
Crossing boundaries of light microscopy resolution discerns 
novel assemblies in the nucleolus

Carl C. Correll1, Udo Rudloff2, Jeremy D. Schmit3, David A. Ball4, Tatiana S. Karpova4, Eric 
Balzer5, Miroslav Dundr2,6

1Center for Proteomics and Molecular Therapeutics and Biochemistry and Molecular Biology, 
Chicago Medical School, Rosalind Franklin University of Medicine & Science, North Chicago, IL 
60064, USA

2Rare Tumor Initiative, Pediatric Oncology Branch, Center for Cancer Research, National Cancer 
Institute, National Institutes of Health, Bethesda, MD 20892, USA

3Department of Physics, Kansas State University, Manhattan, KS 66506, USA

4Laboratory of Receptor Biology and Gene Expression, National Cancer Institute, National 
Institutes of Health, Bethesda, MD 20892, USA

5Nikon Instruments Inc., Melville, NY 11747, USA

6Center for Cancer Cell Biology, Chicago Medical School, Rosalind Franklin University of 
Medicine & Science, North Chicago, IL 60064, USA

Abstract

The nucleolus is the largest membraneless organelle and nuclear body in mammalian cells. 

It is primarily involved in the biogenesis of ribosomes, essential macromolecular machines 

responsible for synthesizing all proteins required by the cell. The assembly of ribosomes is 

evolutionarily conserved and accounts for the most energy-consuming cellular process needed 

for cell growth, proliferation, and homeostasis. Despite the significance of this process, the 

substructural mechanistic principles of the nucleolar function in preribosome biogenesis have only 

recently begun to emerge. Here, we provide a new perspective using advanced super-resolution 

microscopy and single-molecule MINFLUX nanoscopy on the mechanistic principles governing 

ribosomal RNA-seeded nucleolar formation and the resulting tripartite suborganization of the 

nucleolus driven, in part, by liquid–liquid phase separation. With recent advances in the cryogenic 

electron microscopy (cryoEM) structural analysis of ribosome biogenesis intermediates, we 

highlight the current understanding of the step-wise assembly of preribosomal subunits in the 

nucleolus. Finally, we address how novel anticancer drug candidates target early steps in ribosome 

biogenesis to exploit these essential dependencies for growth arrest and tumor control.
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Introduction

Within this primary data overview, we explore the impact of recent microscopic advances 

that approach nanometer-scale molecular resolution and cryogenic electron microscopy 

(cryoEM) structures on our understanding of ribosome biogenesis. With the newly 

developed microscopy approaches, we can visualize single large macromolecular assemblies 

in the nucleolus, such as RNA polymerase I (pol I). This dedicated transcription machinery 

was initially characterized by transmission electron microscopy. Miller spreads of nucleolar 

chromatin showed transcription of ribosomal RNA (rDNA) genes by RNA pol I as 

compacted Christmas trees like structures with the small subunit (SSU) processome, 

required for the biogenesis of the 18S rRNA, appearing as terminal knobs on the 5′ end of 

nascent pre-rRNAs. Advances in determining cryoEM structures have more recently added 

a detailed roadmap of many processing and assembly intermediates in the biogenesis of 

both the small and large subunits (SSU and LSU), first from yeast and, more recently, from 

human sources. Herein, we will discuss the remaining gaps needed to link the atomic details 

of cryoEM microscopy used in structural biology with the emerging super-resolution and 

nanoresolution of light microscopy applied to cell biology.

Functional architecture of the nucleolus

The nucleolus is the primary site of rRNA synthesis, processing, and initial assembly 

steps of small and large preribosomal subunits. Among a plethora of diverse nuclear 

structures (Sawyer et al. 2019; Hirose et al. 2023), the nucleolus is the most prominent 

compartment, accounting for 20–25% of the total nuclear volume. Attesting to the nucleolus 

as a central hub regulating cellular biology, dynamic changes in the nucleolar size 

and fusion of nucleoli are associated with age, longevity, cancer, and different cellular 

conditions, including stress and viral infections (Miyake and McDermott 2023). When the 

cells exponentially proliferate, nucleoli size increases along with the number of newly 

synthesized proteins, and, conversely, size decreases when they are quiescent. Thus, larger 

nucleolar size and number have been used as prognostic biomarkers of malignancy (Penzo 

et al. 2019). Similar to other nuclear structures, the nucleolus is physically separated 

from the surrounding nucleoplasm without a defining membrane, which is thought to 

facilitate the dynamic exchange of components between the nucleolus and nucleoplasm. 

Despite its prominent microscopic visibility and well-defined proteome and RNA content, 

the mechanistic principles of orchestrating its nucleation, substructural maintenance, and 

functional suborganization remain poorly understood. In addition to its primary role in 

ribosome biogenesis, the nucleolus facilitates diverse cellular processes or pathways, such as 

control of cell cycle progression, aging, responses to cellular stress, DNA damage, mRNA 

export, and protein degradation (Boulon et al. 2010).
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Transcription of ribosomal rDNA genes, which are arranged in tandem arrays, represents 

most of the transcriptional activity in eukaryotic cells, thereby comprising one of the 

most energy-consuming process linked to cell growth, ribosome biogenesis. Genome-wide 

sequencing analysis and genetic studies suggest that rDNA arrays have noteworthy variation 

in the number of copies across species (Parks et al. 2018). These rDNA genes occur as 

tandem repeats, ranging from 45 kb (~1 rDNA repeat) to 6 Mb (~140 repeats). They are 

organized as the nucleolus organizer regions (NORs) on the short arms of the acrocentric 

(with centromere located near the end of the chromosome) chromosomes 13, 14, 15, 21 and 

22 in humans, and chromosomes 12, 15, 16, 18, and 19 in mouse (van Sluis et al. 2019). The 

precise organization and exact number of repeats are species, cell type, and age-dependent 

(Parks et al. 2018). Previously, the rRNA genes are believed to be highly conserved among 

species, apart from the ribosomal DNA intergenic spacers, which mainly contain repetitive 

and transposable elements, and contain transcription sites for regulatory RNAs involved 

in nucleolar integrity and connection between RNA pol I and II transcription. However, 

increasing evidence suggests that not all rRNA genes are identical and instead exist in 

several variants. Recent telomere-to-telomere (T2T) sequencing was used to determine 

complete gapless assemblies of the highly repetitive rDNA in human cells (Nurk et al. 

2022). Within a cell, the 45 kb rDNA repeats are nearly but not completely identical. The 

length of these arrays varies between individuals, with an average of 315 rDNA copies and a 

standard deviation of 104 copies (Nurk et al. 2022).

Eukaryotic ribosome biogenesis requires the three major RNA polymerases: pol I, pol II 

and pol III. Human RNA pol I transcribes the polycistronic 47S pre-rRNA transcript (13.3 

kb), which houses the 18S, 5.8S, and 28S rRNAs, with an elongation rate of ~95 nt/s 

(Dundr et al. 2002). These three rRNAs are flanked by external transcribed spacers (5′ETS 

and 3′ETS) and separated by internal transcribed spacers (ITS1 and ITS2). These spacer 

elements are essential for rRNA folding and assembly and are removed by irreversible 

cleavage events (Fig. 1b). RNA pol II transcribes ~80 ribosomal proteins (RPs) and 

about 200 trans-acting factors, which are needed to chaperone rRNA folding and RNP 

assembly, among other roles. The 40S small subunit forms with 33 RPs assembling with 

18S rRNA, and the 60S large ribosomal subunit assembles with 47 RPs, 28S rRNA, 

5S rRNA, and 5.8S rRNA. Each mRNA transcript encoding RPs or trans acting factors 

are first exported to the cytoplasm for translation and folding. Then, these proteins are 

imported back into the nucleus and eventually into the nucleolus where they will either 

assemble to form preribosomes as RPs or aid in their folding and assembly processes as 

trans-acting factors. RNA pol II also transcribes the snoRNAs predominantly from introns 

that guide central post-transcriptional rRNA chemical modifications, such as methylation 

and pseudouridylation, that chaperone folding and assembly (Kufel and Grzechnik 2019). 

RNA pol II also transcribes the most abundant snoRNA, U3 snoRNA (SNORD3A), from 

an independent gene, which assembles into a C/D box snoRNP, and plays a critical role 

in 18S rRNA folding and assembly (see below and Fig. 8). Also transcribed are several 

post-translational rRNA-modifying enzymes (Sloan et al. 2017). The fourth rRNA is 5S and 

is transcribed by RNA pol III, which is coregulated with RNA pol I to ensure equimolar 

production of each of the four mature rRNAs (Correll et al. 2019).
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Why are there many rDNA genes?

During the 24 h that it takes for a typical rapidly proliferating human cell to divide up to 

10 million functioning ribosomes must be made. Thus, an equal number of 47S pre-rRNA 

transcripts must be made within this time period. Each human RNA pol I transcribes 

one 47S transcript approximately every 140 s (Dundr et al. 2002) to produce, without 

possible transcription bursts (Fu et al. 2023), a little more than 600 transcripts in 24 h. 

The rate of RNA pol I transcription (Azouzi et al. 2021) cannot increase without loss of 

fidelity, so the evolutionary solution to satisfy cellular demand is parallel transcription. 

Each actively transcribing rDNA gene has up to 200 engaged RNA pol I holoenzymes that 

are simultaneously transcribing the primary 47S pre-rRNA. Similar to protein translation 

on polysomes, this parallel process increases throughput without sacrificing fidelity. This 

200-fold parallel production produces over 120 thousand transcripts in 24 h, which, alas, 

is still insufficient. To overcome this shortfall, all eukaryotic genomes contain from 100 to 

1000 s copies of the rDNA genes (Nelson et al. 2019). As mentioned, human diploid cells 

have about 400 rDNA genes, and it is estimated that about 200 or more of the rDNA genes 

are actively transcribing at any time in metabolically active cells (Srivastava et al. 2016). 

This final 200-fold amplification brings us up to 24 million 47S transcripts in 24 h, which is 

now sufficient to sustain rapid cell proliferation.

Ribosomal genes—“not all rDNA genes are created equal” and instead 

exist in several variants

As stated above, a typical diploid human genome contains an average of 400 copies of 

45 kb rDNA unit with individual genetic polymorphism (Nurk et al. 2022). However, 

in metabolically active cells, not all rDNA genes are competent for transcription. Based 

on transcriptional activity and chromatin status, ribosomal genes are active, silenced, or 

constitutively inactive (Kresoja-Rakic and Santoro 2019). It is estimated that the epigenetic 

processes, including DNA methylation and histone post-translational modifications, silence 

about half of the rDNA genes (Srivastava et al. 2016). Active rDNA genes are transcribed 

by RNA pol I and associated with the essential transcription upstream binding factor (UBF), 

which replaces nucleosomes in coding regions by creating a nucleosome-like structure 

on rDNA (Gagnon-Kugler et al. 2009). By contrast, constitutively inactive genes are not 

transcriptionally active and do not interact with UBF. This chromatin is compacted with 

nucleosomes enriched in H3K9me3, which is a repressive histone mark, as in the case of 

silent rRNA genes.

To expand on these initial studies and to characterize the presence and distribution of 

active and inactive human rDNA genes within the nucleolus in better detail, we visualized 

rDNA gene repeats by 3D DNA FISH using multicolor super-resolution SIM imaging. 

To mark active rDNA transcription, we codetected DNA FISH signals with the largest 

subunit of RNA pol I RPA194 and NOLC1 (Nopp140), a phosphoprotein chaperone linking 

transcription with pre-rRNA processing (Fig. 1c, d). Our results revealed that the active 

rDNA genes marked by associated signals of RPA194 and NOLC1 are arranged inside 

the nucleolus in relaxed linear rDNA arrays filling most of the nucleolar interior. In 

Correll et al. Page 4

Histochem Cell Biol. Author manuscript; available in PMC 2024 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contrast, silenced rDNA genes (with absent RPA194 and NOLC1 signals) are present in 

smaller cumulative blocks in several distinct spatially segregated intranucleolar locations. 

Notably, inactive rDNA genes are predominantly localized in significantly larger blocks 

of heterochromatin localized at the periphery of the nucleolus, which is visualized by 

nucleophosmin/B23 (NPM1), a chaperone involved in preribosomal subunit assembly 

in the outer granular component (Fig. 1c, d). Our imaging indicates that active and 

transcriptionally silenced rDNA genes in the nucleolar interior are spatially segregated. 

Inactive rDNA genes are heavily compacted into distinct heterochromatin blocks that are 

nonrandomly positioned at the nucleolar periphery. Our finding of rDNA heterochromatin 

nonrandomly enriched at the periphery of the nucleolus supports the role of this region 

as a hub for the spatial organization of non-nucleolar heterochromatin domains (called 

Nucleolus-associated domains). These domains contain transcriptionally inactive genes 

across the genome and are thought to mediate genomic stability and regulate gene 

expression (Lindström et al 2018; Bizhanova et al. 2021). Interestingly, in humans, a 5S 

rDNA gene array containing 50 to 300 repeats on the q arm of chromosome 1 is also 

preferentially localized at the nucleolar periphery and interacts with inactive rDNA genes 

(Lemos et al. 2018).

How is step-wise preribosome biogenesis reflected in the subnucleolar 

architecture?

The step-wise process of biogenesis of pre-ribosomal subunits is reflected in the three-

layered structures in the mature nucleolus: (1) multiple centrally-located fibrillar centers 

(FC), (2) each surrounded by the “ring-like” dense fibrillar component (DFC), and (3) 

peripherally-positioned continuous granular component (GC) (Fig. 1a). However, a high 

degree of morphological heterogeneity exists across nucleoli of different lineages of 

eukaryotic cells, from yeasts to mammals. Interestingly, yeast and other lower eukaryotes 

lack FCs, which might be linked to the closed nuclear division they usually undergo without 

the nuclear envelope breakdown (Thiry and Lafontaine 2005).

What are the key structural and functional characteristics of the three 

nucleolar subcompartments?

Fibrillar centers

The FC serves as the rRNA gene transcription site. The rDNA gene arrays located at 

NORs of five acrocentric chromosomes are anchored in the centrally positioned FCs, which 

appear as roundish structures of sizes ranging from 50 nm to, surprisingly, 1 μm (Fig. 

3a). Transcriptionally active rDNA genes are located in the FC/DFC border region, with 

active rDNA genes forming loop complex structures. This loop formation facilitates efficient 

switching from termination to reinitiation of transcription by juxtaposing the promoter and 

terminator sequences (Denissov et al. 2011). This is consistent with the structural role 

of the architectural transcription factor UBF, which binds to active genes and clusters of 

transcriptionally inactive rDNA genes. As RNA pol I initiates transcription, the resulting 

nascent pre-rRNA immediately undergoes a complex series of association and dissociation 

of various trans-acting factors, which are tightly coupled to rRNA synthesis and processing.
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Dense fibrillar component

The DFC contains newly synthesized pre-rRNAs. Since the human 47S primary transcript 

precursors are clearly detectable by northern blotting (Dundr and Olson 1998; Sirri et al. 

2016), the levels of cotranscriptionally processed pre-rRNAs likely vary between individual 

rDNA gene loci. Released pre-rRNAs undergo in DFC a series of assembly, processing, 

modification, and folding steps. It has been proposed that the DFC signature protein, 

2′-O-methyltransferase fibrillarin, forms a spherical cluster network that assembles into 

DFC surrounding the FC (Yao et al. 2019). Thus, the DFC consists of rRNA newly bound 

to RPs and trans-acting proteins, while the GC contains RNA bound to RPs and different 

trans-acting factors that are assembled into immature ribosomes.

Granular component

The nascent preribosomal particles move outwardly to become the granular components, 

where the assembly steps of preribosomal particles with RPs and RNA pol III-synthesized 

5S rRNA occur. Additionally, some rRNA base modifications by snoRNPs and protein-

based enzymes occur in the GC (Vanden Broeck et al. 2023). Upon exiting the GC, 

preassembled ribosome particles continue their vectorial path through the nucleoplasm, 

where they undergo additional assembly steps for eventual export to the cytoplasm for final 

assembly into fully functional ribosomes.

Importantly, the composition and the substructural definition of these subcompartments 

are incompletely defined on initial fixed transmission electron microscopy images. These 

definitions harbor an inherent, significant degree of heterogeneity due to the dynamic 

redistribution of assembly factors that vary with the status of preribosomal subunit 

production (Tartakoff et al. 2022). Moreover, the ability to locate the CryoEM structures is 

limited to individual subcompartments of the nucleolus, the nucleoplasm, or the cytoplasm, 

as a spatially unbiased substructural localization within the nucleolar architecture (such as 

DFC or GC) is currently not possible.

A critical question is how these three canonical nucleolar subcompartments are structurally, 

topologically, and functionally defined during ribosome biogenesis. Historically, electron 

transmission microscopy showed that the nucleolus was initially distinguished as a tripartite 

structure with higher electron density than the surrounding nucleoplasm (Olson and Dundr 

2005; Pederson 2011). This technique revealed the pale-staining roundish FCs, surrounded 

by darkly stained DFCs with a high density of fibrils, indicating the presence of RNA. Both 

structures are encapsulated by an outer GC composed of granules of 15–20 nm in diameter 

(Fig. 1a). With the progressive development of fluorescence microscopy techniques, these 

subcompartments started to be identified using specific antibodies against marker proteins, 

RNA FISH probes, and, later, with expression of GFP-tagged marker proteins. Recent 

super-resolution microscopy studies estimate that a human cell’s nucleoli presents as either 

a single prominent nucleolus or several smaller nucleoli, which contain a total of several 

dozen small FC/DFC units that are assembled around the transcriptionally active rDNA 

gene tandem repeats. It has been further estimated that each FC/DFC unit contains one 

to three transcriptionally active rDNA genes situated at the FC/DFC boundary (Yao et al. 

2019; Maiser et al. 2020). However, these estimates need more detailed 3D spatial analysis. 
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Moreover, the structural definition of these subcompartments still lacks detailed functional 

characterization.

Functional characterization of FC/DFC units

To further probe the underlying structural suborganization and topological arrangement of 

FC/DFC modules within the metabolically active nucleolus, we selected as established 

cell models the aneuploid cervical carcinoma HeLa cell line, and the primary diploid 

umbilical vein endothelial (HUVAC) cells with normal diploid XX karyotype. To assess the 

canonical trilayered suborganization of the nucleolus, we initially simultaneously codetected 

four distinct components of the FC, DFC, and GC subcompartments using super-resolved 

structured illumination microscopy (SR-SIM) imaging (Fig. 2a). To probe the organization 

of individual active rDNA transcription sites and the topology of rDNA genes in FCs 

across the whole nucleolus, we codetected the largest and catalytic subunit of RNA pol I 

complex RPA194 (Ford et al. 2023) and architectural chromatin factor UBF. UBF interacts 

with both the promoter and enhancer of rDNA genes. To further probe the structural 

interplay between the FC and DFC, we codetected these FC factors with NOLC1, which 

is highly accumulated in the DFC. NOLC1 interacts directly with RNA pol I (Chen et al. 

1999) and provides a link between the site of pre-rRNA synthesis and cotranscriptional 

processing in the DFC via interactions with the rRNA modifying RNPs, the C/D box 

and H/ACA classes of snoRNPs (Yang et al. 2000). Moreover, to visualize the granular 

component, we detected nucleophosmin, a chaperone involved in the assembly steps of 

preribosomal subunits in GC (Mitrea et al. 2018) (Fig. 2a). Our SIM imaging revealed 

that prominent nucleoli in HeLa cells have reticulated patterns containing numerous small 

FC/DFC units scattered in evenly distributed arrangements throughout the whole nucleolar 

volume. Higher magnification demonstrated that FC/DFC units are organized as small ring-

shaped structures. These structures partial overlay between UBF present in the core of FCs 

and active rDNA transcription sites marked with RPA194 protruding toward the periphery 

of the FC to DFC, which are detected by the presence of NOLC1 [Fig. 2a, two magnified 

regions (right, arrows); Fig. 2b].

To confirm our 3D SIM results, we used a novel Nikon NSPARC detection super-resolution 

microscopy to further resolve the 3D spatial suborganization of FC/DFC units within the 

entire nucleolar space. To ensure that the fiber-like transcription signals of RPA194 reflect 

all active rDNA genes, we codetected RPA194 with the Treacle (TCOF1) protein (Fig. 2c, 

left). TCOF1 has been recently proposed to act as a self-interacting factor solely required 

for the condensation of FC and scaffold for the RNA pol I transcription (independently 

of UBF) and its connection with enzymes responsible for ribosomal processing and 

modification (Lin and Yeh 2009; Jaberi-Lashkari et al. 2023). Furthermore, we codetected 

NOLC1 with another DFC marker, Dyskerin pseudouridine synthase 1 (a component of the 

H/ACA box snoRNPs), which is responsible for cotranscriptional modification of uridines 

to pseudouridines in the pre-rRNA (Garus and Autexier 2021) (Fig. 2c, right). NSPARC 

detection microscopy preventing possible z-drift revealed an almost complete 3D overlap 

between RPA194 and TCOF1 localizations and NOLC1 and Dyskerin signals projected 

within a whole nucleolar volume (Fig. 2c). Furthermore, we determined the average 

diameter of the individual active RNA pol I transcription sites detected by RPA194 as 190 
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± 40 nm. The surrounding DFCs, as measured by the NOLC1 signal, have a diameter of 

335 ± 45 nm in our 3D images (Fig. 2d). These results indicate that small FC/DFC units 

are relatively uniform and evenly distributed, suborganized in a similar pattern and likely 

represent individual active ribosomal genes and pre-rRNA processing units.

To quantify the total number of transcription sites in proliferating diploid HUVAC cells, we 

employed similar 3D volume rendering, displaying SIM image volumes as 3D objects (Fig. 

2e). On average, we detected ~115 distinct centrally-positioned transcription sites in total, 

per cell nucleus labeled by RPA194. These numbers agree with the number of individual 

active rDNA genes detected in human diploid lung fibroblasts IMR90 (Maiser et al. 2020). 

This observation suggests that one FC/DFC unit likely contains one or two active rDNA 

genes if we assume that up to 200 active rDNA genes are present at any given time in the 

human diploid genome (Fig. 2f). Consistent with these numbers, we detected, on average, 

~175 small FC/DFC units per nucleus in malignant HeLa cells, which reflect a higher rDNA 

copy number due to aneuploidy of their genome (Yao et al. 2019) (Fig. 2e).

A structural suborganization of FC/DFC: a reticulated nucleolus versus 

nucleolus with an enlarged FCs

Notably, approximately 5–10% of HeLa cells display one or two prominent highly enlarged 

FCs in addition to typical small FC/DFC units in the nucleolus. Interestingly, some enlarged 

FCs are positioned inside the network of small FC/DFC units, but occasionally, they are 

located at an exclusive location outside the FC/DFC network in proximity. This suggests 

that some enlarged FCs might have different arrangements of rDNA repeat units or exclusive 

NOR topology. This is seen with RNA pol I transcription detected with RPA194 and 

codetected with DFC markers, NOLC1 and Dyskerin. The 28S rRNA detected by RNA 

FISH was predominantly in the GC and also in the DFC (Fig. 3a). These much larger 

FCs have been documented to have RNA pol I machinery predominantly localized by 

immunoelectron microscopy in FC interiors a few decades ago (Thiry and Goessens 1992). 

These observations led to longstanding debates about the precise intranucleolar localization 

of active rDNA genes with the claim of their exclusive location in the FC interior instead 

of at the FC boundary to DFC, as predicted in nucleoli with dozens of small FC/DFC 

units organized in the fiber-like network across the nucleolus (Fig. 2f) (Koberna et al. 

2002). The enlarged FCs offer a unique opportunity for super-resolution microscopy to 

determine the principles of substructural spatial organization of active rDNA transcription 

sites and their physical link to the surrounding DFC (Fig. 3b, c). Additionally, the 

structural underpinnings of the FC as a platform for organizing active or silent rDNA loops 

from multiple chromosomes are still poorly understood. Our super-resolution four-color 

microscopy revealed that the enlarged FCs contained a larger number of transcriptionally 

active rDNA genes than found in the small FC/DFC units as detected by DNA FISH 

(Fig. 3d). Importantly, architectural FC protein TCOF1 is located in the inner core of 

the FCs, which might provide a scaffold for actively transcribing rDNA genes. Multiple 

engaged RNA pol I machineries, which resemble fiber-like patterns, protrude from the 

TCOP1-positive core FC region toward the boundary between the FC and DFC (Fig. 3b). 

Interestingly, NOLC1, is localized throughout the FC region, where it likely interacts with 

Correll et al. Page 8

Histochem Cell Biol. Author manuscript; available in PMC 2024 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the RNA pol I holoenzyme, but its location expands to the surrounding DFC, where it 

accumulates, as seen in the line scan profile (Fig. 3c). To assess the positions of active rDNA 

genes within larger FCs, we detected multiple rDNA genes by DNA FISH localized in FCs 

and boundary of FC/DFC. These results suggest that larger FCs likely have different rDNA 

topology with more internally located rDNA genes than small FC/DFC modules (Fig. 3d).

To assess the location of nascent 47S pre-rRNA synthesis in the enlarged FCs, we visualized 

the unstable 5′ETS leader sequence of 47S pre-rRNA upstream of the first cleavage site 

(A′ site) using RNA FISH. The 5′ETS leader RNA FISH signal was primarily detected 

in the DFC next to the RNA pol I location, which was at the periphery of the FC (Fig. 

3e). This supports a view that nascent pre-rRNA transcript is rapidly redistributed to the 

DFC and likely stabilized by the recruitment of the SSU processome. Furthermore, to get 

an additional view of how the DFC is suborganized and where rRNA base modifications 

occur in the FC/DFC unit, we detected Dyskerin responsible for the modification of uridines 

to pseudouridines in the pre-rRNAs. Importantly, we observed that Dyskerin is almost 

exclusively detected within the DFC, suggesting that most pseudouridylation is restricted to 

the DFC (Fig. 3b, c). Even though NOLC1 and Dyskerin can be considered prototypical 

DFC markers, a combinatorial comparison of their topological intranuclear distributions 

indicates they are not homogeneous. NOLC1 is present not only in DFC but also in FC (Fig. 

3c, line scan profile), where it links pre-rRNA synthesis with their processing. Importantly, 

these findings indicate that relative distributions of specific FC and DFC components are not 

exclusive and their substructural definitions must be open to a less exclusive interpretation 

and that needs further evaluation.

To visualize the granular component, we localized nucleophosmin, a chaperone involved 

in the assembly steps of preribosomal subunits in GC. Interestingly, nucleophosmin has a 

tubular appearance throughout the GC (Fig. 2a), where mature 18S (not shown) and 28S 

rRNA are detected (Figs. 3a, 4). To gain more information about the spatial distribution 

of pre-rRNA processing within the subcompartments of the nucleolus, we performed 

simultaneous multicolor RNA FISH hybridizing the 5′ETS leader sequence and the 28S 

rRNAs along with NOLC1 as a marker for the DFC (Fig. 4). The 5′ETS leader segment 

is primarily localized in DFC (Fig. 4, magnified regions, right) and processed in the inner 

parts of GC. The 28S rRNAs were detected in DFC regions as a part of nascent 47S primary 

transcript, consistent with wide-field microscopy [Lazdins et al. (1997)]. However, the 

rRNAs were predominantly located in tubular modules in the GC, frequently in very close 

proximity to each other. These results suggest that fully processed mature rRNAs, which act 

as backbones of small and large preribosomal subunits, can be frequently entangled even 

after their separation of the primary transcript, and that step-wise assembly of preribosomal 

particles, which begins with transcription initiation in the FC/DFC continues in the GC.

Nanostructural functional sub-organization of RNA pol I transcription sites 

by MINFLUX nanoscopy

To further investigate the nature of the functional suborganization of RNA pol I transcription 

sites in FCs, we used MINFLUX nanoscopy, which offers low nanometer-scale precision 
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localization of endogenous molecules. We recorded individual positions of RPA194 

molecules within multiple individual small FCs initially detected by confocal microscopy 

in HeLa cells (Fig. 5a, b). X and Y coordinates were obtained by repeated localization for 

each blinking fluorophore molecule and grouped together into traces. The resulting data 

were filtered and processed to ensure each localized signal represented an individual protein. 

Analysis revealed that one small FC contains an average of 212.5 ± 30.1 individual RPA194 

molecules (n = 17) (Fig. 5c). The number of the catalytic component RPA194 of RNA 

pol I detected in individual FCs by MINFLUX nanoscopy in HeLa cells agrees with our 

codetection data that small FC/DFC units are assembled on one or two transcriptionally 

active rDNA genes.

The framework of phase separation can be used to understand the local 

environment inside a dynamic organelle

A major outstanding question in the field is the extent to which structure and function of the 

nucleolus can be explained by a framework of liquid–liquid phase separation (LLPS) used 

to describe the nucleolus. On the one hand, each of the nucleolar subcompartments shows 

liquid-like properties, such as the ability to fuse and recover after photobleaching (Yao et 

al. 2019). Furthermore, many abundant nucleolar components have been shown to phase 

separate in vitro (Ferrolino et al. 2018; Mitrea et al. 2018; Lafontaine et al. 2021). On the 

other hand, ribosome maturation is inherently nonequilibrium, resulting in an outward flux 

of material and distinctly nonliquid-like characteristics, such as the rough outer edges of the 

GC.

To reconcile these views, valuable insights can be obtained from changes in the nucleolus 

observed upon the addition of RNA pol I inhibitors or other molecules that arrest pre-rRNA 

processing. These experiments reveal profound changes to nucleolar morphology, including 

coalescence of the FC/DFC units, smoothing of the outer edge of the GC, and even 

expulsion of the DFCs from the GC. We addressed this issue by visualization of the effect 

of BMH-21, which inhibits RNA pol I transcription by DNA intercalation (Wei et al. 2018), 

on the substructural organization of the nucleolus in HeLa cells using Nikon NSPARC 3D 

microscopy. Our results indicate that during short treatment with BMH-21, the nucleoli lose 

their irregularity, rough GC outer edges become roundish with a liquid-like appearance, 

and RNA pol I site coalesce and segregate from other subcompartments due to lack of 

ongoing pre-rRNA synthesis (Fig. 6). Thus, limiting the outward flux of pre-rRNA results in 

properties more typical of equilibrium liquids. A possible explanation for DFC coalescence, 

or lack thereof, is that partially transcribed rRNA molecules extend from the outer edge of 

the FC to the outer edge of the DFC, similar to the bristles of a brush. This “polymer brush” 

prevents the coalescence of FC/DFC units (Yamomoto et al. 2023). Reduction in metabolic 

activity causes this layer to thin, which allows FCs to merge until the FC core contains 

enough active transcriptional sites for the rRNA layer to arrest further coalescence.

The DFC layer is ~150–270 nm thick (Fig. 2d; Lafontaine et al. 2021), consistent with 

a single layer of pre-rRNA molecules still attached to the transcriptional machinery and 

undergoing cotranscriptional RNA folding, assembly and modification (Yamamoto et al. 
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2023). In contrast, the GC layer has a thickness on the order of 1 μm, which is much 

larger. Interestingly, pulse-chase experiments in the GC showed that the rRNA molecules 

undergo vectorial motion (Riback and Brangwynne 2020). This indicates that the diffusive 

contribution to motion is slow compared to the outward flux, possibly because the pre-

rRNA molecules are highly entangled, they remain connected even when separated by 

vast distances (Riback and Brangwynne 2020). In contrast, FRAP experiments show that 

protein diffusion in the GC is relatively fast (Riback et al. 2023), suggesting that the 

protein environment around a given preribosomal particle can dynamically respond to the 

local folding/assembly state. This “local equilibrium” framework can be helpful in cases 

where certain molecular species are far from equilibrium while other species relax toward 

equilibrium rapidly (Schmit et al. 2020).

Structural biology additions and insights

Biochemistry, genetics, and cryoEM structural biology have made headway in piecing 

together a molecular stepwise model of ribosome biogenesis, beginning with yeast cells 

and continuing with recent advances using human cells (Vanden Broeck et al. 2022, 2023; 

Singh et al 2021). One limitation of such cryoEM studies is that intermediates are identified 

as either nucleolar, nuclear, or cytoplasmic and that it is currently not possible to identify 

which nucleolar regions these various intermediates reside in. Also, structural biology is 

limited because there is only a subset of intermediates known.

As the pre-rRNA transcript emerges from the RNA pol I, proteins and protein assemblies 

associate and dissociate to guide the folding of the emerging pre-rRNA (Fig. 7). A major 

challenge of RNA folding is the large stability of A-form helices, which can trap the 

misfolded RNA in the incorrect fold. To avoid rRNA misfolding, ribosome biogenesis uses 

several strategies to orchestrate a vectorial folding and assembly process. First, external, and 

internal transcribed spacers fold and assemble with numerous trans-acting factors to form 

a folding and assembly platform for early folding and assembly intermediates of the SSU 

and LSU rRNAs. Second, each successive assembly event creates new surfaces for binding 

and recruitment of the following protein factors or assemblies, thereby chaperoning the 

pre-rRNA to the subsequent folding and assembly step. Third, nucleotide-dependent ATP 

and GTP enzymes drive conformational changes through triphosphate hydrolysis. Fourth, 

site-specific endonucleases and nonspecific processive exonucleases drive this process 

irreversibly forward by removing external and internal transcribed spacer elements along 

with their associated trans-acting factors. There are also RNP and protein-based rRNA 

modification enzymes. Many of the snoRNP-driven modifications that occur during early 

steps in ribosome biogenesis are the result of chaperoning trans-acting factors that create a 

landing site for each snoRNP. Later, each snoRNP chemically modifies the rRNA and then 

dissociates to create new binding sites to recruit different trans-acting factors thereby driving 

the process in a highly regulated, cascading fashion forward.

RNA pol I structure

While there have been numerous studies of yeast pol I structures, structures of human RNA 

pol I have only been available since 2021 (Misiaszek et al 2021; Daiß et al. 2022). These 
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structures reveal that, similar to other polymerases, the fold and subunit architecture of this 

enzyme are remarkably similar throughout the eukaryotic kingdom despite low sequence 

identity. RNA pol II directly recruits mRNA processing machinery (5′ capping, pre-mRNA 

splicing, and 3′ end formation, including polyadenylation) that inevitably slows down rates 

of transcription. In contrast, RNA pol I is not similarly encumbered because this polymerase 

does not directly recruit pre-rRNA processing factors.

Structural intermediates in small subunit biogenesis

As the transcript first emerges from the exit tunnel on the RNA pol I, pre-rRNA folding 

and assembly begin with the association of both trans-acting factors and early binding 

RPs. The 5′ETS rRNA forms an RNP that creates a platform (the SSU processome) for 

folding and assembly of the small subunit RNP. The secondary structure of the four distinct 

structural domains of the 18S rRNA fold and assemble in sequential order as the pre-rRNA 

transcripts emerge from RNA pol I (Figs. 7, 8). These domains remain splayed apart in an 

open conformation, where much of the secondary structure is formed but limited mature 

tertiary interactions have yet to form (Fig. 8b, c). The open conformation is stabilized by 

interactions with the 5′ETS RNP and with the RNP chaperone, the U3 snoRNP. The latter 

snoRNA base pairs with the 5′ETS, the 5′ end of the 18S rRNA, and the 18S region 

between the central domain and the 3′ major domain. These U3-18S interactions sterically 

block the premature formation of a universal tertiary interaction, the central pseudoknot, 

until further folding and assembly have occurred (Fig. 8c).

After cleavage of a site within the 5′ETS (A0), exonuclease activity acts similar to a 

snowplow to simultaneously degrade this spacer element and dislodge all bound trans-acting 

factors (Fig. 8a). This action also exposes the mature 5′ end of the 18S rRNA and promotes 

its cleavage at A1 by an endonuclease. The resulting rearrangements create a surface 

that recruits the helicase DHX37, which then undocks the U3 snoRNP. Major domain 

rearrangement also takes place, notably of one of the four 18S domains (the 3′ minor 

domain) rotates by over 90 degrees along with rotation and folding of the other domains 

[Fig. 8b, compare pre-A1, post-A1, and state A structure 3′ minor domain (magenta)]. As 

the intermediate passes from the nucleolus to the nucleus the overall tertiary structure of the 

SSU takes shape and the central pseudoknot begins to form (Fig. 8b, c). The overall splaying 

and subsequent folding collapse of the SSU can be visualized by viewing the different stages 

of the folding of the central pseudoknot (Fig. 8c). The central pseudoknot starts with all the 

sequences in an open conformation in the pre-A1 structure, it is almost formed in the state 

A structure, and then, it finally folds in the mature structure. Subsequent rearrangements 

occur in the nucleus and cytoplasm, where quality control determines if the ribosome is fully 

functional and thus mature (Vanden Broeck et al. 2022, 2023; Singh et al 2021).

Structural intermediates in large subunit biogenesis

A fundamental difference between the folding of the rRNA of the SSU and that of the 

LSU is the number of folding domains. Whereas the SSU rRNA has four distinct structural 

domains the LSU has one giant domain composed of six interdigitating subdomains (Ban 

et al 2000) (Fig. 7). The combined cryoEM structural ribosome biogenesis intermediates 
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from yeast and human provide views of intermediates along the assembly pathway (Vanden 

Broeck et al. 2023). Many states are observed only in one of the two species. Both species 

have provided insight into the nucleolar structures, and humans have provided more nuclear 

structural intermediate structures (Fig. 8).

At the core of this massive LSU structure are six so-called root rRNA helices from each 

of these subdomains I through VI. Whereas half of the subdomains (1, 2, and 6) form 

some early secondary structures, the remaining subdomains gradually fold over the course 

of multiple intermediates (Vanden Broeck et al. 2023). Similar to SSU ribosome biogenesis, 

the irreversible assembly process involves stepwise trans-acting factor association and 

dissociation, structural rearrangements by ATP and GTP enzymes, and external and internal 

transcribed spacer element removal by endo- and exonucleases.

Anti-nucleolar therapies for the treatment of cancer

Inhibition of rDNA transcription by genotoxic agents

Despite the well-recognized roles of nucleolar function in cellular processes essential 

for tumorigenesis and cancer progression, drug development efforts targeting nucleolar 

components are limited. Such efforts have been appealing from the recognition decades ago 

that the number and shape of nucleoli are altered in cancer cells as well as the discovery that 

rRNA synthesis is upregulated in cancer and cancer metastasis. However, so far, anticancer 

drug development efforts targeting nucleolar function have been hampered by a narrow 

therapeutic window (Pianese and Teuscher 1896; Derenzini et al. 1998; Nguyen et al. 2015; 

Elhamamsy et al. 2022), as dose levels that are therapeutic and have antitumor efficacy are 

frequently too toxic to healthy cells and, thus, to patients. Treatment-limiting toxicities of 

genotoxic chemotherapy interfering with rDNA transcription agents go back to the discovery 

of actinomycin D in the 1960s (Zisi et al. 2022). This class of rDNA damaging agents 

activates the ribosomal biogenesis (RiBi) checkpoint of the nucleolus. Stalling of RNA pol 

I transcription, or impaired pre-rRNA processing, lowers levels of mature rRNA species in 

the nucleolus leading to a relative excess of RPs RPL5 and RPL11. This excess sequesters 

MDM2-E3 ubiquitin ligase, which under physiologic conditions targets p53 for proteasomal 

degradation (Bursac et al. 2021). Increased p53 levels upon RiBi checkpoint activation 

induce G2/M cell cycle arrest and apoptosis feeding into the genotoxic mechanism of 

action and activation of other DNA damage repair mechanisms of these agents. Agents 

such as mitomycin C exploit a more selective mechanism toward rDNA transcription-like 

crosslinking to GC-rich regions of rDNA genes or 5-fluorouracil (5-FU), which interferes 

with maturation of pre-rRNA. However, neither drug targets a unique nucleolar function 

that is present in cancer but absent from normal cells, which results in a narrow therapeutic 

window (Zisi et al. 2022).

Mutations in disordered proteins dysregulating BMCs and nucleolar function are enriched 
in cancer

A breakthrough in identifying a unique molecular mechanism associated with nucleolar 

dysfunction in cancer came from studying a rare congenital disease, brachyphalangy, 

polydactyly, and tibial aplasia syndrome (BPTAS). Mensah and coworkers have recently 
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shown that mutations in disordered proteins, and in particular, frameshift mutations that 

replace intrinsically disordered C-termini with arginine-rich basic tails destabilize LPPS 

and cause mispartitioning and subsequent dysfunction (Mensah et al. 2023). Importantly, 

these disease-causing mutations are not only enriched in families afflicted by BPTAS 

but also in other diseases including cancer (Bouchard et al. 2018; Mensah et al. 

2023). Nucleoli of cells carrying mutations in intrinsically disordered regions (IDR) with 

frameshift-causing mutations in their C-terminus have abnormal phase transitions, altered 

fluidity, and dysregulated rRNA synthesis. Other nucleolar alterations associated with 

oncogenesis include abnormal rRNA 2′-O methylation post-transcriptional processessing, 

cancer mutations in the E3 ubiquitin ligase adaptor SPOP protein, which is also linked 

to abnormal LPPS, or mutated chaperone nucleophosmin (Marcel et al. 2020; White et 

al. 2019). Destabilized LPPS in the background of somatic or germline variants affecting 

IDR regions of nucleolar proteins might be a biomarker to select patients for antinucleolar 

therapies and might identify patients whose tumors are particularly responsive to oxaliplatin.

Oxaliplatin disrupts phase separation and inhibits rRNA synthesis

Despite many similarities between platinum analogues oxaliplatin (i.e., cisplatin and 

carboplatin including {Pt(NH3)2+}) that all cause intrastrand DNA crosslinks, different 

clinical activity profiles were observed within this class (Johnstone et al. 2016). Oxaliplatin 

is an FDA-approved first-line systemic chemotherapy for colorectal cancer and off label 

for other GI cancers, where it is often paired with 5-FU (Rottenberg et al. 2021). It 

has limited activity compared with other platinum agents in solid organ cancers of the 

lung or genitourinary system. Several recent studies have revealed a unique antinucleolar 

mechanism of oxaliplatin, which is disrupting LPPS (Bruno et al. 2017; Legin et al. 2020). 

Schmidt and coworkers showed that in comparison with actinomycin D and cisplatin, 

oxaliplatin alters nucleolar phase separation and changed fluid properties of the GC 

component from a complex to a more liquid phase via interference of fibrillarin phase 

separation-stabilizing function (Schmidt et al. 2022). Loss of LPPS reduced RNA pol I 

activity, which, within a feed-forward loop, accentuates further loss of separation between 

the DFC and the GC as pre-rRNA species are essential biomolecules for the maintenance 

of LLPS (Yao et al. 2019). Intriguingly, the antinucleolar mechanism of oxaliplatin explains 

the cooperativity of the drug with 5-FU, a chemotherapeutic known to also affect rRNA 

processing, which are administered in regimens such as FOLFOX or FOLFIRINOX. In this 

regard, the intimate association of ultrastructure and function of the nucleolus propelled by 

insights derived from novel applications of super-resolution light microscopy as presented 

in this paper has recently been shown to be associated with the drug phenotype of putative 

antinucleolar agents in a high-throughput drug screen. Different classes of agents were 

associated with different categories of nucleolar response subclassifying drug-induced 

nucleolar changes visualized by light microscopy beyond the “classical” stress reaction 

involving formation of nucleolar caps (Fig. 9) (Potapova et al. 2023). This work identified 

cyclin-dependent kinase (CDK) inhibitors and, in particular, CDK9 as a subclass of drugs 

inducing a unique state of nucleolar dissociation that might indicate a yet undiscovered role 

for targeting nucleolar function via this class of agents (Fig. 1a, b) (Sirri et al. 2002; Burger 

et al. 2013).
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Drugs targeting rDNA transcription

So far, two small molecule inhibitors claimed to be inhibitors of RNA pol I transcription 

have reached clinical testing: CX-3543 and CX-5461 (Table 1).

CX-3543 and CX-5461

CX-3543 and CX-5461 were originally developed by Cylene Pharmaceutical (Ferreira et al. 

2020). Neither compound targets cancer-specific alterations of rDNA transcription; rather, 

they were first used as stabilizers/modifiers of G-quadruplexes (Xu and Hurley 2022). 

G-quadruplexes are secondary structures of guanine-rich single DNA or RNA strands that 

are helical in shape and require the presence of repeat stretches of four or more consecutive 

guanines. Four guanine bases form a square, planar structure termed guanine tetrad, and 

several guanine tetrads stacked on top of each other form a G-quadruplex. G-quadruplexes 

have important biological function in genome organization and gene regulation, such as 

the protection of telomeres (Rhodes and Lipps 2015; Smirnov et al. 2023). CX-3543 was 

reported to have selectivity for G-quadruplex complexes at the rDNA promoter and did not 

affect telomere integrity (Drygin et al. 2009; Sanchez-Martin et al. 2021). CX-3543 was 

shown to cause loss of rDNA promotor binding of nucleolin, inhibit rDNA transcription, 

stabilize p53, and induce cell death. Due to poor bioavailability CX-3543 was withdrawn 

after phase I testing (Table 1).

CX-5461 was identified from a screen for inhibitors of rRNA transcription and initially 

thought to interfere with the polymerase I initiation complex before more recent studies 

identified it as a stabilizer of G4-quadruplexes (Xu et al. 2017; Xu and Hurley 2022). 

Stabilized G-quadruplexes via intercalation of CX-5461 induce replication fork stalling 

and unreplicated chromosomal areas, single-strand DNA breaks, and activate DNA damage 

repair (DDR) mechanisms, overall positioning the molecule as a topoisomerase 2 (TOP2) 

poison as opposed to a TOP2 inhibitor (Bruno et al. 2020; Pan et al. 2021). These insights 

have changed the trajectory of CX-5641’s clinical development towards molecularly defined 

patient subgroup(s) with DNA repair deficiencies, such as BRCA1/2 or PALB2 (Xu and 

Hurley 2022). Results of the recently released phase I CCTG IND.231 trial showed several 

partial responses (Hilton et al. 2022). On the other hand, CX-5361 is an extraordinarily 

strong mutagen, and a phase IB expansion study is currently evaluating further safety and 

chronic tolerability of the molecule (Koh et al. 2024).

BMH-21 targeting RNA pol I

Another anti-pol I candidate is BMH-21. The liabilities of excessive DNA damage and a 

possible prohibitive mutagenesis potential do not apply to BMH-21. BMH-21 inhibits RNA 

pol I elongation after intercalation into GC-rich regions of rDNA genes and targets the 

released, the largest subunit of RNA polymerase I, RPA194, to proteasomal degradation 

(Peltonen et al. 2014a, b). BMH-21 does evoke activation of the RiBi checkpoint leading 

to p53 induction and programed cell death in the absence of induction of DNA damage 

(Peltonen et al. 2014b; Jacobs et al. 2022). BMH-21 is the first small molecule inhibitor 

directly targeting a component of the rDNA transcription machinery. BMH-21 was deemed 

unsuitable to be a clinical candidate due to off-target effects (Dorado et al. 2022).
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Metarrestin

More recently, screens were developed to identify drugs that inhibited cancer specific 

changes in the nucleolus. Metarrestin was identified from a high-content screen targeting 

the perinucleolar compartment (PNC) (Frankowski et al. 2010, 2022), which is a marker 

of nuclear genome organization that is associated with the metastatic phenotype of cancer 

cells (Huang et al. 1997). PNCs are nearly universally found in metastatic cancer cells 

compared with cancer cells in primary tumors where they are less frequent. Importantly, 

PNCs are not observed in normal cells or stem cells (Kamath et al. 2005). Metarrestin 

showed impressive antimetastasis efficacy in preclinical models (Frankowski et al. 2018). 

While originally reported as a selective, PNC-targeting agent, metarrestin disassembles the 

PNC via its anti-RNA pol I activity (personal communication) as it inhibits transcription of 

RNA pol I-driven pyrimidine-rich noncoding transcript (PNCTR), an essential scaffold for 

the formation of the PNC, from the intergenic rDNA spacer (Yap et al. 2018). In comparison 

with CX-5461, metarrestin does not cause DNA damage and, in addition, fails to activate the 

RiBi checkpoint with no p53 induction observed across p53-wild type cell lines (Frankowski 

et al. 2018, 2022). The lack of p53 induction and cell death makes metarrestin a primarily 

cytostatic agent, which together with its favorable pharmacokinetic profile, might translate 

into an improved therapeutic window.

The development of effective therapeutics targeting rDNA transcription has been hampered 

by a lack of targets selective for the cancerous state. Future development of precision 

medicine strategies targeting rDNA transcription and nucleolar function will require the 

identification of cancer-specific nucleolar protein, rDNA, or pre-rRNA variants. As a first 

example, tying dysfunctional nucleolar partition due to mutations affecting IDR regions of 

nucleolar proteins to chemotypes, such as oxaliplatin already in clinical use, might be an 

immediately translatable strategy of a precision medicine approach against the nucleolus.

Conclusions

Ribosome biogenesis is fundamental to cell proliferation and, thus, to cancer cells as 

well, yet the molecular principles underlying this process remain poorly defined. Recent 

advances in microscopy have improved spatial resolution of substructural organization 

of the FC, DFC, and GC to provide detailed images of individual transcribing RNA 

pol I holoenzymes, quantitation of the number of FC/DFC units per nucleolus, and of 

nascent RNA pol I transcripts per FC. This more detailed view shows a heterogeneous 

distribution of factors throughout each subnucleolar layer, suggesting that these regions are 

not simple liquid–liquid phase separations but reflect a nonequilibrium vectorial path of the 

maturing ribosomal subunits. Our microscopic results together with recent super-resolution 

studies are augmented by recent Cryo EM structures of various human SSU and LSU 

intermediates (Vanden Broeck et al. 2023; Singh et al 2021; and reviewed in Vanden Broeck 

et al. 2022). Together with corresponding structures from yeast ribosomal intermediates, 

general principles are emerging that describe the irreversible folding, assembly, and rRNA 

processing steps that eventually produce mature ribosomes in the cytoplasm. Lastly, 

previous generation drugs that target ribosome biogenesis were of limited use due to their 

toxicity; however, newer drugs that target cancer specific changes in the nucleolus have 
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rekindled the interest in antinucleolar treatment strategies that target cancer cells and spare 

normal cells as effective cancer therapies.

Materials and methods

Hybridization probes

The DNA hybridization probe was generated using a 5.6 kb EcoRI-EcoRI human rDNA 

fragment-containing promoter, 5′ETS, and 18S rDNA and labeled by nick translation with 

552-dUTP from Biotium.

DNA FISH

HeLa cells grown on 1.5H precision 12-mm circle coverslips were washed with PBS and 

fixed with 4% PFA in PBS for 10 min at room temperature. After rinsing in PBS, cells 

were permeabilized with 0.2% Triton X-100, 0.5% saponin in PBS for 20 min on ice, and 

washed with PBS. Subsequently, the cells were incubated in 0.1 N HCl for 15 min, then 

washed twice in 2× SSC for 10 min, before equilibration in 50% formamide/2× SSC for 30 

min. For one 12 mm round coverslip, ~150 ng of DNA FISH probe was precipitated with 3 

μg of Cot-1 DNA (Roche) and 1 μg of yeast tRNA in ice-cold absolute ethanol by sodium 

acetate, spun down, dried, and resuspended in 7 μl of hybridization solution (10% dextran 

sulfate/50% formamide (pH 7.0)/2 × SSC/1% Tween20). The cocktail was denatured at 85 

°C for 5 min, put briefly on ice, incubated with cells at 85 °C for 5 min, sealed with rubber 

cement, and hybridized in a humidified chamber overnight at 37 °C. After hybridization, 

cells were washed three times in 50% formamide/2× SSC for 5 min at 45 °C, washed three 

times in 1× SSC for 5 min at 60 °C and in PBS for 5 min. Then, cells were incubated with 

specific antibodies for 1 h and washed three times in PBS. Cells were washed three times in 

PBS for 5 min, and mounted using ProLong Gold antifade mounting reagent without DAPI 

(ThermoFisher). Cells were observed on a Zeiss Elyra SIM microscope using a 63 × 1.40 

NA objective using z-sectioning (z-0.92 nm), five rotations, processed and aligned using the 

TetraSpeck fluorescent beads (Invitrogen) with Zeiss Zen software.

Immunofluorescence and super-resolution microscopy

HeLa cells and primary diploid umbilical vein endothelial (HUVAC) cells with normal 

diploid XX karyotype were grown on 1.5H precision 12-mm circle coverslips. Cells were 

fixed with 4% PFA in PBS for 10 min at room temperature. After rinsing in PBS, cells 

were permeabilized with 0.2% Triton X-100 in PBS for 5 min on ice and were washed with 

PBS. Cells were blocked with 3% BSA and labeled with labeled antibodies for one hour 

at room temperature. Then, they were washed in PBS and mounted using ProLong Gold 

antifade mounting reagent without DAPI (ThermoFisher) or Vectashield without DAPI. The 

slides were visualized using super-resolution SIM Zeiss Elyra using 63× objective 1.4 NA 

with ~110 nm resolution (XY) and confocal Nikon AXR microscope with an NSPARC 

detector with single-photon level sensitivity and improved resolution to ~100 nm (XY) and 

300 nm (Z) using 100× objective 1.45 NA. The SIM images were processed using Zeiss 

Zen software and corrected by channel alignment using the TetraSpeck fluorescent beads 

(Invitrogen).
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3D rendering and measurements

3D renderings were generated using the surface rendering feature of Huygens Essential 

(Scientific Volume Imaging, BV, Netherlands). Huygens object analysis feature was also 

used to count the number of transcription sites within the FCs. We measured the diameter 

of RNA pol I transcription sites detected by RPA194 and the diameter of DFC detected by 

Dyskerin in our 3D images of HUVAC cells visualized on Nikon AXR microscope using full 

width at half maximum intensity using Nikon software.

RNA FISH

All single molecule RNA FISH LNA oligo probes were labeled with green and red 

fluorophores on the 3′ ends. Cells were grown on 1.5H precision 12 mm circle coverslips 

and fixed with 4% PFA for 10 min, followed by permeabilization with 0.5% Triton X-100 

on ice for 5 min. Cells were incubated in 10% formamide/2× SSC for 10 min at room 

temperature, followed by hybridization overnight at 37 °C. After hybridization, the cells 

were blocked with 3% BSA for 20 min and incubated with antibodies, as described above. 

Coverslips were mounted in ProLong Gold antifade mounting medium (ThermoFisher).

MINFLUX nanoscopy

HeLa cells were grown on 1.5H precision 18-mm circle coverslips. After fixation with 4% 

PFA, the cells were labeled with the mouse monoclonal anti-RPA194 antibody and then with 

the secondary anti-mouse IgG antibody coupled with Alexa 647. Coverslips were mounted 

into the buffer with 18.8 mM beta-mercaptoethylamine and oxygen scavengers [50 mM 

Tris–HCl (pH 8.0), 10 mM NaCl, 10% (w/v) glucose, 64 μg/ml catalase (Sigma-Aldrich), 

and 0.4 mg/ml glucose oxidase (Sigma-Aldrich)] to regulate photo blinking of Alexa 647. 

To correct for XYZ drift, 150 nm gold bead fiducials were applied to the coverslip prior 

to mounting (BBI solution, SKU EM. GC150). The samples were sealed with silicone 

glue and imaged. 2D MINFLUX (Abberior, Germany) measurements were performed with 

a 647 laser at 19 mW in the first iteration and a pinhole size of 0.83 AU. Data from 

MINFLUX consist of coordinates obtained by repeated localization for each single molecule 

of fluorophore that are grouped together into traces. Any trace that contained less than five 

localizations was discarded to remove localizations due to noise. A single position for each 

remaining trace was obtained by taking the average X and Y coordinates of the localizations 

within the trace.

The MINFLUX technique provides multiple localizations for a single fluorophore, called a 

trace. Each RPA194 molecule could be decorated with multiple fluorophores, thus detected 

by one to three traces, and each single fluorophore may produce multiple traces due to 

“blinking” or repeated transitioning between the dark and fluorescent states. To avoid the 

over-counting that would result from these two situations, the averaged trace positions 

were combined by applying a density-based clustering algorithm (dbscan), with a distance 

parameter of 3.5 nm, corresponding to the localization precision of MINFLUX. Such a 

cluster contains localizations of one to three molecules in close proximity. Trace coordinates 

within each cluster were then averaged to obtain the position of each molecule. This allows 

the approximate localization of a single RPA194 molecule detected by several fluorophores/

blinks. After that, we searched for the clusters of these RPA194 molecules. To group 
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RPA194 molecules within each FC, the localized molecules were further clustered with 

dbscan with a distance parameter set to 60 nm and a minimum number of localizations set to 

15.
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Fig. 1. 
Functional suborganization of the nucleolus and visualization of the topology of ribosomal 

genes in the nucleolus. a Schematic representation of the three-layered structure of the 

nucleolus detected by negatively stained electron transmission microscopy. The pale, 

centrally positioned fibrillar center (FC) is surrounded by densely stained dense fibrillar 

component (DFC) and the outmost layer, granular component (GC), with numerous particles 

indicating the presence of preribosomal particles. b Schematic representation of the human 

precursor 47S rDNA gene array, which comprises the mature 18S, 5.8S, and 28S rRNA. 
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The external (5′ETS and 3′ETS) and internal (ITS1 and ITS2) transcribed spacers in the 

47S primary transcript precursor are removed during step-wise pre-rRNA processing by 

individual cleavages targeted by endo- and exonucleases. The endonucleolytic cleavage 

sites are marked with arrowheads. c, d The topology of active, silenced, and constitutively 

inactive rDNA genes within the nucleolus of HeLa cells was detected by DNA FISH using 

three-dimensional (3D) SIM imaging. c Representative multicolor single-frame images. d 
Maximum intensity projection of five frames. The cell was hybridized with a DNA FISH 

probe against the rDNA coding sequence containing 5′ETS and 18S rRNA and codetected 

with the RNA pol I transcription machinery (RPA194), pre-rRNA processing (NOLC1), 

and preribosome assembly (B23/Nucleophosmin). The active rDNA genes detected with 

RPA194 and NOLC1 are in a linear relaxed pattern in active transcription/processing 

centers (large arrows). The silenced genes are visible in a relaxed pattern without marks 

of transcription/processing within the nucleolus (asterisks). In contrast, the constitutively 

inactive rDNA genes are located in the dense packs of heterochromatin situated at the 

periphery of the nucleolus (small arrows). Scale bars (c and d), 2 μm

Correll et al. Page 26

Histochem Cell Biol. Author manuscript; available in PMC 2024 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Functional characterization of FC/DFC units in the nucleolus. a Nucleolar overview with 

codetection of active RNA pol I complex (RPA194) with architectural chromatin factor UBF, 

pre-rRNA processing in DFC (NOLC1) and GC region assembly chaperone nucleophosmin 

using SIM imaging in HeLa cells. Representative prominent nucleolus in HeLa cells 

contains numerous small FC/DFC units localized in evenly distributed arrangements (left). 

Two magnified regions (indicated in the entire nucleolus by two dashed boxes marked as 

1 and 2, left) demonstrate that FC/DFC units are organized as small ring-shaped structures 
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with UBF localized in the core of FC and active rDNA transcription site(s) (RPA194) 

protrudes from the periphery of FC into the DFC interior marked with Dyskerin or NOLC1 

(right, arrows). b The image of the magnified FC/DFC unit demonstrates the internally 

positioned UBF with pre-rRNA synthesis marked with RPA194 toward DFC detected by 

Dyskerin, a pre-rRNA base modification enzyme. c Nucleolar codetection of four individual 

marker components of FCs (RPA194 and TCOF1) and DFC (NOLC1 and Dyskerin) using 

the multichannel 3D detection in the active nucleolus in HeLa cell using Nikon AXR 

NSPARC 3D super-resolution microscopy. The 3D topology of FC/DFC units, which was 

detected within the entire nucleolar volume, demonstrates that all RNA pol I transcription 

sites (RPA194, TCOF1) codetect with pre-rRNA processing/modification factors (NOLC1 

and Dyskerin) as uniform functional units. d Measurement of the diameter length (marked 

with red arrow) of 3D visualization of active RNA pol I transcription site and surrounding 

DFC in HeLa cells. The upper image is a 3D visualization, with a single FC/DFC measured 

below. e Quantitation of FC/DFC units by codetection of RP194 transcription site, NOLC1 

and Nucleolin (histone chaperone required for rRNA metabolism), in aneuploid HeLa cells 

and diploid HUVAC cells, visualized by 3D volume rendering using 3D SIM images. The 

inset in the lower left panel shows the orthogonal view of the nucleolus. f The schematic 

representation highlights the presence of numerous small FC/DFC units scattered throughout 

the whole nucleolus (left, box). The enlarged structural organization of one FC/DFC unit 

with two transcriptionally active rDNA genes at the FC/DFC boundary is shown on the right. 

Scale bars, (a, left) 1 μm; (a, right and b, 500 nm). Scale bars (c and e) 5 μm
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Fig. 3. 
Substructural organization of highly enlarged FCs in the nucleolus using SIM imaging. a 
Nucleoli in HeLa cells with enlarged FCs contain higher numbers of fiber-like RNA pol 

I transcription sites (RPA194) within the FC interior and are surrounded by larger DFC 

(detected by NOLC1 and Dyskerin) and 28S rRNA by RNA FISH, present in DFC and 

GC. b Suborganization of the larger FC/DFC units. The architectural FC protein TCOF1 

is located in the inner core of the FCs, and active RNA pol I sites protrude toward DFC. 

NOLC1, which interacts with RNA pol I, is also present in the FC but mainly in the DFC. 
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Detection with Dyskerin indicated that modifications of pre-rRNA bases occur in the DFC. 

c A line-scan profile across the large FC/DFC in HeLa cell shows centrally positioned 

TCOF1, active RNA pol I (RPA194) in outer FC and FC/DFC boundary and NOLC1 

present across the FC and prominently in the DFC. Pseudouridinylation of pre-rRNA by 

Dyskerin likely occurs in the inner DFC region. d Large FCs harbor an increased number of 

internally located rDNA genes than small FC/DFC modules demonstrated by rDNA FISH. e 
Localization of the nascent pre-rRNA synthesis and processing by RNA FISH revealed that 

the cotranscriptionally processed 5′ETS leader upstream of the first cleavage site is rapidly 

relocalized from the periphery of the FC to DFC. Scale bars, (a, b) 1 μm; (d, e) 500 nm
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Fig. 4. 
Spatial distribution of pre-rRNA processing segments in the nucleolus. Simultaneous two-

color RNA FISH hybridizing the 5′ETS leader sequence and 28S rRNAs along with 

detection of NOLC1 as a marker for the DFC. Individual images demonstrate combinatorial 

codetection of the unstable 5′ETS leader sequence with 28S rRNA. Mature 28S rRNAs are 

detected in DFC as a part of the nascent primary transcript but dominantly accumulated in 

GC. Two magnified regions (indicated in the overlay image of the entire nucleolus by two 

boxes marked as 1 and 2, left) demonstrates active transcription sites where the 5’ETS FISH 

signals are codetected with 28S rRNA in FC/DFC units detected with NOLC1. Scale bars, 4 

μm, 500 nm (right)
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Fig. 5. 
Functional suborganization of RNA pol I transcription complexes at single molecule levels 

by MINFLUX nanoscopy. a Localization of RPA194 in small FCs in HeLa cells by 

confocal microscopy at increasing magnification from left to right. Two prominent FCs 

are highlighted in the nucleolus (right). b The image with three prominent small FCs 

(highlighted in the yellow, blue, and red ovals) was subjected to recording individual 

positions of RPA194 molecules using MINFLUX nanoscopy (c). The resulting data were 

processed to ensure each localized RPA194 signal represented an individual protein. The 

numbers of detected RPA194 molecules in three designated individual FCs are shown on the 

plot in corresponding colors (right). Analysis revealed that one small FC contains an average 

of 212.5 ± 30.1 individual RPA194 molecules, which is in agreement with our observations 

that one small FC/DFC forms on one or two active rDNA genes. Scale bars (a, from left to 

right), 10 μm, 500 nm, and 200 nm; (b) 100 nm
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Fig. 6. 
The effect of RNA pol I inhibitor BMH-21 on the structural architecture of the nucleolus. 

Nikon NSPARC 3D microscopy demonstrating the short inhibition of pre-rRNA synthesis 

by BMH-21, the nucleoli gradually lose their irregularity, rough outer edges of GC become 

roundish with a liquid-like appearance, and RNA pol I transcription sites coalesce, form 

prominent nucleolar caps at the nucleolar periphery and segregate from other nucleolar 

layers upon treatment with BMH-21 due to lack of ongoing pre-rRNA synthesis. Scale bar, 1 

μm
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Fig. 7. 
Overview of human ribosome biogenesis. At the top is the schematic for the 47S pre-rRNA 

pol I transcript with the external and internal spacer elements (5′ETS, ITS1, ITS2, and 

3′ETS) flanking the four domains of 18S (green, orange, cyan, and magenta), 5.8S, 

and the six subdomains of the 28S (purple, blue, green, yellow, orange, and red). Each 

endonucleolytic cleavage is shown as a black arrowhead with the second and third ones 

from the left shown in more detail as A0 and A1 in Fig. 8. RNA pol III transcribes 5S 

from a separate gene. Below on the left is the cryo EM structure of the mature 40S small 
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ribosomal subunit (SSU) showing the four distinct domains [The Protein Data Bank (PDB) 

6G5H]. Below, on the right, is the cryo EM structure of the mature 60S large ribosomal 

subunit (LSU) showing how the six subdomains interdigitate to form one massive domain 

PDB (8A3D). A white transparent surface represents the RPs of both structures
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Fig. 8. 
Overview of SSU biogenesis in the nucleolus, nucleus, and cytoplasm. a The SSU part of 

pre-rRNA, which includes the 5′ETS, 18S (all four subunits from 5′ to 3′ green, orange, 

cyan, and magenta), and ITS1. From human cells, three cryoEM intermediates have been 

observed that occur in the nucleolus. Pre-A1 is after cleavage at A0 but before cleavage at 

A1. Pre-A1* is after exosome begins 3′→ 5′ exonuclease activity but before A1 cleavage. 

Post-A1 is after both cleavage events. State A is the first nuclear intermediate observed for 

human cells in the nucleus. b CryoEM structures of pre-A1, post-A1, state A, and the mature 

SSU (PDB entries 7MQ8, 7MQA, 6G4W, and 6G5H, respectively). rRNA domains are color 

coded as in a, and all proteins appears as white transparent surfaces. c Zoom-in on the 

folding of the universally conserved central pseudoknot from the pre-A1, the post-A1, the 

state A, and the mature SSU
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Fig. 9. 
Nucleolar stress induced by anti-cancer drugs is associated with unique ultrastructural 

changes governed by underlying mechanism of administered agents. Illustration of classical 

nucleolar cap formation associated with decreased nucleolar volume and rounding of the 

nucleolus by genotoxic agents, such as actinomycin D and CX-5461, on left versus loss of 

phase partitions due to lowering of LPPS leading to increase of smaller DFC units after 

oxaliplatin or metarrestin treatment
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