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Abstract 

The nucleolus is a dynamic structure that has roles in various physiological and pathophysiological 
processes. Perturbations on many aspects of the nucleolar functions are thought to cause “nucleolar 
stress”, which occurs in response to a variety of chemotherapeutic drugs. The main characteristic 
changes of nucleolar stress include: 1) reduction of the size and volume of the nucleolus; 2) 
inhibition of RNA Pol I-mediated rRNA synthesis; and 3) nucleoplasmic translocation of nucleolar 
stress-related proteins. In studying the apoptosis-inducing effect of the natural compound lovastatin 
(LV) on breast cancer stem cells, we unexpectedly uncovered a novel form of nucleolar stress, 
which we call “reverse nucleolar stress”. In our system, the canonical nucleolus stress inducer 
doxorubicin caused nucleoplasmic translocation of the nucleolar protein NPM and complete 
abolishment of Nolc1, an NPM-interacting protein and an activator of rRNA transcription. In 
contrast, the reverse nucleolar stress induced by LV is manifested as a more localized perinucleolar 
distribution of NPM and an increase in the protein level of Nolc1. Furthermore, translocation of the 
ribosomal protein RPL3 from the cytoplasm to the nucleolus and increased AgNOR staining were 
observed. These changes characterize a novel pattern of nucleolar stress doubtlessly distinguishable 
from the canonical one. The functional consequences of reverse nucleolar stress are not clear at 
present but may presumably be related to cell death or even normalization of the stressed cell. The 
discovery of reverse nucleolar stress opens up a new area of research in molecular and cellular 
biology and might have important implications in cancer therapy. 
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Introduction 
The nucleolus is the most prominent 

membraneless structure in the nucleus of eukaryotic 
cells. The nucleolus is formed around nucleolar 
organizer region (NOR), which is crucial for the 
dynamic formation of the nucleolus during the cell 
cycle [1]. The ultrastructure of the nucleolus was 
revealed by electron microscopy to be a tripartite 
structure, which is composed of the fibrillar center 
(FC), the dense fibrillar component (DFC), and the 
granular component (GC) [2, 3]. During ribosomal 
RNA (rRNA) transcription, the ribosomal DNA 

(rDNA) is initially transcribed into the 47S rRNA 
precursor by RNA polymerase I (RNA Pol I). This 47S 
rRNA transcript is subsequently cleaved and 
processed into 18S, 5.8S, and 28S rRNAs, which, 
together with 5S rRNA that is transcribed from RNA 
Pol III, are assembled with various ribosomal proteins 
before interaction with the export machinery and 
transport to the cytoplasm to form the large and small 
subunits of the ribosome [4, 5]. The nucleolus has long 
been known to be the site of ribosome biogenesis or 
the factory of the ribosome. In the last three decades, 
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the nucleolus has been shown to be the site of many 
new functions including signal recognition particle 
assembly, small RNA modification, telomerase 
maturation, cell cycle and aging control, and cell 
stress sensing [6-8]. More intriguingly, targeting the 
nucleolus has recently shown great promise and holds 
significant clinical implications in cancer therapy [9]. 
These functions of the nucleolus, especially the 
non-traditional ones, make the study of nucleolus a 
very attractive and active area of investigations in 
molecular and cellular biology and cancer 
therapeutics.  

Nucleolar stress: the canonical pattern  
The nucleolus carries a heavy metabolic burden 

that makes the nucleolar and ribosomal functions, 
which are required for protein synthesis and cell 
growth, extremely sensitive to external stimuli. 
Perturbations of ribosome biogenesis, accompanied 
by structural and functional disorders of the 
nucleolus, cause nucleolar stress (also called 
ribosomal stress), which leads to disruptions of cell 
homeostasis and eventual cell death [10, 11]. 
Nucleolar stress has a major impact on fundamental 
cellular functions for at least the following two 
reasons. First, about 80% of a cell’s energy is 
dedicated to ribosome biogenesis in an actively 
cycling eukaryotic cell [12]. Second, almost all 
metabolic and signaling pathways in a cell are related 
with the nucleolus [13]. Nucleolar stress often leads to 
down-regulation of the nucleolar functions and a 
series of biological behavior changes of the cell, 
including disorders of protein translation, cell cycle 
arrest, and cell death [14, 15].  

The main characteristic changes of nucleolar 
stress include: 1) reduction in the number of nucleoli 
and/or disintegration of the nucleolar structure; 2) 
inhibition of RNA Pol I-mediated rRNA synthesis, 
processing, and subsequent disturbance of ribosomal 
assembly and protein translation; and 3) translocation 
of nucleolar stress-related proteins including 
nucleolar proteins (e.g., NPM, Nolc1, fibrillarin) and 
free ribosomal proteins (e.g., RPL3) from the 
nucleolus to the nucleoplasm and/or the cytoplasm 
[16-18]. Among these, translocation of NPM from the 
nucleolus to the nucleoplasm is considered the most 
typical hallmark of canonical nucleolar stress [17, 19, 
20]. These changes are usually used as parameters for 
the assessment of nucleolar stress in various 
experimental systems.  

Reverse nucleolar stress: an unexpected 
discovery  

Lovastatin (LV) is a natural compound derived 
from extracts of Monascus-fermented foods and an 

FDA-approved drug used to treat hyperlipidemia 
[21]. Recently, the anti-cancer effects of LV have been 
called into attention by our group [22-24] and others 
[25, 26]. In further studying the cellular and molecular 
actions of LV, we unexpectedly discovered a novel 
form of nucleolar stress, which distinguishes itself 
from canonical nucleolar stress in several ways as 
described below. First, we observed a reposition of 
NPM from a more scattered distribution in the 
nucleolus in untreated cells to a more localized 
perinucleolar distribution within the nucleolus in 
LV-treated cells. In contrast, doxorubicin (DXR), a 
chemotherapeutic drug commonly used to treat a 
variety of solid and hematopoietic malignancies [27] 
and a classical nucleolar stress inducer [28], caused 
NPM translocation from the nucleolus to the 
nucleoplasm, confirming the occurrence of canonical 
nucleolar stress (Figure 1A) [17, 19, 29]. Next, we 
examined the effect of LV on nucleolar and 
coiled-body phosphoprotein 1 (Nolc1/Nopp140), an 
NPM-interacting protein [30] and an activator of 
rRNA transcription [31]. It is known that DXR induces 
nucleolar stress through targeting Nolc1 [32]. DXR 
expectedly diminished Nolc1 in the nucleolus, 
consistent with its well-established role in inducing 
nucleolar stress. We investigated whether LV had a 
similar effect on Nolc1. To our surprise again, we did 
not observe a decrease but rather an increase in Nolc1 
in the nucleolus after LV treatment (Figure 1B).  

NPM functions as a molecular chaperone 
facilitating the transport of ribosomal proteins such as 
RPL3 from the nucleolus to the nucleoplasm and/or 
cytoplasm [33] and Nolc1 is involved in the activation 
of RNA Pol I transcription [31]. Therefore, we 
examined whether LV would affect the intracellular 
localization of RPL3 and the rRNA transcriptional 
activity by laser scanning confocal microscopy and 
argyrophilic nucleolar organizer region (AgNOR) 
staining. As expected, we found that LV induced a 
backward flow from the cytoplasm to the nucleus 
especially to the nucleolus (Figure 1C). Silver staining 
of AgNOR is closely related to and can be used as a 
surrogate for rRNA transcriptional activity [34]. 
Similarly, we found an increase, rather than a 
decrease, in AgNOR staining in LV-treated cells 
(Figure 1D).  

To address the issue whether other statins have 
similar effects in inducing reverse nucleolar stress, we 
compared between LV and Atorvastatin (AV) and 
Simvastatin (SV), two other commonly used lipophilic 
statins. We found that all three lipophilic statins 
similarly induced perinucleolar distribution of NPM 
and increased the protein level of nucleolar Nolc1 in 
MDA-MB-231 cancer stem cells (Figure S1). In 
addition, we found all three statins have similar 
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inhibitory effect on the viability of MDA-MB-231 
cancer stem cells (data not shown). These data 
suggest that the reverse nucleolar stress we observed 
is not specific for LV and may be a shared 
phenomenon of all lipophilic statins.  

Taken together, our observations point to a 
previously unrecognized or overlooked stress 

response of the nucleolus, which is termed reverse 
nucleolar stress. This novel type of nucleolar stress is 
different from the canonical one in several ways. First, 
NPM is not translocated from the nucleolus to the 
nucleoplasm but rather distributed to the 
perinucleolar zone and possibly functions to transport 
ribosomal proteins such as RPL3 back to the 

 
Figure 1. LV triggers reverse nucleolar stress. Immunofluorescence-laser confocal scanning microscopic observation of the intracellular localization of NPM (A), Nolc1 
(B), and RPL3 (C). MDA-MB-231 cancer stem cells were treated with LV or DXR for 48 h, fixed, stained using an anti-NPM or anti-Nolc1 antibody, and then subjected to laser 
confocal microscopy. A. LV induced a reposition of NPM from a more scattered distribution in the nucleolus in untreated cells to a more localized perinucleolar distribution 
within the nucleolus of treated cells. DXR contrarily induced nucleoplasmic translocation of NPM, characteristic of canonical nucleolar stress. B. LV increased the protein level 
of nucleolar Nolc1; whereas DXR completely abolished it. C. LV induced translocation of the ribosomal protein RPL3 from cytoplasm to the nucleus and the nucleolus. D. Silver 
staining of argyrophilic nucleolar organizer region (AgNOR). MDA-MB-231 cancer stem cells were treated with LV or vehicle for 12 h, fixed and stained with silver nitrate, then 
subjected to microscopic examination. LV could increase the NOR staining intensity in MDA-MB-231 cancer stem cells, suggestive of increased RNA Pol I transcriptional activity. 
Differential interference contrast (DIC) microscopy was used to reveal the morphology of the nucleolus. LV, lovastatin; DXR, doxorubicin; AU, arbitrary unit.  
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nucleolus. Second, Nolc1 is not diminished but 
increased in the nucleolus, which possibly exerts its 
rRNA transcription-promoting effect (Figure 2). The 
changes of reverse nucleolar stress are definitely 
distinguishable from its canonical counterpart in 
terms of NPM localization and Nolc1 protein level.  

In its canonical setting, nucleolar stress results in 
the inhibition of nucleolar functions, leading to 
disruption of the cellular homeostasis and eventual 
cell death. The reverse nucleolar stress we describe 
here, obviously, triggers a different set of stress 
responses of the nucleolus, some seemingly 
stimulatory rather than inhibitory. However, we don’t 
know whether these reverse changes will stimulate or 
possibly stabilize nucleolar activity and whether they 
are related with enhanced ribosomal activity. 
Nevertheless, aberrant stimulation or inhibition of the 
nucleolar function may both similarly cause 
disturbance of the cellular homeostasis, leading to 
cellular disaster such as cell death.  

Perspectives  
Nucleolar stress has been the focus of intense 

investigations for many years. Several possibilities 
exist to explain the similarities and differences 
between the canonical type and the reverse type of 
nucleolar stress. It is likely that both canonical and 
reverse nucleolar stress responses share a similar final 

outcome, i.e., increased cell death. However, even 
though the cell death rate increases as a whole, the 
individual cells that undergo reverse nucleolar stress 
may show different fates. These cells may either die or 
survive the harsh conditions generated by the stress 
inducer. In the latter case, reverse nucleolar stress 
might provide an opportunity for the cell to become 
less malignant, leading to phenotypic reversal toward 
normalization. These different possibilities need to be 
studied empirically and are the focus of our ongoing 
investigations.  

Furthermore, several important issues 
concerning how, why, and at what point these two 
types of nucleolar stress differ from each other are not 
clear and are worthy of further investigations. First, as 
mentioned above, does reverse nucleolar stress lead to 
promotion rather than inhibition of nucleolar 
functions? Or it is simply an unusual manifestation of 
similar dysfunctions of the nucleolus as observed in 
canonical nucleolar stress? Second, is this reverse 
nucleolar stress a stressor-dependent effect? If yes, 
hopefully a stress-inducing agent triggers either 
canonical or reverse nucleolar stress depending on its 
physicochemical properties. Third, what is the 
molecular determinant that discriminates reverse 
nucleolar stress from the canonical one and what is 
the point of convergence that serves to drive similar 
downstream responses between the two types of 

 
Figure 2. A diagram depicting reverse nucleolar stress in comparison with canonical nucleolar stress. In reverse nucleolar stress, LV induces a reposition of NPM 
from a scattered nucleolar distribution to a perinucleolar distribution and an increase in nucleolar Nolc1. In canonical nucleolar stress, DXR causes nucleoplasmic translocation 
of NPM and abolishment of nucleolar Nolc1. Both types of nucleolar stress may lead to eventual cell death. In reverse nucleolar stress, the possibility exists that the cell becomes 
less malignant, leading to normalization of the cellular structure and function. 
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nucleolar stress? Despite all these unsolved issues, 
our preliminary findings open up a new area of 
molecular and cellular biology research and possibly 
mark a new era of investigating the non-traditional 
regulation of nucleolar functions.  

Abbreviations  
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NPM: Nucleophosmin; rDNA: Ribosomal DNA; RNA 
Pol I: RNA polymerase I; RPL: Ribosomal protein 
large subunit; RPS: Ribosomal protein small subunit; 
rRNA: Ribosomal RNA; TNBC: Triple-negative breast 
cancer. 
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