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Abstract

The nucleolus is responsible for the production of ribosomes, essential machines which synthesize 

all proteins needed by the cell. The structure of human nucleoli is highly dynamic and is directly 

related to its functions in ribosome biogenesis. Despite the importance of this organelle, the 

intricate relationship between nucleolar structure and function remains largely unexplored. How 

do cells control nucleolar formation and function? What are the minimal requirements for making 

a functional nucleolus? Here we review what is currently known regarding mammalian nucleolar 

formation at nucleolar organizer regions (NORs), which can be studied by observing the 

dissolution and reformation of the nucleolus during each cell division. Additionally, the nucleolus 

can be examined by analyzing how alterations in nucleolar function manifest in differences in 

nucleolar architecture. Furthermore, changes in nucleolar structure and function are correlated 

with cancer, highlighting the importance of studying the determinants of nucleolar formation.
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Introduction

The nucleolus is a non-membrane bound nuclear organelle where ribosomes, the 

powerhouses of translation, are synthesized and assembled. The energetically expensive 

process of ribosome biogenesis requires over 200 assembly factors, many small nucleolar 

ribonucleoproteins (snoRNPs), and four different ribosomal RNAs (rRNAs). Ribosomal 
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assembly begins with the transcription of the 47S polycistronic precursor rRNA (pre-rRNA) 

by RNA polymerase I (Pol I) in the nucleolus. The 47S rRNA is then chemically modified 

and processed into the mature 5.8S, 18S, and 28S rRNAs which are assembled into the small 

(18S) and large (5.8S and 28S) subunits of the functional ribosome. An additional rRNA, the 

5S rRNA, is transcribed outside of the nucleolus by RNA polymerase III. Ribosome 

assembly begins in the nucleolus, moves to the nucleoplasm, and concludes in the 

cytoplasm. While this complex process has traditionally been studied in the yeast 

Saccharomyces cerevisiae (reviewed in Henras et al. 2008; Woolford Jr. and Baserga 2013), 

efforts have recently been made to understand the process in mammalian cells (O'Donohue 

et al. 2010; Sloan et al. 2013; Tafforeau et al. 2013; Wang et al. 2014; Wild et al. 2010). In 

addition to ribosome assembly, the nucleolus may play several other roles. Such roles 

include ribonucleoprotein biogenesis, p53 management as part of the stress response, and 

cell cycle regulation (reviewed in Pederson and Tsai 2009; Warner and McIntosh 2009; 

Golomb et al. 2014). The nucleolus is therefore a dynamic organelle which performs 

multiple essential cell functions.

When viewed by light microscopy, nucleoli feature prominently in the cell nucleus. 

Additionally, silver nitrate preferentially stains a group of argyrophilic proteins which 

localize at transcriptionally active nucleolar organizing regions (NORs), allowing for 

visualization of nucleoli in cyto-histopathological samples (Goodpasture and Bloom 1975). 

During metaphase, these NORs which had been active in the preceding interphase appear as 

achromatic gaps, termed secondary constrictions, when stained with DAPI (4’,6-

diamidino-2-phenylindole; Sumner 1982). The nucleoli of higher eukaryotes are comprised 

of three distinct subcompartments: the fibrillar center (FC), the dense fibrillar component 

(DFC), and the granular component (GC), which can be seen by electron microscopy (Fig. 

1; Scheer and Weisenberger 1994). Most proteins remain in the nucleolus for only tens of 

seconds (Phair and Misteli 2000), making precise assignment of subcompartment 

constituents and processes difficult.

The nucleolar ultrastructure is likely a product of the functions it performs: ribosome 

biogenesis. rDNA transcription starts, most likely, at the interface of the FC and the DFC 

(Cheutin et al. 2002; Koberna et al. 2002). Pre-rRNA processing and pre-ribosome assembly 

proceed away from the FC-DFC interface, until the ribosomal subunits are exported into the 

cytoplasm for the final steps of maturation (Fig. 1). Current evidence therefore suggests that 

ribosome biogenesis occurs directionally away from the fibrillar center (Raska et al. 2006), 

and the nucleolar subcompartments are formed from the process of building a ribosome.

In contrast with current views that the vectorial nature of rRNA processing determines 

nucleolar structure (Thiry and Lafontaine 2005; Olson and Dundr 2005), it has also been 

suggested that the fluid, liquid-like behavior of the nucleolus is adequate to determine its 

size and shape. Recently, Brangwynne et al. used the germinal vesicles (GV); nucleus of 

amphibian oocytes to demonstrate that the nucleolus behaves like a liquid droplet on a 

timescale of tens of seconds (Brangwynne et al. 2011). The surface tension of the droplet is 

thus responsible for the spherical shape of the nucleolus. Interestingly, the authors were able 

to visualize such properties as nucleoli came into contact with each other and fused to form 

one larger nucleolus (Brangwynne et al. 2011). The authors utilized this fusion process to 
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demonstrate that the volumes of nucleoli followed a power-law distribution characteristic of 

aggregation processes (Brangwynne et al. 2011). Additionally, Handwerger et al. used 

Xenopus GV nucleoli to suggest a “sponge model” in which the size of the molecule and the 

density of the subcompartment determine the movement of proteins in and out of the 

subcompartment (Handwerger et al. 2005). Whether or not these findings translate from 

Xenopus GV nucleoli to human nucleoli remains to be seen, however, as Xenopus GV 

nucleoli are extrachromosomal and are more numerous than human nucleoli (Wu and Gall 

1997). It should also be noted that the above Xenopus GV experiments were conducted 

using isolated nucleoli in mineral oil. The influence of such preparations on the behavior of 

nucleoli has not yet been determined. Nevertheless, the nucleolus is comprised of a specific 

ultrastructure which directly relates to its function in ribosome biogenesis.

NORs dictate nucleolar formation

The first comprehensive description of the nucleolus is currently attributed to both Wagner 

(1835) and Valentin (1836). However, Fontana reported “un corps oviforme” existing in eel 

epidermal cells as early as 1781 (Fontana and Nyon 1781). It was not for another one 

hundred years that progress was made on the function of the nucleolus. In 1934, Barbara 

McClintock accurately characterized the NORs through studying a chromosomal 

translocation in Zea mays, stating that the nucleolus originates from “an organized body in 

the chromosome directly adjacent to the stalk of the satellite” (McClintock 1934). Each 

NOR is comprised of a cluster of ribosomal DNA (rDNA) repeats which contain the 47S 

pre-rRNA (Fig. 2). NORs are located on the short arms of the acrocentric chromosomes. The 

number of potential nucleoli therefore depends on the number of acrocentric chromosomes, 

which ranges between species. In humans, the acrocentric chromosomes are chromosomes 

13, 14, 15, 21, and 22 (Henderson et al. 1972). Therefore, there are 10 NORs in diploid 

human cells and 10 possible nucleoli per cell.

Not all NORs are transcriptionally active. Because transcriptional activity is required for the 

formation of functional nucleoli (Grob et al. 2014), not every NOR forms a nucleolus. These 

inactive NORs are not associated with the Pol I transcription machinery and so do not stain 

positively in silver nitrate staining (AgNOR) methods (McStay and Grummt 2008). In HeLa 

cells, it has been shown that only six of ten NORs are transcriptionally active at a time 

(Roussel et al. 1996). In addition, not all rDNA repeats within a NOR are transcriptionally 

active. The precise mechanisms that determine which rDNA repeats are active and which 

are inactive remain unknown. Thus far, researchers have found important roles for 

methylation, nucleosome position, and chromatin remodeling complexes (such as the 

activating Cockayne Syndrome protein B and NoRC repressive remodeling complex) in the 

maintenance of active and silent rDNA repeats (reviewed in McStay and Grummt 2008; 

Guetg and Santoro 2012). Furthermore, Haaf, et al. found that rDNA transcriptional activity 

varies according to cell type and may change with stages of development (Haaf et al. 1991). 

Given the intricate relationship between rDNA transcription and nucleolar formation, 

knowledge of the mechanisms governing transcriptional activity is essential.
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Nucleolar formation observed through the cell cycle

The intricacy of the relationship between nucleolar formation and nucleolar function is 

exemplified in cell division. During mitosis in human cells, the nuclear envelope breaks 

down, and nucleolar components are dispersed throughout the dividing cell. The nucleolus 

then reforms after mitosis. Throughout this process, components of the Pol I transcription 

machinery (i.e. the Pol I subunits, the promoter selectivity factor SL1, and upstream binding 

factor UBF) remain associated with the rDNA while the remaining nucleolar components 

diffuse throughout the cell (Roussel et al. 1996). The process of dissolution begins in 

prophase, when ribosome production is halted (Gebrane-Younes et al. 1997). It is then that 

rRNA processing components, found in the GC and DFC of active nucleoli, relocate to form 

the perichromosomal compartment (Gautier et al. 1992). Later in prophase, cyclin B-cyclin 

dependent kinase 1 (CDK1) phosphorylates SL1 (Heix et al. 1998). When phosphorylated, 

SL1 is unable to associate with UBF, inhibiting the formation of the Pol I pre-initiation 

complex and thus halting rDNA transcription in mitosis (Heix et al. 1998). During or shortly 

after this, the nuclear envelope breaks down, and the nucleolus is no longer visible 

(Hernandez-Verdun 2004).

Beginning in telophase, the nucleoli reassemble. In HeLa cells, it has been shown that the 

nucleolar assembly process takes on average 1.5 hours to complete from the start of 

anaphase (Savino et al. 2001). At the end of mitosis, NORs which remained associated with 

the Pol I transcription machinery (previously active NORs) resume transcription through the 

dephosphorylation of several key proteins, including cyclin B-CDK1, by the phosphatases 

PP1 (Wu et al. 2009) and PP2A (Mochida et al. 2009). The remaining components necessary 

for nucleolar function are organized into prenucleolar bodies (PNBs). These extranucleolar 

PNBs contain processing proteins, snoRNAs, ribosomal proteins, and unprocessed pre-

rRNAs (Azum-Gelade et al. 1994; Jimenez-Garcia et al. 1994). PNBs, however, are distinct 

from nucleoli as they do not contain Pol I transcriptional machinery or rDNA (Jimenez-

Garcia et al. 1989). For reassembly of the functional nucleolus, the PNBs must therefore 

redistribute their components back to each active NOR, forming multiple nucleoli. This 

dispersal process is completed within the 2 hours following telophase in HeLa cells (Muro et 

al. 2010). Nucleolar fusion then occurs (Savino et al. 2001) to form mature nucleoli through 

processes that remain largely unknown. Questions remain regarding how many NORs fuse 

to form one nucleolus and what properties govern the fusion process. Notably, Floutsakou et 

al. have paved the way to answering those questions by characterizing the DNA sequences 

surrounding the NORs (Floutsakou et al. 2013). This new information will allow for the 

development of hybridization-based approaches to specifically visualize each NOR as 

nucleoli are formed.

Requirements for nucleolar assembly and function

The nucleolus is remarkable in its ability to disassemble and reassemble into a functioning 

entity after each mitosis, but which components of the nucleolus are required for function? 

Formation of functional nucleoli requires rDNA which can be transcribed by Pol I. To begin 

active transcription of the rDNA by Pol I, the pre-initiation complex must be formed, 

requiring the association of UBF and SL1 to recruit initiation-competent Pol I (Learned et al. 
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1985; Learned et al. 1986). While the rDNA to be transcribed exists as repeats in eukaryotic 

NORs, Karpen et al. demonstrated that insertion of only one rRNA gene in the polytene 

chromosomes of Drosophila melanogaster caused the formation of “mini-nucleoli” which 

produce pre-rRNA and recruit a nucleolar antigen (Karpen et al. 1988). It should be noted, 

however, that the amplification process of polytenization may have increased the number of 

juxtaposed rRNA genes, enhancing Pol I recruitment and pre-rRNA production (Oakes et al. 

2006). Therefore, the results from Karpen et al. raised questions regarding whether a single 

rDNA repeat in somatic mammalian cells is sufficient to induce nucleolar formation.

Recently, efforts to determine the minimal requirements for nucleolar function have focused 

on the formation of synthetic nucleoli. Mais et al. were able to create “pseudo-NORs” 

through the insertion of UBF binding sequences called Xenopus Enhancer elements (XEns), 

normally present in the intergenic spacers of Xenopus rDNA, into the DNA of a human 

fibrosarcoma cell line (Mais et al. 2005). Visually, the “pseudo-NORs” appear the same as 

active NORs because they form secondary constrictions which silver stain (Mais et al. 

2005). Despite having the correct NOR structure, these “pseudo-NORs” lack the promoter 

sequence for the production of rRNA. Thus, “pseudo-NORs” are not transcriptionally active 

and do not form functional nucleoli which produce ribosomes (Mais et al. 2005). Therefore, 

the next step in the construction of synthetic nucleoli was to include Pol I transcription. 

Active transcription was achieved by Grob et al. who made “neo-NORs” (Grob et al. 2014). 

These “neo-NORs” intersperse the XEns included in “pseudo-NORs” with human rDNA 

promoters, mouse pre-rRNA coding sequences, and mouse transcriptional terminators (Grob 

et al. 2014). The “neo-NORs” were transcriptionally active, processed pre-rRNA, produced 

ribosomes, and coalesced into endogenous NORs in HT1080 cells to form larger nucleoli 

(Grob et al. 2014). The addition of rDNA transcription units allowed “neo-NORs” to form 

functionally compartmentalized nucleoli, while “pseudo-NORs” only formed the FC seen at 

the bookmarking stage of UBF binding (Grob and McStay 2014). Therefore, formation of 

functional nucleoli requires at least one rRNA gene, recruitment of the Pol I transcription 

machinery including UBF and SL1, and active transcription of the rDNA.

Variations in nucleolar number and size

There are therefore only a few absolute requirements for the formation of functional 

nucleoli, resulting in much variation in their number, shape, and size across different species 

and cell types. Nucleolar size/area is one parameter known to fluctuate greatly in human 

cells. This parameter has been examined mainly in the context of cancer. Studies using 

various cancer cell lines have shown that increases in nucleolar area per nucleus are directly 

related to increased Pol I activity of the cell as well as to increased UBF, DNA 

topoisomerase I, and fibrillarin expression (Derenzini et al. 1998). Additionally, depletion of 

proteins responsible for controlling proliferation, such as p53 and pRb, causes an increase in 

nucleolar area (Treré et al. 2004). This finding is logical as increased proliferation is linked 

to increased production of ribosomes and therefore linked to increased rRNA transcription. 

However, proliferation alone does not fully explain differences in nucleolar size. For 

example, rapidly proliferating small-cell anaplastic lung cancer cells have a small nucleolar 

area per nucleus, while slower growing large-cell lung carcinoma cells have a much larger 

nucleolar area per nucleus (Zink et al. 2004). While these abnormal, malignant cells provide 
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elegant model systems for examining nucleolar size/area, more studies are needed to 

understand the mechanisms governing these parameters in normal human cells.

Nucleolar number also varies for unknown reasons. Because there are 10 NORs located on 

the acrocentric chromosomes in humans, a maximum of 10 nucleoli in human cells is 

possible. However, most human cells have far fewer active nucleoli, and many questions 

remain as to the mechanisms controlling nucleolar number. To examine nucleolar number 

variation in mammalian cells, we visualized nucleoli in multiple cell lines using an antibody 

to the nucleolar protein fibrillarin. The number of nucleoli per nucleus was then determined 

via a pipeline in CellProfiler (Carpenter et al. 2006). From this analysis, we found that the 

number of nucleoli per cell fluctuates greatly within a given population of the same cell line. 

Examining a frequency distribution of the number of nucleoli per cell shows a normal curve 

with mean and variance that differ by cell line (Fig. 3). Multiple mammalian cell lines, 

including HeLa human cervical carcinoma cells, MCF-10A human mammary epithelial 

cells, MDCK dog kidney cells, and CHO Chinese hamster ovary cells, contained an average 

of roughly 3 nucleoli per cell (Fig. 3). Interestingly, nucleolar number is not directly related 

to the ploidy of the cell type, indicating the presence of mechanisms which control for 

nucleolar number. For example, both MCF10A and HeLa cells have the same average 

number of nucleoli per nucleus, but MCF10A cells have a normal diploid karyotype while 

HeLa cells are aneuploid. Also, the average number of nucleoli per cell is unchanged 

between multiple mammalian species such as dog, hamster, and human. However, the mean 

number of nucleoli per nucleus is different for other cell lines. For example, U20S human 

bone osteosarcoma cells have an average of 6 nucleoli per nucleus, while T98G human 

glioblastoma multiforme cells have 8 nucleoli per nucleus (Fig. 3). Other studies have 

shown that approximately 91% of HT1080 human fibrosarcoma cells have greater than 3 

nucleoli per cell (Krystosek 1998). In addition, as early as the 1960s, Shea and Leblond 

demonstrated that nucleolar number in different mouse tissue sections ranges between one 

and six nucleoli per cell with an average of 2–3 nucleoli per cell (Shea and Leblond 1966). 

As with nucleolar size/area, information regarding nucleolar number in normal, non-

transformed mammalian tissues is lacking. Nucleolar number therefore varies greatly among 

mammalian cells and between tissue types. In order to better understand the mechanisms 

governing nucleolar number determination, a comprehensive account of the average 

nucleolar number for all tissues and cell lines is needed.

While nucleolar number varies, changes in the number of nucleoli can occur through 

multiple mechanisms. In a human fibrosarcoma cell line treated with 8-chloro-cAMP, a 

protein kinase A agonist, the nucleoli of nondividing cells condensed from multiple nucleoli 

into one large nucleolus (Krystosek 1998). This nucleolar coalescence involves a movement 

of the acrocentric chromosomes from being dispersed throughout the nucleus to a single 

central location (Krystosek 1998). More recent findings show that there may also be a 

genetic factor in nucleolar number determination. Freed et al. showed that depletion of the 

ribosome biogenesis factors Utp4/Cirhin and NOL11 in MCF-10A cells caused a significant 

shift in the number of nucleoli from the average 2–3 nucleoli per cell to one nucleolus per 

cell (Freed et al. 2012). This is likely due to the essential functions of hUTP4/Cirhin and 

NOL11 in pre-rRNA transcription and/or processing. Another theory holds that the 

coalescence of rRNA genes is dependent on protein-protein interactions between the 
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heterochromatin regions of the different chromosomes (Carmo-Fonseca et al. 2000). Finally, 

the role of transcription in maintenance of nucleolar structure cannot be overlooked. 

Depletion of UBF, which is necessary for Pol I transcription in vivo and may also play a role 

in maintaining the active chromatin state, causes a coalescence of nucleoli to form one large 

body in mouse embryonic fibroblasts (Hamdane et al. 2014). With the many factors that 

regulate nucleolar number in human cells, it is clear that nucleolar number determination is a 

non-stochastic process. More studies are needed to describe all of the components and 

molecular mechanisms involved in regulating this process.

Cancer and the nucleolus

Cancer cells present another example of variation in the structure and function of nucleoli. 

The importance of the nucleolus in cancer was realized as early as 1896, when it was noted 

that malignant cells had large, irregular nucleoli (Pianese 1896). With the advent of silver-

staining, Ploton et al. examined human prostatic cancer cells and discovered that the 

malignant cells had larger nucleoli with more silver stained dots than benign hyperplastic 

glands and normal lymphocytes (Ploton et al. 1986). After this study, nucleolar size was 

found to be an accurate prognostic indicator of clinical outcome in a number of other 

cancers (reviewed in Derenzini et al. 2009; Pich et al. 2000). The change in nucleolar size is 

thought to reflect the rate of cell proliferation (Derenzini et al. 1998). While nucleolar size 

does function as an accurate prognostic indicator of malignant vs benign lesions, the 

nucleolar size parameter is not an accurate diagnostic tool (Derenzini et al. 2009). This is 

because not all tumors proliferate rapidly, so many of the cells within the tumor may contain 

small nucleoli while the tumor is still classified as malignant (Derenzini et al. 1998). 

Nucleolar alterations in cancer have therefore long been observed, but questions remain as 

to the role of the nucleolus in cancer.

Malignant cells must upregulate rRNA synthesis and the production of ribosomes in order to 

proliferate. Therefore, the nucleolus has historically been a desirable target for cancer 

therapeutics. Multiple drugs have been approved which affect the essential nucleolar process 

of Pol I transcription (reviewed in Drygin et al. 2010; Hannan et al. 2013). Current 

chemotherapies target rRNA transcription as well as early and late rRNA processing (Burger 

et al. 2010). However, low selectivity of the approved therapeutics makes it difficult to 

determine whether their therapeutic effect is due solely to transcription inhibition of Pol I. 

Enhancing selectivity could improve efficacy and decrease toxicity. Current therapeutics 

therefore hope to improve selectivity to target only Pol I transcription in malignant cells. For 

example, a Phase I clinical trial is underway in patients with advanced hematological 

malignancies for the selective Pol I inhibitor, CX-5461. Preliminary studies have shown that 

CX-5461 inhibits PIC formation by preventing the binding of SL1 to the rDNA (Drygin et 

al. 2011). Treatment with CX-5461 induces the p53 stress response pathway and causes 

apoptosis in wild-type p53 human lymphoma and leukemia cell lines (Bywater et al. 2012). 

A second new and promising compound is BMH-21. BMH-21 is a small molecule which 

binds to GC rich portions of the rDNA, resulting in reduced rRNA transcription and the 

degradation of the large catalytic subunit of Pol I, RPA194 (Peltonen et al. 2014). These 

new compounds with increased specificity may usher in a new era in Pol I-targeted 

anticancer therapeutics.
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Previously, changes in nucleolar structure were thought of as a byproduct of cell 

transformation, but could changes in the structure and function of the nucleolus drive 

transformation as well? Recent insights suggest that changes in proteins which affect 

nucleolar size/number and function can drive cancer. For example, increased ribosome 

biogenesis caused by depletion of the cell-cycle control protein ADP ribosylation factor like 

2 (Arl-2) also showed increases in nucleolar number, nucleolar area, and aggressivity of the 

tumor (Belin et al. 2009). In addition, bystin-like (BYSL), a protein involved in pre-18S 

rRNA processing, may play a role in driving tumor formation as its inhibition has been 

shown to prevent tumor formation in nude mice (Wang et al. 2009). Another way of 

examining how the nucleolus drives cancer is through ribosomopathies. These disorders, 

caused by altered ribosome biogenesis and function, often impair development of certain 

tissues. In addition, an increased susceptibility to cancer exists in patients with many 

ribosomopathies, such as Diamond Blackfan anemia (Vlachos et al. 2012). The precise 

mechanisms describing how the proteins mutated in ribosomopathies, which cause 

dysregulations in nucleolar function, cause cancer remain to be defined. It is also possible, 

that defects in these ribosome biogenesis proteins drive cancer in an indirect manner. For 

example, the ribosome biogenesis proteins involved may have extraribosomal functions 

which contribute to cancer development, the overall decrease in available ribosomes could 

alter translation of genes involved in transformation, or byproducts of ribosome biogenesis 

defects may cause transformation (Montanaro et al. 2008). Regardless, more information 

must be provided to elucidate the crucial role of the nucleolus in cancer.

Conclusions and perspectives

The nucleolus is a highly dynamic organelle with a complex structure which is intricately 

related to its primary function of ribosome biogenesis. The variations in number, size, and 

shape of nucleoli demonstrate the complexity of processes governing nucleolar 

development. Therefore, further studies are needed to elucidate the molecular mechanisms 

which guide the nucleolar structure/function relationship. Recently, Neumϋller et al. 

conducted a study to uncover genetic determinants of nucleolar size in both Drosophila 

melanogaster and Saccharomyces cerevisiae (Neumuller et al. 2013). While the authors 

found a number of interesting candidates, no studies have yet been conducted to identify 

proteins which regulate nucleolar size in human cells. In addition, determinants of nucleolar 

number have not been examined. Identification of the proteins involved in regulating 

nucleolar size and number would be the first step in elucidating the non-stochastic molecular 

mechanisms used by human cells to control nucleolar functions. Additionally, understanding 

such mechanisms could shed light on the driving role of the nucleolus in cancer progression, 

leading to the production of new selective therapeutics.
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Fig. 1. 
An electron micrograph of a HeLa cell demonstrates that the nucleolus is comprised of three 

subcompartments: the fibrillar center (FC), dense fibrillar component (DFC) and granular 

component (GC). Bar, 0.5 µm. Reprinted with permission from (Sirri et al. 2002)
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Fig. 2. 
The nucleolus forms around nucleolar organizer regions (NORs), located on the short arms 

of the acrocentric chromosomes. NORs are made of rDNA repeats. One rDNA repeat 

contains the transcript for the pre-rRNA. In human cells, the 47S pre-rRNA consists of the 

18S, 5.8S, and 28S rRNAs flanked by external transcribed spacers (5’ETS and 3’ETS) and 

internal transcribed spacers (ITS1 and ITS2). The 18S, 5.8S, and 28S rRNAs are included 

into the small and large subunits of the forming ribosome
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Fig. 3. 
Nucleolar number varies greatly among tissue culture cells. The indicated cell lines were 

fixed with paraformaldehyde and stained with an antibody to the nucleolar protein fibrillarin 

(72B9; Reimer et al. 1987). Cells were also stained with HOECHST for visualization of the 

nucleus. Images were analyzed using a CellProfiler pipeline which counts the number of 

nucleoli per cell (Carpenter et al. 2006). Representative images for each cell line are 
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depicted with a frequency distribution of the number of nucleoli per nucleolus shown to the 

right
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