prevalence was determined.
B, similarly, 72-h growth inhibition curves were created for etoposide in the parental FEMX cell line and two clonal FEMX sublines (FVP1 and FVP3), both of which
are resistant to etoposide because of a mutation in the topo II enzyme. The cell lines were treated with etoposide at the three doses in Table 2 for 72 h, and the
PNC prevalence was determined. C, 20 �M methotrexate reduces PNC prevalence in HeLa cells, but addition of 100 �M folinic acid in conjunction with
methotrexate prevents PNC prevalence reduction. For all experiments error bars � �S.D. (n � 3), and vehicle is 1% DMSO.

TABLE 2
Growth inhibition (GI) 10, 50, and 90% concentrations of
camptothecin/etoposide for the DU145 cell line and its
camptothecin-resistant sublines (RC1 and RC0.1) as well as for the
FEMX cell line and its etoposide-resistant sublines (FVP1 and FVP3)
as determined by the MTS proliferation assay
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the PNC prevalence was not significantly (p � 0.3) decreased
(Fig. 5B), suggesting that the inhibition of topo I does not
directly disassemble the PNC, rather the resulting DNA dam-
age or altered DNA structure is responsible.
The clinically used topo II inhibitors can be split into two

classes as follows: DNA-intercalative (mitoxantrone, anthracy-
clines, N-[4-(acridin-9-ylamino)-3-methoxyphenyl]methane-
sulfonamide, and actinomycin D) and non-DNA-intercalative
(epipodophylotoxins) drugs. All of the intercalative inhibitors
reduce PNC prevalence to near 0%, whereas the nonintercala-
tive epipodophylotoxins (etoposide and teniposide) modestly
reduce PNC prevalence. This suggests that DNA intercalation
contributes to the ability of these compounds to disassemble
the PNC. To examine this possibility, HeLa cells were treated
with chloroquine and ethidium bromide, which intercalate
DNA, but are not known to directly inhibit topo II. Both of

these compounds significantly (p 	 0.001) reduce PNC preva-
lence, demonstrating that DNA intercalation can disassemble
the PNC (Fig. 5C). Molecules can also noncovalently interact
with DNA without intercalating the base pairs. Examples of
suchmolecules are theminor groove andmajor groove binders,
distamycinA (17–18) andmethyl green (19), respectively.HeLa
cells were treated with the maximum tolerated concentrations
of these groove binders, and it was found that PNC prevalence
is not altered by these agents (data not shown), demonstrating
that interference with DNA structure simply by binding the
grooves is not sufficient to disassemble the PNC.
A screen of diversity and mechanistic sets of clinical and

experimental anti-cancer drugs for PNC prevalence reduction
in HeLa cells by NCI (National Institutes of Health) produced
68 hits from the �2,800 compound library, and the described
mechanisms of cytotoxic action of these drugs are represented

FIGURE 4. Association of PNC prevalence reduction with RNA polymerase transcription. A, 20-h inhibition of pol I by cycloheximide (cyclohex) and pol II by
5,6-dichloro-1-D-ribofuranosylbenzimidazole (DRB) does not decrease PNC prevalence in HeLa or PC-3M cells. B, pol III RNase protection assay to quantify the
transcription of two separate pol III reporter constructs (nontranslatable �-globin transcript driven by either 7SK or Y1 promoters, top panel � vector maps) in
drug-treated HeLa cells. Middle panel, Y1-specific transcript, 7SK-specific transcript, total RNA (28 S/18 S rRNA and small RNAs). The concentration used was
either the maximum dose that would allow for enough RNA to be collected for the assay or the [GI99%]. Bottom panel, quantitation of band intensities
standardized to an IC value and total RNA for all drugs tested in this assay. C, average band intensities of the 7SK and Y1 reporters compared with the PNC
prevalence reduction at the same doses in HeLa cells. For all experiments error bars � �S.D. (n � 3), and the vehicle is 1% DMSO.
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in Table 3. The majority of the hits are topoisomerase inhibi-
tors, DNA intercalators, DNA damagers, and DNA-binding
molecules (these groups are not necessarily mutually exclu-
sive). As observed in our initial screen of clinically used drugs
(Fig. 1), DNA alkylators and oxidative DNA-damaging com-
pounds do not disassemble the PNC. In addition, low to mod-
erate doses of UV radiation (Fig. 6A), but not high dose �-irra-
diation (data not shown), disassemble the PNC.Together, these
data demonstrate that PNCdisassembly is due to specific forms
of DNA damage or base pair intercalation.
PNC Prevalence Reduction Is Not Due to DNA Damage

Response—To determine whether the activation of the DNA
damage-response pathways could be responsible for the disas-
sembly of PNCs, HeLa cells were treated with several DNA
damage repair inhibitors, including those against ATM/ATR-
CGK-733 (20) (Fig. 6, B andC), DNA protein kinase (PK)-EMD
DNA PK inhibitor 1, p53-pififthrin, and base excision repair
(BER) pathway inhibitors EMDBER inhibitor (data not shown)
4 h prior to and during 20 h of treatment with PNC-reducing
drugs and UV radiation. None of these inhibitors were able to
prevent PNC disassembly, suggesting that the known DNA

damage-response and -repair pathways are not responsible for
the disruption of the PNCby these stimuli. However, inhibition
of ATM/ATR, which are upstreamDNA damage repair initiat-
ing proteins activated by several DNA-damaging stimuli, with
CGK-733 prevents the reformation of PNC after DNA damage
stimulated by UV radiation (Fig. 6B) or mitoxantrone (Fig. 6C).
These results demonstrate that the inhibition of DNA damage
repair does not prevent disassembly but does prevent PNC ref-
ormation, thereby further demonstrating that the actual DNA
damage itself is responsible for PNC disassembly and thus indi-
cating the integrity of theDNA is critical for themaintenance of
the PNC.
PNC IsAssociatedwith aDNALocus—The importance of the

DNA integrity in themaintenance of the PNC suggests that the
PNC is physically associated with DNA and that DNA serves as
a nucleation center for the PNC. Consistent with this idea is the
heritability of the PNC, in which PNCs in newly divided cells
are usually of the same multiplicity and often are spatially mir-
ror images in the daughter cells (1).3 To determine whether the
PNC is associated with DNA, we have evaluated the PNCmul-
tiplicity in endoreplicating cells. If the PNC is associated with
DNA, the number of PNCs should increase in parallel with the
number of replication cycles. HT2-19 cells are blocked inG2, by
way of a cdk1 conditional mutant, but continue to endorepli-
cate DNAwhen under the nonpermissive condition (21). Upon
switching to the nonpermissive condition for cdk1 function,
cells were allowed to grow for 7 days, and the average number of
PNCs per cell more than triples after 7 days of endoreplication
(Fig. 7A). When cells are treated with camptothecin, DNA syn-
thesis is prevented and cells stop proliferating (Fig. 2C); how-
ever, upon removal of the drug, the cells resume DNA replica-
tion once the DNA damage is repaired but are blocked in late
S/G2 phase (12). The average number of PNCs per HeLa cell
was determined 24, 48, and 72 h after removal of camptothecin
and compared with untreated cells. The number of PNCs per
cell nearly doubles after 72 h (Fig. 7B), which further indicates

FIGURE 5. DNA damage contributes to PNC disassembly. HeLa cells were treated with the maximum tolerated concentrations of two catalytic topo II
inhibitors, merbarone (464 �M) and ICRF-193 (100 �M) (A), and with the maximum tolerated concentrations of DNA intercalators, chloroquine (100 �M) and
ethidium bromide (EtBr, 10 �M) for 20 h (B). PNC prevalence was then determined (n � 3, error bars � �S.D.). C, siRNA was utilized to knock down the expression
of topo I in PC-3M cells (band intensities listed below the immunoblot represent the average from three independent experiments), and after 3 days the PNC
prevalence was determined for mock-transfected cells, cells transfected with a negative control oligonucleotide (Cnt oligo), and cells transfected with topo I
siRNA (n � 3, error bars � �S.D.).

TABLE 3
List of hits (by NSC number) from the screening of mechanistic and
diversity sets of NCI of clinically used and experimental anti-cancer
compounds and cytotoxic mechanisms of action of the hits as
determined by literature and patent searches
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the PNC is associated with a DNA locus because the nuclear
DNA content is doubled in these cells as well. To further deter-
mine whether the PNC is bound to DNA and to initially char-

acterize the locus, we examined whether PNCs have the typical
DNA locus behavior during S phase. A given DNA locus often
splits into two dots during DNA replication and fuses back into
one in G2 because of sister chromatid fusion.We synchronized
HeLa cells at the G1/S boundary using hydroxyurea and evalu-
ated whether PNCswould also split into two distinct structures
in S phase. Cells at 0 h (G1/S boundary), 3 h (S phase), and 6 h
(S/G2 boundary) after release from the hydroxyurea block were
immunolabeled with an anti-PTB antibody. The results show
that the majority of PNCs split into two distinct, but spatially
close, doublet structures 3 h into S phase and begin to reform
into a single structure 6 h after release when cells have pro-
gressed well into G2 (Fig. 7C). These findings further demon-
strate that the PNC nucleates upon a DNA locus, indicate that
the association of the RNA-protein complexes in the PNCwith
the locus is not significantly disrupted during DNA replication,
and indicate that the locus replicates at mid S phase. Because
the previous results showed that the PNC is nucleated on a
DNA locus, we treated cells with a histone deacetylase inhibi-
tor, TSA, to determine whether the PNC structural integrity is
sensitive to changes in the epigenetic state of DNA. We found
that the PNC is not disassembled by TSA (data not shown), but
we did observe that TSA induces a dramatic change in PNC.
Normally, the PNC is a semi-round to ovoid structure that
appears to “sit” on the nucleolar surface. In PC-3M cells treated
with TSA (22), the PNC changes to a flattened nucleolar cap
with extended fibrils (Fig. 7D), indicating the extensiveness of
the locus and responsiveness of the locus to changes in the
epigenetic state of the DNA. Altogether, these findings leave
little doubt that PNCs are directly associated with DNA.

DISCUSSION

The PNCmarks themostmalignant cells in solid tumors and
has the potential to be developed into a novel prognostic
marker for several tumor types (10–11). Thus understanding of
the PNC biology will not only aid in the understanding of high
order nuclear structure and molecular interactions, but it also
can lead to novel findings in the field of cancer cell biology and
perhaps lead to newpan-cancer therapeutic targets. ThePNC is
known to be enriched in pol III transcripts and several RNA-
binding/processing proteins, suggesting the structure is
involved in RNA metabolism (9). However, little is known
about the actual structure and function of the PNC. Therefore,
here we report the validation of a compound screening
approach to analyze the structure and function of the PNC.
Using this approach we have discovered novel findings regard-
ing the structure of the PNC, which imply possible functions of
the structure. Many anti-cancer drugs effectively disassemble
the PNC and do so through their specific molecular actions
(Figs. 3–5) and not through growth inhibition or cytotoxicity
(Fig. 2). These findings validate PNC prevalence reduction as
screening strategy to identify compounds to be used as chemi-
cal tools to complement cell and molecular biology techniques
for studying PNC function. This validation will allow for the
screening of larger libraries of compounds with diverse biolog-
ical function, which will likely lead to more novel findings
regarding the function of the PNC and its contribution to the
malignant phenotype of cancer cells. In future screens, com-

FIGURE 6. DNA damage itself, not DNA damage repair pathways, is
responsible for PNC disassembly. A, immunofluorescent staining to PTB to
show PNCs in HeLa cells prior to UV treatment, 5 h post-100 mJ/m2 UV light,
and 24 h post 100 mJ/m2 UV light. B, ATM/ATR activity was inhibited in HeLa
cells with the small molecule inhibitor CGK-733. Cells were pretreated with 2
�M CGK-733 or vehicle for 4 h, then dosed with 100 mJ/m2 UV light, and
returned to CGK-733 or vehicle, and then PNC prevalence was determined 5
and 24 h after UV light treatment. C, HeLa cells were pretreated with 2 �M

CGK-733 or vehicle for 4 h, then treated with the [GI99%] (2.01 �M) of mitox-
antrone in the presence of 2 �M CGK-733 or vehicle, and then PNC prevalence
was determined 20 h after mitoxantrone treatment. Mitoxantrone was then
removed, and cells were grown in the presence of 2 �M CGK-733 or vehicle for
24 or 48 h to allow PNC reformation, and the PNC was prevalence was deter-
mined (n � 3, error bars � �S.D.).
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pounds that can disassemble the PNC at nongrowth inhibitory
concentrations will be utilized to examine the functional con-
tribution of PNCs in malignancy.
Further analyses of anti-cancer drugs that disassemble the

PNC revealed that at least two distinctmechanisms of the drugs
disrupt the PNCs as follows: pol III transcription inhibition and
DNA damage. We have previously observed that continuous
pol III transcription is required for the integrity of the PNC, as
PNCs are enriched in newly synthesized pol III RNA (2, 4). In
this study, we have demonstrated that the reduction of PNC
prevalence is closely associated with the level of pol III tran-
scription inhibition in cells treated with nucleoside analogs and
methotrexate with the use of RNase protection assay (Fig. 4).
Interestingly, PNC disassembly does not always associate with
pol III transcription inhibition, indicating the involvement of
other mechanisms important for maintenance of the PNC. For

example, actinomycin D significantly reduces PNC prevalence
without greatly impacting pol III transcription. Actinomycin D
is known to intercalate DNA and cause DNA damage, suggest-
ing DNA integrity is crucial for PNCmaintenance. In addition,
neither catalytic inhibitors of topo II, which do not cause DNA
damage, nor topo I knockdown affect the PNC structure (Fig.
5). This further supports that DNA integrity is crucial to PNC
maintenance. To systematically analyze the role of DNA dam-
age in PNC structural integrity, we have examined different
classes of DNA-damaging stimuli on the PNC structure and
found that a large number of DNA-damaging compounds and
UV light cause PNC disassembly (Fig. 6). To evaluate whether
the loss of PNC is the result of DNA damage response (DDR),
inhibitors of various DDR pathways, such as ATM, were uti-
lized in drug-treated or UV-radiated cells. The results showed
that inhibition of DDR does not prevent PNC disassembly, but

FIGURE 7. PNC is associated with a DNA locus. A, HT2-19 cells (conditional cdk1 knock-out) were grown in the absence of isopropyl �-D-1-thiogalactopyran-
oside (IPTG) to cause endoreplication of the nuclear DNA for 7 days, and the number of PNCs per cell were scored and compared with non-endoreplicating cells
(maintained in isopropyl �-D-1-thiogalactopyranoside). Pictures are of HT2-19 cells stained with PTB antibodies and are both on the same scale. B, HeLa cells
were treated with 294 nM camptothecin or vehicle for 24 h and then allowed to recover for varying times in the absence of the drug. The cells were stained with
PTB antibodies, and the number of PNCs per cell was determined. See the bottom panel of Fig. 2C for pictures of cells with multiple PNCs after camptothecin
recovery. C, HeLa cells were blocked at the S phase with 2 mM hydroxyurea for 24 h and then released from the block. The number of PNCs that consisted of two
separate dots and the PNCs that consisted of a single dot were scored at 0, 3, and 6 h after hydroxyurea (OHU) release. A–C, �50 cells scored per trial, and error
bars � �S.D. (n � 3). D, PTB staining to show PNC morphology in PC-3M cells treated with 10 �M TSA (histone deacetylase inhibitor) or vehicle for 20 h. All scale
bars � 10 �m, and error bars � �S.D.
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rather it blocks the recovery of PNCs upon removal of the
DNA-damaging stimulus, demonstrating that the structural
maintenance of the PNC is dependent upon the integrity of the
DNA itself. Furthering this observation is that some DNA-
damaging drugs can greatly reduce PNC prevalence without
impacting pol III transcription to a proportional extent. All
together, these findings reveal the direct association of PNCs
with DNA. However, not all types of DNA-damaging/altering
stimuli are able to disassemble the PNC (Table 4). Single and
double strand breaks, reactive oxygen species, DNA alkylation,
and DNA groove binding do not seem to be important for PNC
integrity, whereas cross-linking, T-T dimers, intercalation, and
the formation topoisomerase-DNAcleavable complexes all dis-
assemble the PNC (Table 4). This suggests that base pairing
between the DNA strands and/or the capacity for strand sepa-
ration, but not the continuity of the DNA strands, are crucial
for maintenance of PNC upon its DNA locus. In addition, the
finding that histone deacetylase inhibitor TSA, which allows
chromatin to be in an accessible or open configuration, changes
the PNC into extended and fibril-like structures further sup-

ports this idea because theDNA that the PNC is nucleated upon
is more accessible to DNA-binding proteins.
To evaluate the conclusion that the PNC is associated with a

DNA locus, complementary cell biology approaches were uti-
lized. Endoreplication induced by a conditional cdk1 mutant
shows a corresponding increase in the number of PNCs per cell
(Fig. 7A). After camptothecin removal fromHeLa cells, DNA is
replicated but the cells remain in late S/G2 phase, and we
observed a corresponding doubling in the average number of
PNCs per cells (Fig. 7B). Furthermore, the PNC displays a typ-
ical DNA locus replication phenotype at mid S phase in HeLa
cells (Fig. 7C).3 These findings further confirm that the PNC is
nucleated upon a DNA locus that replicates at mid S phase, and
the nucleation is not perturbed during replication. Mid S phase
replicating DNA loci are generally not the highly expressive
euchromatic type. Interestingly, the PNC becomes an extended
and fibril-shaped structure in conjunction with the opening of
chromatin in cells treated with a histone deacetylase inhibitor
(Fig. 7D). The spatial extensiveness of the fibrils suggests that
theDNA locus associatedwith the PNC components could be a

TABLE 4
The effect of drugs and other stimuli on the PNC, their cytotoxic mechanism of action, and the type of DNA damage caused
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large one and can be regulated by histone acetylations. Studies
are currently underway to determine the specific locus, the
identification of which will most certainly help unravel the
function of the PNC.
Based on the current understanding of the PNC, including its

enrichment of newly synthesized pol III transcripts, RNA-bind-
ing proteins and novel interactions among them (9),3 its heri-
table nature through cell cycles (1), and our findings in this
study, we hypothesize a working model; protein-RNA com-
plexes in the PNC are associatedwith aDNA locus through two
possiblemechanisms. First, these complexesmay directly inter-
act with the DNA locus and potentially regulate the expression
of the locus. Second, the RNA-protein complexes may be asso-
ciated with the nascent transcripts being synthesized from the
locus and regulate these RNAs post-transcriptionally. DNA
continuity is not crucial for PNC maintenance, although the
interstrand base pairing is, suggesting that the components of
the PNC are directly interacting with the DNA. In addition,
becauseDNA strand breakages would likely inhibit the produc-
tion of nascent transcripts from such a locus and because pol II
transcription is not directly important to PNC maintenance,
this further supports the idea that the components of the PNC
are directly associated with the DNA. Future studies will
explore and test this model.
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