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Abstract
The transient nucleolus plays a central role in the upregulated synthesis of ribosomal RNA
(rRNA) to sustain ribosome biogenesis, a hallmark of aberrant cell growth. This function, in
conjunction with its unique pathohistological features in malignant cells and its ability to mediate
apoptosis, renders this subnuclear structure a potential target for chemotherapeutic agents. In this
Minireview, structurally and functionally diverse small molecules are discussed that have been
reported to either interact with the nucleolus directly or perturb its function indirectly by acting on
its dynamic components. These molecules include all major classes of nucleic acid-targeted
agents, antimetabolites, kinase inhibitors, anti-inflammatory drugs, natural product antibiotics,
oligopeptides, as well asnano-sized particles. Together, these molecules are invaluable probes of
structure and function of the nucleolus. They also provide a unique opportunity to develop novel
strategies for more selective and therefore better tolerated chemotherapeutic intervention. In this
regard, inhibition of RNA polymerase I-mediated rRNA synthesis appears to be a promising
mechanism of cancer cell kill. The recent development of molecules targeted at G-quadruplex
forming rRNA gene sequences, which are currently undergoing clinical trials, seems to attest to
the success of this approach.
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Introduction
Multifactorial drug resistance and systemic toxicity continue to be the major limitations in
the treatment of malignant disease. The management of many aggressive cancers, such as
non-small-cell lung cancer (NSCLC), faces an urgent need for novel strategies that provide
longer-lasting responses at all stages of the disease and improve overall survival.[1,2]

Classical chemotherapy often provides no significant survival benefit but relieves symptoms
only for a short duration.[2] Molecularly targeted therapies designed to selectively intercept
tumor angiogenesis and growth signaling usually exhibit more favorable toxicity profiles.
Unfortunately, such treatments often show a rapid onset of resistance and provide a modest
improvement only if administered in combination with common cytotoxics.[3] Most
importantly, several aggressive cancers, such as triple-negative breast cancer (TNBC) and
squamous cell carcinoma (SQCC) of the lung, a form of non-small-cell lung cancer
(NSCLC), do not respond to common targeted therapies because of their genetic make-
up.[4,5] Thus, in order to overcome the above shortcomings, it is important to constantly
evaluate and validate new cancer targets. At the core of such strategies are targets that
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improve the performance and safety of cytotoxic agents by combining their classical
antiproliferative properties with features directed at cancer cell-specific abnormalities.[1]

One such target, the cancer cell’s nucleolus, has begun to show great promise in cancer
chemotherapy. By developing new technology capable of exploiting the functional and
cytomorphological differences between the nucleoli in cancerous versus normal cells, a wide
range of cancers could potentially be targeted with manageable safety risks to the patient.

Structure and function of the nucleolus
The nucleolus can be described as a dynamic, non-membrane-bound subnuclear structure,
whose most widely studied function involves ribosome biogenesis. This process can be
studied indirectly by monitoring ribosomal RNA (rRNA) transcription by RNA polymerase
I (Pol I), which correlates with the transient nature of the nucleolus.[6] In microscopic
images, the nucleolus first becomes visible at the end of mitosis during telophase, as does
the first detection of Pol I transcription. As cells enter into interphase (the cell growth phase
between cell divisions), the formation of pre-nucleolar bodies (PNBs) and translocation of
the transcription and processing machinery to the assembled nucleolar organizer regions
(NORs) are observed (Figure 1).[7] This activity, which increases during early G1, leads to
multiple nucleoli which fuse into a single nucleolus as the cell cycle progresses. The
nucleolus disassembles during the beginning of cell division, in prophase, and is not
detected again until the end of mitosis in telophase (Figure 1).[7,8]

The nucleolus is composed of three distinct components: the fibrillar center (FC), the dense
fibrillar component (DFC), and the granular component (GC), which is believed to contain
inactive rDNA and non-transcribing Pol I.[9] The rDNA found in the nucleolus accounts for
around 50% of the total RNA production in the cell. Early accumulation and processing of
rRNA occurs within the DFC, while late rRNA processing and assembly of the ribosomal
components occurs in the GC.[10]

NORs describe the head-to-tail tandem repeats of the ribosomal genes (rDNA).[11]

Approximately 400 copies of the 13,357 base-pair 45S pre-mRNA gene (NCBI reference:
NR 046235)are found in the NORs of 5 acrocentric chromosome pairs, which are processed
in the nucleoli.[6] A silver-staining method, AgNOR,[12] has proven useful to distinguish
actively transcribed from non-transcribed rDNA, as silver ions only stain those NORs that
contain transcriptionally active protein complexes. Important observations have been made
regarding AgNOR levels and Pol I activity, indicating that increased AgNOR staining
results from an increase in rRNA transcription. This observation has been significant in the
histological and pathological assessment of tumor aggression, carcinogenic staging, and
neoplastic potential.[13,14]

Proteomic studies suggest that the nucleolus is involved in a multitude of cellular processes
independent of ribosome biogenesis. A recent study has identified 271 distinct proteins
found in nucleolar extracts of HeLa cells. Aside from the expected transcription and
processing factors, another large subgroup of proteins localized to the nucleolus were
DEAD-box helicases, chaperones, and other nucleotide-binding proteins, such as
topoisomerases I and II.[15,16] Tubulin, a heterodimer of two alpha and two beta chains, is
the major subunit of the microtubules.[17] This globular protein was previously thought to
exist solely in the cytoplasm of cells, where it is incorporated into the cytoskeleton.
Immunofluorescence studies indicate that the βII-subunit of tubulin localizes to the nuclei,
with a strong aggregation in the nucleoli of many different types of carcinoma cells (C6,
T98G, MCF-7, MDA-MB-435, and HeLa).[18] Upon addition of the drug taxol, an inhibitor
of mitosis targeted at the microtubules of dividing cells,[19] βII-tubulin underwent
rearrangement in the nuclei and displayed the formation of micronuclei, which are markers

Pickard and Bierbach Page 2

ChemMedChem. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of apoptotic cell death.[18] Nucleolar involvement has also been implicated in the biogenesis
of certain ribonucleoproteins, such as telomerase[20] and the signal recognition particle.[21]

Nucleolar localization sequences (NOLSs), which contain a conserved (R/K)(R/K)(R/
K)X(R/K) motif, have been demonstrated to aid in the direction of proteins to the nucleolus
versus the nucleus.[22] To this end, nucleolar hub proteins may also bind certain proteins
leading to their localization in the nucleolus.[22] Knowledge of the location, function, and
time of residency[23] of proteins in the nucleolus is critical in elucidating additional drug
targets in the nucleolus.

The nucleolus as a drug target
An important aspect regarding nucleolus structure and function are the morphological
differences that exist between normal somatic cells and neoplastic/malignant cells. It has
been well established that an increase in rRNA transcription, as is found in rapidly
replicating cells, results in a prominent increase in nucleolus size.[24] This relationship is
even more pronounced when the tumor suppressor gene p53 is either mutated or absent,
leading to large, hypertrophic nucleoli.[25] Notably, p53 mutations are found in greater than
50% of all human cancers.[26] Enlarged nucleoli are required to support the rapid, aberrant
growth of tumor cells. Because the nucleoli persist throughout all growth phases of the cell
cycle, downmodulation of rRNA synthesis at this locus can be considered a direct way of
inhibiting the proliferative potential of tumor cells (“ribosome starvation”). Disruption of
rRNA transcription and processing, as well as other forms of nucleolar stress, can lead to
cell cycle arrest and programmed cell death in G1 or G2. This includes p53-mediated
pathways in cells with functional p53.[27–29] Another important pathway involving the
retinoblastoma protein (pRb) has been shown to affect RNA transcription and nucleolar
hypertrophy. Together, cancers with inactive p53 and pRb have been characterized with
increased aggressiveness and a more negative prognosis.[30] In addition, the Myc and PI3K-
AKT-mTOR pathways have demonstrated a cooperative mechanism for promoting ribosome
biogenesis. Consequentially, when these pathways are hyperactive, they are more likely to
lead to more aggressive and resistant forms of cancer.[31] From the distinct change in
nucleolus size seen in carcinogenesis, drugs targeting the nucleolus have the potential to
produce an immediate and detrimental impact on cancer cells, while sparing a larger portion
of normal cells.

Molecules interacting with the nucleolus or modulating nucleolar activity
1. Actinomycin D

Actinomycin D, a polypeptide antibiotic, has been shown to bind duplex DNA efficiently
and decrease RNA synthesis by stalling Pol I. This inhibition is considered a reversible
process due to the dissociation of actinomycin D (a reversible intercalating agent) from
duplex DNA, which restarts normal transcription.[32] Actinomycin D is unique in that it
inhibits rRNA and cytoplasmic RNA synthesis, but does not inhibit the synthesis of
chromosomal RNA or DNA at low concentrations.[33] This suggests that the antibiotic
selectively acts on the rDNA template in the nucleolus by inhibiting rRNA transcription,
which quenches ribosome biogenesis and cytoplasmic RNA levels.[32] This evidence for a
nucleolus-mediated mechanism is supported by studies demonstrating that a redistribution of
nucleolar components occurs during actinomycin treatment.[16,24,34]

2. Avrainvillamide
A naturally occurring alkaloid, (+)-avrainvillamide, has been demonstrated to trigger anti-
proliferative and apoptotic events in cells.[35] The alkaloid was fluorescently labeled with a
dansyl moiety for use in fluorescence microscopy.[35] The conjugate was found to
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accumulate in the nucleoli and cytosol of HeLa-S3 cervical cancer and T-47D human ductal
breast epithelial tumor cells. Moreover, co-localization is observed with fluorescently-
tagged nucleophosmin, a nucleolar protein expressed in many cancers, which has been
correlated with tumorigenesis.[36] Nucleophosmin, which is mainly located in the GC of the
nucleolus, has demonstrated functions involving the stimulation of rDNA transcription, the
processing of pre-rRNA, and as both a positive and negative modulator of p53-mediated
apoptosis depending on the stimulus and cell type.[37] More recent studies have shown that
the compound is able to bind to sulfur of Cys-275 in nucleophosmin, which could explain its
co-localization and anti-proliferative effects.[38]

3. Camptothecin and analogues
Camptothecin and its clinically active derivatives, irinotecan (pro-drug) and topotecan
(water-soluble analogue), are quinolone alkaloids used as chemotherapeutic agents.[39,40]

The drugs are potent inhibitors of topoisomerase I (Topo I), an enzyme responsible for
relieving strain in super-coiled DNA that occurs during transcription and replication.[41]

Topo I has been shown to predominantly reside in the nucleolus of cells, aiding in rRNA
transcription elongation.[41,42] In cells treated with this class of drugs, Topo I is redistributed
to the nucleoplasm and a build-up of covalent Topo I–DNA cleavable complex, which is
stabilized by camptothecin and its analogues, is observed, ultimately leading to cell
death.[41,43]

4. CDK9 inhibitors
Cyclin-dependent kinase 9 (CDK9) inhibitors such as DRB, flavopiridol, and roscotivine
have been shown to inhibit early rRNA processing and transcription.[44,45] Transcription
inhibition occurs by inhibiting the transcription elongation step catalyzed by Pol I. The
blocking of transcription and early rRNA processing leads to nucleolar disintegration and
relocation of nucleolar proteins, such as nucleophosmin.[45]

5. Cisplatin
Cisplatin, cis-diamminedichloridoplatinum(II), is a platinum chemotherapeutic agent widely
used in the clinic. It forms 1,2-intrastrand cross-links and covalently platinates the N7
position of adjacent purine bases in double-stranded, Watson–Crick base-paired DNA.[46]

Cisplatin was shown to inhibit rRNA synthesis indirectly in cell culture by causing a
redistribution of the rRNA transcription machinery in the nucleolus.[46] These include the
upstream binding factor (UBF), TATA-binding protein (TBP), TBP-associated factors for
Pol I (TAFIs), and Pol I itself.[46] Along with the redistribution of nucleolar proteins, a
segregation of nucleolar RNA occurred (micronucleoli) and a cascade of caspases was
activated ultimately leading to apoptosis.[47]

6. CX-3543 (Quarfloxin)
Quarfloxin, a fluoroquinoline derivative, developed after a long structure–activity
relationship study evolving from fluoroquinoline antibiotics, was shown to localize to the
nucleolus of A549 lung adenocarcinoma cells by fluorescence microscopy.[48] Quarfloxin
selectively inibits rRNA synthesis by interfering with Pol I transcription elongation, and was
shown to induce apoptosis in cancer cells.[48] Quarfloxin’s ability to release nucleolin, a G-
quadruplex binding nucleolar phosphoprotein, into the nucleoplasm, has been interpreted as
evidence that the drug’s mechanism involves competitive binding to this DNA secondary
structure in rDNA.[49] Although tolerated well by patients in Phase I clinical trials, with no
major organ toxicities, quarfloxindid not proceed past Phase II clinical trials due to its
limited bioavailability.[49] Quarfloxin was the first G-quadruplex binding agent to enter
human clinical trials.
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7. CX-5461
CX-5461 is an orally available anti-cancer agent capable of selectively inhibiting Pol I,
whose development was inspired by chemically related quarfloxin.[50–51] In melanoma and
pancreatic carcinomas, the primary pathway to cell death was found to be autophagy,[51] in
contrast to leukemia and lymphoma models where the primary pathway was p53-mediated
apoptosis.[50] CX-5461 induces selective inhibition of Pol I-mediated rRNA synthesis
resulting in cancer cell-specific toxicity, but has no effect on DNA, mRNA, or protein
synthesis.[51]

8. Distamycin–ellipticine hybrid agent (“Distel”)
Cationic conjugates were synthesized containing the classical DNA minor groove binder
distamycin and the intercalator ellipticine with the goal of generating molecules able to
recognize specific DNA sequences. Biophysical and biochemical experiments were
performed to confirm the proposed hybrid binding mode of Distel, which distorts the
structure of B-form DNA significantly.[52] Fluorescence microscopy was used to detect
Distel and ellipticine in treated cells.[53] Both the conjugate and the intercalator itself
preferentially accumulated in the nuclei of HeLa cells. Unlike ellipticine fluorescence,
which showed a high intensity across the entire nuclei, Distel fluorescence was less
pronounced and was localized to the nucleoli.

9. Ethidium bromide
Ethidium bromide (EtdBr), the classical DNA-intercalating agent, was studied for cellular
localization and metabolism in isolated rat hepatocytes.[54] It was determined by confocal
laser scanning microscopy (CLSM) that ethidium bromide is rapidly taken up into the
nucleoli, nuclear membrane, and endoplasmic reticulum of the cultured cells. Likewise, the
related analogue, propidium iodide (PI), a classical red-fluorescent non-cell-permeable DNA
stain, showed time-dependent accumulation in live HeLa cells.[55] The agent had no major
effect on cell cycle progression and did not appear to affect the response of cells to other
cytotoxic agents in co-treatment experiments.

10. Europium–azathiaxanthone complex
Due to their favorable photophysical properties, lanthanide(III) complexes are well-suited as
molecular probes. When equipped with a sensitizing moiety to overcome their extremely
low molar absorptivities, these metal complexes are able to produce narrow spectral bands
and high signal/noise ratios in optical spectroscopies.[56,57] One such complex, a Eu(III)
complex with an azathiaxanthone sensitizing moiety, was shown to localize to the nucleoli
of cells.[57] This complex was shown to be non-toxic to cells at 100μM, to enter cells by
means other than endocytosis, and to co-localize with SYTO-RNA-Select dye (see below),
making it an ideal probe for nucleolar localization.[57] The complex was tested in NIH 3T3
(standard fibroblast) cells, HeLa (human cervix endothelial carcinoma cells), and HDF (non-
transformed human dermal fibroblast) cells. In NIH 3T3 cells, the fluorescence intensity in
the nucleolus was found to be three times higher than that in the cytoplasm.[57]

11. Flavopereirine
Flavopereirine (PB-100), a plant-derived alkaloid, has demonstrated excellent anticancer
activity in several malignant cell lines but did not inhibit the growth of normal cells.[58] The
blue-fluorescent zwitterionic agent was reported to rapidly accumulate in the nucleoli of
U251 glioblastoma cells, but did not enter normal astrocyte control cells.[59] PB-100 appears
to have a distinct binding preference for purine-rich nucleic acids.[59]
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12. 5-Fluorouracil
The anticancer drug 5-fluorouracil, a pyrimidine analogue, is actively metabolized in the cell
to fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP),
and fluorouridine triphosphate (FUTP). The deoxy-metabolites result in DNA damage
primarily via inhibition of thymidylate synthase by FdUMP.[60,61] In addition, major RNA
damage occurs due to incorporation of FUTP into various forms of RNA, which leads to a
disruption of its processing and vital functions.[60,61] In particular, the processing of late
rRNA in the nucleolus is inhibited, leading to nucleolar stress, an alteration of nucleolar
structure, and activation of p53-mediated apoptosis.[61]

13. Gentamicin
Gentamicin, an aminoglycoside antibiotic used to treat tuberculosis and Gram-negative
bacterial infections, was conjugated to the fluorophore Texas Red to form a drug-
fluorophore conjugate GTTR.[62] Two kidney cell lines, OK and MDCK, were incubated
with GTTR for two hours and observed by fluorescence microscopy to determine the
cellular localization of the drug.[62] Along with endosomal accumulation, intra-nuclear
accumulation occurred in the nucleoli and trans-nuclear tubules.[62] Localization to the
nucleoli can potentially be explained by previous studies illustrating the propensity for
gentamicin to bind ribosomes and rRNA.[63,64]

14. Monofunctional planar complexes [PtLCl][65]

Cyclometalated, planar monochloroplatinum(II)(“pincer”) complexes were studied using
time-resolved emission imaging microscopy (TREM) in HDF, C8161, and CHO cells. The
metallointercalators showed minimal cytotoxicity in colorimetric cell proliferation assays.
When determining cellular distribution, the neutral complexes displayed accumulation in the
nuclei (as confirmed by co-imaging with the nuclear stain DAPI) with the highest emission
intensity localized to the nucleoli.

15. Monofunctional nonplanar complexes [PtClL]+

Nucleolar accumulation was also reported for platinum complexes derived from the
antitumor-active monofunctional cationic complex cis-diamminechloridopyridine chloride
(pyriplatin).[66] The complexes, which were labeled with green-fluorescent dye 7-
nitrobenzafurazan, were detected in the nucleoli of HeLa cells and appear to induce cell
death by a mechanism different from that of cisplatin.[67]

16. Mitomycin C
Mitomycin C is a potent antibiotic, originally isolated from the Gram-negative bacteria
Streptomyces caespitosus. It is used as a chemotherapeutic agent, typically in bladder, colon,
and breast cancers.[68] It is a bio-reductive molecule, which, after enzymatic activation in
the cytosol, induces site-specific DNA cross-links.[68,69] While generally thought of as an
alkylating agent damaging the heterochromatin, mitomycin C has recently been
demonstrated to cause irreparable cross-links in rDNA leading to inhibition of rRNA
synthesis.[68] In MCF-7 breast carcinoma cells, treatment with mitomycin C led to a 25%
decrease in the 18S rRNA levels, most likely due to the binding and degradation of the
rDNA transcript by the drug.[68] Early electron microscopy data suggests that mitomycin C
causes a segregation and redistribution of nucleolar constituents upon treatment with the
drug, further corroborating a nucleolus-mediated mechanism of action.[70]
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17. Nano-sized particles
Nanoparticles (NPs) are currently being developed for a variety of different applications
including those in the biomedical field. Recent literature suggests that some NPs can
translocate to the nucleus, occasionally to the nucleolus.[71] Polyethyleneglycol-coated
(“pegylated”) single-walled carbon nanotubes (SWCNTs) have been labeled with
fluorescein dye and their cellular uptake and distribution monitored by time-lapse
fluorescence microscopy.[72] The nanotubes showed cell line-specific accumulation in the
nucleoli of various cancer cells but did not perturb their morphology.[72] Interestingly,
nucleolar localization of these particles was reversible, and redistribution to the nucleoplasm
and cytoplasm was observed when the nanoparticles were removed from the cell culture
media.[72] Similarly, NP beads conjugated to the Tat peptide, a portion of the HIV-1 Tat
protein, displayed significant accumulation in the nucleoli of permeablized HeLa cells.[73]

Nanoconjugates consisting of TiO2 nanoparticles and oligonucleotides containing matching
sequences to rDNA were found to localize in the nucleolus with similar uptake to the
oligonucleotides alone.[74] Contrary to the previous examples, fluorescent SiO2 NPs were
not shown to localize to the nucleolus, however they did effect a time-dependent
redistribution of the nucleolar protein Topo I.[71]

18. Naphthalene diimides[75]

Naphthalene diimide derivatives were synthesized and tested for G-quadruplex selectivity,
telomerase inhibition, senescence, and intracellular localization. Tetra-substituted ligands
displayed remarkable G-quadruplex stabilization and selectivity over duplex DNA when
compared to the tri- and di-substituted derivatives. Since the tetra- and tri-substituted
derivatives were inherently fluorescent, localization experiments with confocal microscopy
were completed in MCF-7 breast carcinoma cells. Of the derivatives that displayed
localization exclusively in the nucleus, accumulation was observed in the nucleolus. The
naphthalene diimides localizing to the nucleolus displayed IC50 values in the nanomolar
range in A549 lung carcinoma cells.

19. Nucleolar targeting peptides[76]

Nucleolar targeting peptides are a family of cell-penetrating peptides (CPPs) that are capable
of targeting and localizing to the nucleolus of cells. One such peptide sequence, NrTP1
(YKQCHKKGGKKGSG), was fluorescently labeled at the N-terminus and incubated with
HeLa cells, pancreatic adenocarcinoma (BxPC-3), ductal mammary gland carcinoma
(BT-474) and murine neuroblastoma (N2A) cells. In all cases except for N2A cells, NrTP1
was shown by confocal microscopy to accumulate in the nucleolus of cells, regardless of cell
cycle phase. It was observed that the polypeptide was taken up by cells in a dose-dependent
manner by clathryn-mediated endocytosis.

Another CPP, fluorescein-labeled β3-octaarginine,[77] was shown by confocal microscopy to
localize to the nucleoli of erythrocytes infected with Plasmodium falciparum, however, was
unable to enter intact, healthy erythrocytes. These properties could lead to the development
of novel drug-conjugated CPPs that selectively deliver drugs to infected (or malignant) cells.

20. Nonsteroidal anti-inflammatory drugs
The efficacy of non-steroidal anti-inflammatory drugs (NSAIDS) as anti-tumor agents in
colorectal cancers has stimulated several studies into their cellular mechanism in recent
years. In the case of aspirin, sulindac, sulindac sulfone, and indomethacin, the NF-κB
signaling pathway is activated.[78] NF-κB, a heterodimer of the p50 and RelA (p65)
polypeptides, has been shown to regulate gene expression, affecting both cell growth and
apoptotic pathways.[79] Aspirin, sulindac, sulindac sulfone, and indomethacin cause
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translocation of the RelA (p65) subunit into the nucleolus, inducing an apoptotic response in
colorectal cancers.[78] These responses were demonstrated by the co-localization of RelA
with fibrillin or nucleolin using confocal microscopy in conjunction with
immunocytochemical techniques.[78]

21. Platinum–acridine hybrid agent
Platinum–acridines derived from the prototypical agent PT-ACRAMTU ([PtCl(en)
(ACRAMTU)](NO3)2; en = ethane-1,2-diamine, ACRAMTU = 1-[2-(acridin-9-
ylamino)ethyl]-1,3-dimethylthiourea) show promising anticancer activity in various solid
tumors, in particular non-small-cell lung cancer (NSCLC).[80] The agents produce a unique
form of DNA damage involving a covalent–intercalative binding mode and cellular effects
unlike that of cisplatin.[80] To gain insight into the subcellular distribution of this
pharmacophore, an analogue compatible with copper-catalyzed azide–alkyne cycloaddition
chemistry was developed.[81] The azide-modified conjugate[82] was incubated with NCI-
H460 NSCLC cells and post-labeled with the fluorophore Alexa Fluor 488-alkyne.[81] Cells
in interphase exposed to the complex showed significant accumulation of hybrid agent in the
nucleus and a 50% increased fluorescence in the nucleoli relative to the heterochromatin
(Figure 2).[81]

22. Polynuclear platinum complexes[83]

Nano-scale secondary ion mass spectrometry (NanoSIMS) was employed to study the
localization of a trinuclear platinum complex, TriplatinNC. A 15N-labeled analogue of
TriplatinNC was employed to monitor the 195Pt and 15N isotope localization in whole cells.
Resulting ion maps were indicative of nucleolar and cytoplasmic accumulation of the 15N-
TriplatinNC and suggest that nucleolar targets may be involved in the mechanism of these
noncovalent, purely electrostatic DNA binders.

23. Rapamycin and analogues
Rapamycin derivatives (“rapalogues”), including temsirolimus, everolimus, and
deformolimus, are macrolides that are typically used as immunosuppressants or
chemotherapeutic agents in the clinic.[84] They are potent inhibitors of the PI3K-AKT-
mTOR signaling pathway that is mutated in a high percentage of cancers. Specifically, this
class of drugs inhibits the mTORC1 complex which plays a role in rRNA transcription and
ribosome biogenesis.[84,85] The rapalogues inactivate an important component of the RNA
polymerase I machinery, TIF-1A, by a change in phosphorylation.[85] These drugs may also
play a role in inhibiting rRNA processing, observed by a build-up of downstream rRNA
intermediates.[85]

24. SYTO-RNA Select[86]

SYTO-RNA Select is a cell-permeable proprietary cyanine dye with maximal staining of
nucleoli. It exhibits enhanced green fluorescence when bound to RNA versus DNA and
proteins. The relative fluorescence intensity of the nucleolus in bovine pulmonary artery
endothelial cells is approximately 2.5 times that of the nucleus and approximately 10 times
that of the cytoplasm.

25. UNBS1450[87]

UNBS1450, a hemi-synthetic cardenolide, was discovered to modify the shape and protein
localization of the nucleolus in human cancer cells. When comparing the nucleolar
organization of cells treated with 100nM UNBS1450 using immunofluorescence, normal
human lung and fibroblast cells displayed no change, whereas DU145 and PC-3 pancreatic
carcinomas displayed a marked change in nucleolus organization. In agreement with this
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observation, the expression levels of the upstream binding factor (UBF) and fibrillan were
shown to vastly decrease over a 24h period in PC-3 cells. UNBS1450 displayed a low-
nanomolar IC50 value in PC-3 cells, which was around a 100-fold enhancement over
oxaliplatin, irinotecan and etoposide. In vivo, PC-3 tumor bearing mice displayed an
increased survival of 36% and 77% when injected with 10mg/kg i.p. and 20mg/kg i.p.,
respectively, with five injections per week for six weeks.

Outlook
The role of the nucleolus in supporting cell growth provides an attractive opportunity for
chemotherapeutic intervention. A diverse array of molecules has been identified that target
this subnuclear structure directly or affect its functions in some indirect ways. These include
DNA intercalators, minor groove binders, metalating and alkylating electrophiles, as well as
hybrid agents that combine multiple binding modes. However, the range of nucleolus-
targeted molecules is by no means limited to DNA-interacting agents. Antimetabolites,
kinase inhibitors, anti-inflammatory drugs, natural product antibiotics, oligopeptides, as well
as nano-sized particles, also show nucleolus-specific properties.

Among the nucleic acid-directed agents, compounds that selectively inhibit transcription of
rRNA genes (rDNA), are particularly promising and have demonstrated initial clinical
success.[48,50,88] The tandem repeats of rDNA (45S gene) are G-rich (~75%; see NCBI
database entry: NR 046235) and, thus, area “natural” high-affinity target for many
electrophilic agents (platinums, mitomycin, etc.). A major challenge in designing nucleolus-
directed DNA binders is to equip these molecules with properties that would allow more
selective targeting of this structure while sparing sequences of similar base content within
the surrounding heterochromatin. One particularly promising approach in this regard is to
design molecules that recognize and bind to non-duplex nucleic acid structures (CX-3543,
CX-5461, naphthalene diimides; see discussion above), such as G-quadruplex forming
sequences, which are abundant in the 45S gene copies.[48] In addition to the de novo design
of such pharmacophores, an opportunity might exist for repurposing existing clinical and
experimental cytotoxics as nucleolus-directed therapies using vector-based delivery
(peptides, nanoparticles; see discussion above). These include chemically promiscuous
electrophiles and non-specific DNA binders that have either demonstrated unfavorable side
effects or have been dismissed entirely as too toxic for clinical use. Finally, a strong case
could be made for targeting the nucleolus with agents that produce permanent adducts in
DNA. Unlike adducts in genomic DNA transcribed by RNA polymerase II (Pol II), damage
in nucleolar rDNA is not efficiently removed by transcription-coupled nucleotide excision
repair (NER).[89–91] NER, a major form of repair of clinically relevant drug-induced DNA
adducts and cross-links, is a mediator and biomarker of tumor resistance.[92] In conclusion,
the diverse nature of molecules acting on the cell’s nucleolus provides a powerful platform
for designing urgently needed therapies that overcome several of the drawbacks associated
with current chemotherapies.
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Figure 1.
Assembly and disassembly of the nucleolus (no) in the nucleus (nu) during cell-cycle
progression. Times are based on data reported for HeLa human cervix adenocarcinoma cells
(see ref. 7).
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Figure 2.
Intracellular distribution of “clickable” azide-modified platinum–acridine in an NCI-H460
cell in interphase co-stained with nuclear dye (Hoechst 33342). Single confocal image
planes of (A) bright-field image (red scale bar = 5μm), (B) Hoechst (blue) channel, (C)
Alexa Fluor 488 (green) channel, and (D) green and blue channels merged. The nucleolus
(no), which is readily identified as a nuclear region unstained by Hoechst dye, appears as an
area of high fluorescence intensity in the Alexa Fluor 488 and merged-channel images.
Images were generated from data acquired in ref. 81.
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Scheme 1.
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Scheme 2.
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Scheme 3.
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Scheme 4.
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Scheme 5.
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Scheme 6.
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Scheme 7.
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Scheme 8.
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Scheme 9.
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Scheme 10.
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Scheme 11.
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Scheme 12.
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Scheme 13.
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Scheme 15.
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Scheme 16.
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Scheme 17.
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Scheme 18.
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Scheme 20.
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Scheme 21.
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Scheme 22.
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Scheme 23.
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Scheme 25.
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