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Abstract 

Rationale: Numerous chemotherapeutic drugs that affect ribosome biogenesis in the nucleolus induce 
nucleolar stress. Improving our understanding of the effects of these drugs will require uncovering and 
comparing their impact on several biophysical parameters of the major cell compartments. Here, we quantified 
the water content and dry mass of cancerous cells treated with CX-5461, DRB or DAM to calculate 
macromolecular crowding and the volume occupied by free water, as well as elemental content.  
Methods: HeLa-H2B-GFP cells were treated with CX-5461, DRB or DAM. Water content and dry mass were 
measured in numerous regions of interest of ultrathin cryo-sections by quantitative scanning transmission 
electron microscope dark-field imaging and the elements quantified by energy dispersive X-ray spectrometry. 
The data were used to calculate macromolecular crowding and the volume occupied by free water in all cell 
compartments of control and treated cells. Hydrophobic and unfolded proteins were revealed by 
8-Anilinonaphtalene-1-sulfonic acid (ANS) staining and imaging by two-photon microscopy. Immunolabeling of 
UBF, pNBS1 and pNF-κB was carried out and the images acquired with a confocal microscope for 3D imaging 
to address whether the localization of these proteins changes in treated cells. 
Results: Treatment with CX-5461, DRB or DAM induced completely different changes in macromolecular 
crowding and elemental content. Macromolecular crowding and elemental content were much higher in 
CX-5461-treated, moderately higher in DRB-treated, and much lower in DAM-treated cells than control cells. 
None of the drugs alone induced nucleolar ANS staining but it was induced by heat-shock of control cells and 
cells previously treated with DAM. UBF and pNBS1 were systematically co-localized in the nucleolus of 
CX-5461- and DAM-treated cells. pNF-κB only localized to the nucleolar caps of pre-apoptotic DAM-treated 
cells. 
Conclusion: We directly quantified water and ion content in cell compartments using cryo-correlative 
electron microscopy. We show that different chemotherapeutic nucleolar stress inducers result in distinctive, 
thus far-unrecognized changes in macromolecular crowding and elemental content which are known to modify 
cell metabolism. Moreover we were able to correlate these changes to the sensitivity of treated cells to 
heat-shock and the behavior of nucleolar pNBS1 and pNF-κB. 
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Introduction 
Numerous stresses that affect cellular 

homeostasis induce the downregulation of ribosomal 
RNA (rRNA) synthesis and ribosome biogenesis. 
These processes take place in the nucleolus which is 
now recognized to be a highly efficient stress sensor 
[1, 2, 3]. The activation of nucleolar pathways during 
nucleolar stress [4, 5] induces p53-dependant and 
p53-independent responses [6, 7], leading to cell-cycle 
arrest, senescence, and apoptosis [8, 9]. Many 
chemotherapeutic drugs are known to affect ribosome 
biogenesis at different levels [10]. Research is actively 
ongoing in this field to develop new drugs that affect 
specific steps of rRNA synthesis [8, 11, 12]. Overall, 
these studies highlight the complexity and 
interconnectedness of numerous molecular pathways, 
which are activated or inhibited during the action of 
classical and new chemotherapeutic drugs [12, 13].  

One way to increase our knowledge concerning 
the effects of chemotherapeutic drugs may be to study 
how these drugs affect the biophysical properties of 
treated cells. Physical and chemical stresses induce 
changes in cellular biophysical parameters, such as 
their volume, dry mass content, density, 
viscoelasticity, and stiffness [14]. For example, it was 
recently demonstrated that changes in the rate of mass 
accumulation were predictive of single-cell responses 
to drugs [15]. Changes in biophysical parameters 
frequently correlate with water influx or efflux, as 
well as changes in macromolecular crowding (MC) 
[16, 17, 18] which are known to affect biochemical 
reactions [19, 20, 21] and various cellular processes 
[for a review see 22].  

We previously developed an original imaging 
and analytical method to investigate whether drugs 
that interfere with rRNA synthesis induce changes in 
the water, dry mass, and ion content of various 
organelles of cancerous cells [23]. It consists of 
correlative light and cryo-scanning transmission 
electron microscopy imaging to simultaneously 
quantify water, dry mass, and elemental content 
(measured in mmol/L) of specific targeted 
nano-regions of nuclear and cytoplasm 
sub-compartments. We previously used this approach 
to show that the stress provoked by a low dose of 
DAM (50 ng/mL) induced a strong increase in water 
content in all cell compartments and a decrease in the 
quantity of all elements relative to control cells [24]. A 
high dose of DAM (500 ng/mL), which induced 
apoptosis, also provoked an increase in water content 
and strong variations of ion content in all cellular 
compartments during all steps of apoptosis, specific 
to each organelle and step of apoptosis [25].  

DAM is an intercalating agent that inhibits Pol I 
progression [26]. Here, we investigated whether 
various rRNA synthesis inhibitors induce the same 
changes in water, dry mass, and ion content. We 
tested two drugs with completely different effects on 
rRNA synthesis. The first was the new drug CX-5461, 
which selectively inhibits Pol 1 transcription by 
inhibiting formation of the SL-1 preinitiation complex 
at the rDNA promotor [11, 27] and is also a 
G-quadruplex (G4) DNA motif binder (28); the second 
was the kinase inhibitor DRB which inhibits mRNA 
synthesis and the early processing of rRNA [8, 10, 26]. 
We determined the water and dry mass content to 
calculate, for the first time, MC in various cell 
compartments to better compare the effects of these 
highly different drugs. The three inhibitors, CX-5461, 
DRB, and DAM, induced completely different 
changes in MC and ion content in different organelles. 
In addition, these results appear to correlate with the 
varying sensitivity of the treated cells to nucleolar 
heat-shock and different localization of NBS1 and 
NF-kB proteins. 

Materials and Methods  
Cell culture 

HeLa cells stably expressing H2B-GFP (kindly 
provided by K. Monier, University of Lyon, France) 
were cultured in DMEM (Gibco) supplemented with 
10% fetal bovine serum in 25cm2 Nunc flasks, with 
passaging twice weekly (at confluence). All cultures 
tested negative for mycoplasma infection.  

Treatment of cells with CX-5461, DRB or 
DAM 

HeLa-H2B-GFP cells were treated with: 1) 2 µM 
CX-5461 for 30 h to induce senescence, 2) 60 µM 5-6 
dichloro-1-b-D-ribofuranosyl benzimidazole (DRB) 
for 6 h, or 3) 40 nM D-actinomycin (DAM) for 4 h to 
induce stress or 400 nM DAM for 7 h to induce 
pre-apoptosis and apoptosis (25). 

β-galactosidase-based senescence detection 
assay 

The induction of senescence in cells treated with 
2 µM CX-5461 for 30 h was analyzed using the 
Senescence β-galactosidase kit (Cell signaling), 
according to the manufacturer’s instructions. 

Targeted nano-analysis of water and ions in 
cell compartments by cryo-correlative 
electron microscopy 

We used the same approach as previously 
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published by our group [See 23 and 29 for detailed 
methodology). Briefly, living H2B-GFP cells (control 
or treated cells) were directly plunged in liquid ethane 
cooled by liquid nitrogen (Gatan cryoplunge CP3). 
Ultrathin cryo-sections, 85 nm nominal thickness, 
were cut (Leica EM FC/UC6) and collected on a 
formvar-carbon-coated indexed grid to facilitate the 
precise localization of regions of interest (ROI) for 
successive light and electron microscope imaging. The 
grid was then placed in the electron microscope 
cryo-holder (Gatan model 666). The cryo-holder was 
first placed in a home-made designed dewar placed 
on the stage of an epifluorescence microscope (Zeiss 
Scope A1) to maintain it at -170°C. This original 
methodology [23] allows the successive imaging of 
grids in light and electron microscopes without 
manipulating them between the two imaging modes. 
This is important due to the extreme fragility of the 
cryosections. Nuclear fluorescence, due to H2B-GFP, 
revealed the presence of condensed chromatin 
(highest intensity), uncondensed chromatin (faint 
fluorescence), and nucleoli or nucleoplasm (no 
fluorescence). For each cryo-section, many cells were 
identified, accurately localized relative to grid indices, 
and images systematically recorded. The cryo-holder 
was then transferred directly to a scanning 
transmission electron microscope (STEM JEOL 2100F) 
and the ultrathin section freeze-dried under the 
vacuum condition of the microscope, by slowly 
warming it up to -80°C and re-cooling to -170°C, and 
observed. Freeze-drying is important as it increases 
the contrast and reduces the electron irradiation 
sensitivity of the cryosections relative to direct 
observation of frozen-hydrated cryosections. We 
previously showed that, under our experimental 
conditions, freeze-drying results in homogeneous 
lateral shrinkage of the cryosections of approximately 
10 % [30]. This so called cryomethod allows the 
measurement of ion and water content at subcellular 
resolution (a few tens of nanometers) in a close to 
native state, in contrast to classical methods, 
performed at room temperature, which induce the 
loss of water and diffusible ions. Each cell, previously 
identified by the fluorescence of its chromatin and its 
position relative to the grid indices, was easily found 
by electron microscopy. Different ROIs were 
identified in each cell by comparing the fluorescence 
image and electron microscopy image side by side (or 
by merging) [23, 24]. Thus, high fluorescence intensity 
identified condensed chromatin, whereas its absence 
identified either nucleolar compartments (dense and 
granular components, nucleolar fibrillar centers), 
easily visualized by electron microscopy or 
nucleoplasm (outside the fluorescent chromatin). 
Electron microscopy imaging of the cytoplasm 

visualized mitochondria (containing cristae) and 
cytosol without organelles. Finally, water and dry 
mass contents were measured in each ROI by 
quantitative STEM dark-field imaging and the 
elements quantified by energy dispersive X-ray 
spectrometry (EDXS) using the Cliff-Lorimer 
quantification method. 

Calculation of macromolecular crowding (% of 
volume occupied with hydrated matter (HM)) 

The hydration of macromolecules represents 
approximately 0.5 g of water per g of dry matter [19].  

As the mass of hydrated matter (mHM) equals the 
mass of dry matter (mDM) plus hydration water, which 
is half of mDM, we can write (in grams): 

mHM = 1.5 x mDM  

To calculate MC, we used our data obtained for 
mitochondria. Using our methodology [23], we were 
able to measure that the percentage of dry mass DM 
(%) in the mitochondria of control HeLa cells 
expressing H2B-GFP was 41%. Thus, the mass 
percentage of hydrated matter in mitochondria was: 

HM (%) = 1.5 x DM(%) = 1.5 x 41 = 61.5% and, 
consequently, the mass percentage of free water (FW) 
was FW(%) = 100 - 61.5 = 38.5 %. 

The density of mitochondria is approximately 
1.20 g/ml [31]. We can thus calculate that the mass of 
hydrated matter in 1.20 g or 1 ml of mitochondria is:  

mHM = 0.615 x 1.2 = 0.738 g and that the mass of 
FW is mFW = 0.385 x 1.2 = 0.462 g. 

Thus, we obtain the following equation for 
volumes: 

1 =  
0.738
𝜌𝜌𝐻𝐻𝐻𝐻

+
0.462
𝜌𝜌𝐹𝐹𝐹𝐹

 

where ρFW and ρHM correspond to the density of water 
and of hydrated matter in the mitochondria, 
respectively. We can then calculate that in 
mitochondria ρHM = 1.371 g/ml. 

Assuming that the density of hydrated matter 
calculated for mitochondria is a good approximation 
for hydrated matter in all cell compartments of both 
control and treated cells, we used this data to calculate 
MC, defined by: 

𝑀𝑀𝑀𝑀 =  
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑉𝑉𝑦𝑦 𝑉𝑉𝑦𝑦𝑦𝑦𝑦𝑦𝑉𝑉𝑦𝑦

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑉𝑉𝑦𝑦 𝑉𝑉𝑦𝑦𝑦𝑦𝑦𝑦𝑉𝑉𝑦𝑦 +  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 𝑜𝑜𝑦𝑦𝑉𝑉𝑉𝑉 𝑤𝑤𝑦𝑦𝑦𝑦𝑉𝑉𝑦𝑦
 

We can then express the previous equation using 
our experimental measurement by quantitative STEM 
of the percentage of dry mass DM (%) for any region 
of interest (ROI) of mass M: 

𝑀𝑀𝑀𝑀 =  

1.5 × 𝐷𝐷𝑀𝑀(%) × 𝑀𝑀
𝜌𝜌𝐻𝐻𝐻𝐻

1.5 × 𝐷𝐷𝑀𝑀(%) × 𝑀𝑀
𝜌𝜌𝐻𝐻𝐻𝐻

+ (1 − 1.5 × 𝐷𝐷𝑀𝑀(%)) × 𝑀𝑀
𝜌𝜌𝐹𝐹𝐹𝐹
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We used this formula to calculate MC in all cell 
compartments of control and treated cells.  

Measurement of mitochondrial diameter 
The diameter of mitochondria (i.e. the length of 

the small axis parallel to cristae) was measured on 
images of ultrathin cryo-sections of control cells and 
of cells treated with CX, DRB or DAM by using Image 
J software (Rasband, W.S., ImageJ, U. S. National 
Institutes of Health, Bethesda, Maryland, USA, 
https://imagej.nih.gov/ij/, 1997-2018). In each 
condition, 324 to 487 mitochondria were measured. P 
values, compared to control, were calculated using a 
two-tailed Student’s-test unpaired with equal 
variance. 

Heat shock 
HeLa cells stably expressing H2B-GFP, seeded 

on 21-mm uncoated glass-bottomed “Ibidi 
µ-Dish-500” Petri dishes (Ibidi GmbH, Germany), 
were transferred to 42°C for 2.5 h before staining with 
ANS for 30 min at 42°C. 

ANS (8-Anilinonaphtalene-1-sulfonic acid) 
staining to show hydrophobic pockets of 
proteins and unfolded proteins 

ANS, at a final concentration of 200 µM, was 
added to living cells seeded on 21-mm uncoated 
glass-bottomed “Ibidi µ-Dish-500” Petri dishes (Ibidi 
GmbH, Germany) cultured in DMEM without fetal 
bovine serum and incubated for at least 30 min. 
Dishes were immediately placed on the stage of an 
LSM 710-NLO laser scanning confocal microscope 
(Zeiss Microsystems, Gennevilliers, France), enclosed 
in an XL-5 dark LS 2000 incubator (PeCon, Germany), 
maintained at 37°C with a heating unit and 
temperature controller. Two-photon excitation at 750 
nm [32], with a CHAMELEON femtosecond 
titanium-saphire laser (Coherent, Santa Clara, CA) at 
a power of 1.5%, was used to simultaneously elicit 
GFP (H2B-GFP) and ANS fluorescence at 510 nm and 
475 nm, respectively. 

Immunolabeling of UBF, pNBS1, and pNF-κB 
Immunolabeling was carried out on HeLa cells 

stably expressing histone H2B tagged with GFP 
(H2B-GFP) seeded onto coverslips under control 
conditions, and those treated with 2 µM CX-5461 
(Merck Chimie SAS, Fontenay sous Bois, France) for 
30 h to induce senescence, 60 µM DRB (Sigma, Saint 
Quentin Fallavier, France) for 6 h, or 50 ng/mL DAM 
(Sigma, Saint Quentin Fallavier, France) for 3 h or 500 
ng/mL DAM for 7 h. Cells were simultaneously fixed 
and permeabilized with 4% paraformaldehyde and 
0.1% Triton-X100 (Sigma, Saint Quentin Fallavier, 
France) for 5 min at room temperature. Non-specific 

binding sites were saturated by incubation for 30 min 
with 10% normal goat serum (for UBF and fibrillarin 
immunostaining) or overnight with 3% BSA (for 
pNBS1 and pNF-kB immunostaining). Cells were 
immunolabelled by incubation for 30 min at room 
temperature with mouse monoclonal anti-UBF 
diluted 1:200 (Santa Cruz Biotechnology, Tebu-Bio, Le 
Perray en Yvelines, France), rabbit monoclonal 
anti-phospho NBS1 diluted 1:200 (Abcam, Paris, 
France), rabbit monoclonal anti phospho NF-kB p65 
(Ser 536) diluted 1:20 (Invitrogen,). 

Depending on the primary antibody used, the 
cells were then incubated with biotinylated (1:50) 
(Jackson, Interchim, Montluçon, France), or Alexa 
Fluor 568-coupled (1:100) (Molecular Probes, Life 
Technologies, Saint Aubin, France), or Dylight 
633-coupled secondary antibodies (ThermoFischer 
Scientific, Courtaboeuf, France) for 30 min. When 
needed, streptavidin-Alexa-Fluor 568 (1:1000) or 
streptavidin-Alexa 634 (1:500) (Molecular Probes, Life 
Technologies, Saint Aubin, France) were added and 
the mixture was incubated for 30 minutes or 1 h. 
Coverslips were mounted in Citifluor. 

Confocal imaging 
Z-stacks of 40 to 60 optical sections, with 512 x 

512 pixels and 2 16 gray levels, were acquired with an 
LSM 710 confocal microscope (Zeiss Microsystems, 
Gennevilliers, France) equipped with a 63x 
Plan-apochromat 1.4 NA oil objective (Zeiss 
Microsystems, Gennevilliers, France). ANS, GFP, 
Alexa 568, Alexa 634 and Dylight 633 were excited 
either sequentially or simultaneously with different 
laser lines: 750 nm (two-photon), 488 nm (argon laser), 
561 nm (laser diode), and 633 nm (HeNe laser). 
Differential interference contrast (DIC) imaging was 
simultaneously performed with a specific detector for 
transmitted light to visualize organelles in the 
cytoplasm (mitochondria, vesicles) or chromatin 
clumps and nucleoli in the nuclei. Each z-stack was 
then processed using Amira® 6.1 (FEI, Mérignac, 
France) to obtain a surface or volume rendering image 
for one, two or three fluorescent markers. 

Results 
Overview of our cryo-correlative 
nano-imaging approach  

Our electron microscopy approach allowed us 
to: i) quantify dry mass and water content in each 
pixel of the image by dark-field imaging and ii) 
identify and quantify elements (N, P, K, Na, Cl, S, and 
Mg) by energy dispersive X-ray spectrometry (EDXS) 
in nano-ROIs within the compartments of control and 
treated cells. These compartments were located in: i) 
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the nucleus: condensed chromatin, nucleolar 
compartments (dense fibrillary component (DFC), 
granular component (GC) and fibrillar centers (FC)) 
and nucleoplasm and ii) the cytoplasm: cytosol 
without organelles and mitochondria (containing 
cristae). 

From quantification of dry mass and water 
content to the quantification of molecular 
crowding in control cells 

We first quantified the dry mass and water 
content in several ROI of a large number of control 
cells (n= 194). We did not synchronize the cells, and 
thus analyzed the cells in different phases of the 
cell-cycle. We therefore pooled all the data obtained 
for each cell compartment and present only mean 
values. For each compartment, we present the 
percentage of dry mass and water content and their 
ratio (Figure 1A). These data confirmed our previous 
findings [24]. In the nucleus, the highest dry mass 
content was found in condensed chromatin and 
nucleolar DFC and GC (approximately 40 and 30%, 
respectively) whereas the lowest content was found in 
nucleolar FC and nucleoplasm (approximately 15 and 
20%, respectively). In the cytoplasm, the dry mass 
content in mitochondria (41%) was two-fold higher 
than that of cytosol. The percentage of dry mass 
content relative to that of water was much higher in 
condensed chromatin (60%) than in nucleolar DFC 
and GC (40%), nucleolar FC (20%), and nucleoplasm 
(30%). In the cytoplasm, this percentage was more 
than two-fold higher in mitochondria than in cytosol 
(70 and 30%, respectively). 

We then analyzed these data differently. We 
reasoned that the water content of a ROI is distributed 
between free water, FW, and the water used to 
hydrate the macromolecules (see materials and 
methods for details). Hence, we were able to calculate 
the percentage of the volume occupied by hydrated 
macromolecules, MC, and that occupied by FW 
molecules in each ROI of control Hela cells (Figure 
1B). We calculated that MC reached: i) approximately 
50%, 40%, 20 % and 30% in the nucleus for condensed 
chromatin, nucleolar DFC and GC, FC and 
nucleoplasm, respectively, and ii) approximately 55% 
and 30% in the cytoplasm for mitochondria and 
cytosol, respectively. 

Overall, these data demonstrate that MC and the 
volume occupied by FW can be quantified for each 
cell compartment. 

Changes of macromolecular crowding induced 
by several chemical nucleolar stress inducers 

We investigated whether different chemical 
nucleolar stress inducers lead to changes in MC in the 

nuclear and cytoplasmic compartments by testing 
three RNA synthesis inhibitors with completely 
different modes of action: CX-5461, DRB, and DAM.  

CX-5461 selectively inhibits the initiation of Pol 1 
transcription by inhibiting formation of the SL-1 
preinitiation complex at the rDNA promoter [11, 27] 
and is also a G-quadruplex (G4) DNA motif binder 
(28). When used over a long period, it induces the 
senescence of cancerous cells of epithelial origin, such 
as HeLa cells and activates ATM without inducing 
DNA damage [13]. Immunolocalization of UBF and 
fibrillarin (Fig S1) showed that CX-5461 induced 
complete reorganization of the nucleolar components 
relative to that of control cells. In control cells (Fig S1 
A), the nucleoli were large and irregular. They 
contained numerous dots of UBF, each surrounded 
with a rim of fibrillarin, which is part of the 
reticulated network. In CX-5461 treated cells, the 
nucleoli were spherical and surrounded with a rim of 
condensed chromatin. UBF and fibrillarin were never 
organized as caps, but rather as numerous small and 
large dots always in contact with the rim of chromatin 
(Fig S1 B).  

DRB inhibits CK2 kinase [33], which 
phosphorylates many substrates [34], amongst which 
UBF [35] and numerous spliceosomal proteins [36]. It 
inhibits early processing of both rRNA and mRNA 
molecules [10] but doesn’t induce caps [37]. 
Conversely, it induces the characteristic dissociation 
of nucleolar granular component from nucleolar 
fibrillar components (fibrillar centers associated with 
a dense fibrillar component) that results in spread-out 
necklace-like structures [37]. Recently, it was shown 
that such dissociation is due to inhibition, by DRB, of 
the synthesis of alu element-containing RNAs [38], 
which maintain the cohesion of nucleolar components 
[39].  

DAM directly interacts with DNA. At low 
concentrations, it intercalates into rDNA genes and 
inhibits Pol I progression, inducing rapid inhibition of 
rRNA synthesis [10] and extensive reorganization of 
the nucleolar components into light and dense caps 
[40, 41]. At high concentrations, it inhibits Pol I, Pol II, 
and Pol III progression; it also generates 
double-strand breaks in DNA [26] and finally induces 
apoptosis [25].  

We performed the analysis in triplicate for each 
drug. Briefly, we divided the cell cultures into two 
parts: one in which the cells were not treated with the 
drug (control) and one in which the cells were treated 
with the chosen drug at the concentration and for the 
time indicated above. Numerous cells were analyzed 
(in which numerous sub compartments were also 
analyzed) for each condition to quantify dry mass and 
water content in different ROI, i.e.: condensed 
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chromatin, nucleolar DFC, GC, and FC, nucleoplasm, 
cytosol, and mitochondria. These data were collected 
and used to calculate the mean MC in each ROI of 
control and treated cells. MC within the ROI of treated 
cells changed markedly relative to the same ROI of 
control cells (Figure 1C). CX-5461 induced a strong 
increase in MC which reached 65 to 80% in condensed 
chromatin, nucleolar DFC and GC (of note: FC were 
no longer observed within CX-5461 treated cells), 
nucleoplasm, and cytosol, whereas it reached 100% in 

mitochondria. DRB induced a modest increase in MC, 
which reached approximately 60 and 50% in 
condensed chromatin and nucleolar DFC and GC, 
respectively. MC didn’t change in the FC, 
nucleoplasm, or cytosol, whereas it strongly increased 
to 80% in the mitochondria. Conversely, DAM 
induced a strong decrease in MC in all cell 
compartments of non-apoptotic cells, dropping to 
only 10 to 20% (apoptotic cells were not investigated 
in the present study). 

 

 
Figure 1. A) Quantification of the percentage of dry mass (DM) and water content (W) by dark-field cryo-electron microscopy imaging of the main compartments 
of control cells. For each compartment, data were pooled and the means and their ratio (DM/W) are shown (n = 194 cells). B) Mean percentage of the volume 
occupied by hydrated macromolecules (i.e. macromolecular crowding) and free water in the main compartments of control cells (n = 194 cells). C) Mean of the 
percentage of macromolecular crowding in the main compartments of control cells (Ctrl; n = 194 cells) and cells treated with CX-5461 for 30 h (n = 61 cells), DRB 
for 6 h (n = 62 cells), and DAM (low and high concentration) during 4 and 7 h, respectively (n = 39 non apoptotic cells). Condensed chromatin (cond.chr.), nucleolar 
dense component (DFC), nucleolar granular component (GC), nucleolar fibrillar centers (FC), nucleoplasm (nucleopl.), cytosol, and mitochondria (mitoch.). Data are 
the means of three separate experiments +/- 1 standard deviation.  
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Overall, these data show that the MC of cell 
compartments increases following treatment with 
CX-5461 and DRB, whereas it decreases following 
DAM treatment. 

Moreover, we calculated how these data change 
if the hydration value of 0.5 g of water per g of dry 
matter (see material and method section) was 0.3 g, 
0.4g or 0.6g as proposed in some studies [42]. We 
found (results not shown) that, compared to MC 
calculated with 0.5g value, MC decreases by around 
16% or 8 % or increases by 8 % when hydration value 
is 0.3, 0.4 or 0.6 respectively. 

Changes of mitochondrial ultrastructure 
induced by CX-5461, DRB, and DAM 
treatment 

Considering that CX-5461, DRB and DAM 
treatments induce strong changes in MC of all cell 
compartments, we investigated whether they induce 
ultrastructural changes in terms of shrinking or 
swelling of organelles. As an example we compared 
the structure of mitochondria imaged within ultrathin 
cryo-sections of control or CX-5461, DRB or DAM 
treated cells (Fig S2 A). Clearly, we evidenced that 
typical tubular mitochondria containing cristae were 
evidenced in all conditions. However, by measuring 
the diameter of mitochondria (Fig S2 B), we found 
that the diameter of mitochondria in CX-5461 and 
DRB treated cells were shorter than in control cells 
(152, 179 and 259 nm respectively). At the opposite, 
the diameter of mitochondria in DAM-treated cells 
was similar to that of control cells (255 nm). 

Changes in elemental content induced by 
CX-5461, DRB, and DAM 

We investigated whether CX-5461, DRB, and 
DAM induce changes in the content of the main 
elements (N, P, K, Na, Cl, and S) by quantifying them 
by energy dispersive X-ray spectrometry (EDXS) in 
ROI of cell compartments in control and treated cells 
as described above. 

We calculated the elemental content in mmol/L 
by considering the water content previously 
measured in the exact same ROI [23]. The changes in 
elemental content in treated cells were large. Thus, we 
simplified the presentation of the data by showing the 
increase or decrease of elemental content relative to 
control cells (Figure 2). In cells treated with CX-5461, 
the elemental content strongly increased in all cell 
compartments (Figure 2A). Setting the content in the 
ROI of control cells to 100%, the elemental content 
increased approximately to between 150 and 250% in 
condensed chromatin, nucleolar DFC and GC, and 
mitochondria, whereas it increased to 300 to 400 % in 
the nucleoplasm and cytosol. N increased to 

approximately 500% in the nucleoplasm and 
mitochondria. In cells treated with DRB, the elemental 
content increased to between 150 and 300% relative to 
that of control cells in all cell compartments. In 
contrast, cells treated with both low and high 
concentration of DAM showed a large decrease in the 
content of all elements, which dropped to only 25 to 
50% of that of control cells. Cl- showed the largest 
decrease, dropping to approximately 15% of the value 
of control cells in the nucleoplasm, cytosol, and 
mitochondria (Figure S3). 

Thus, the main elemental content of cell 
compartments increased in response to CX-5461 and 
DRB, whereas it decreased in response to DAM 
treatment. 

Changes in the localization of misfolded and 
hydrophobic proteins induced by CX-5461, 
DRB, and DAM 

We investigated whether the large changes in 
MC induced by CX-5461, DRB, and DAM, were 
concomitant to changes in the localization of 
misfolded and hydrophobic proteins, by incubating 
living cells with a dye, 8-Anilinonaphtalene-1-sulfonic 
acid (ANS), which binds to the hydrophobic pockets 
of proteins and to unfolded proteins [32]. Under these 
conditions, ANS becomes highly fluorescent and can 
be imaged using two-photon microscopy. Z-stacks 
containing approximately 60 slices were 
simultaneously acquired in two channels: H2B-GFP 
fluorescence for chromatin imaging and ANS 
fluorescence for hydrophobic and unfolded protein 
localization. We then processed the z-stacks to 
perform 3D surface rendering of H2B-GFP and ANS 
fluorescence. The upper half of each cell was removed 
to visualize ANS fluorescence in the interior of the 
cytoplasm and the nucleus (Figure 3). In control cells 
(Figures 3A1 and 3A2), ANS fluorescence in the 
cytoplasm was present in reticulated structures, in a 
continuous layer located close to the nuclear 
envelope, and was absent from the nucleus and, more 
particularly, the nucleoli (red arrows), as previously 
described [32, 43]. We subjected the cells to heat shock 
by placing them at 42°C for 3 hours as previously 
shown, to obtain a positive control for ANS 
fluorescence in the nucleus [32, 43]. Under these 
conditions (Figures 3A3 and 3A4), ANS fluorescence 
was clearly detectable in the nucleolus (blue arrow in 
Figure 3A4). After treatment of the cells with CX-5461 
(Figure 3B1 and 3B2), ANS fluorescence was higher in 
the cytoplasm and more compact than that in control 
cells. However, ANS fluorescence was present neither 
in the nucleus nor in the nucleolus (red arrow). We 
obtained the same results after DRB treatment 
(Figures 3C1 and 3C2). After treatment of the cells 
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with DAM (Figures 3D1 and 3D2), ANS fluorescence 
in the cytoplasm was lower than that in control cells: it 
was both present in reticulated structures and absent 
from large sub volumes of the cytoplasm. Similar to 

CX-5461 and DRB treatments, ANS fluorescence was 
visible neither in the nucleus nor in the nucleoli (red 
arrows).  

 

 
Figure 2. Quantification of the main elements (N, P, K, Na, Cl, and S) by energy dispersive X-ray spectrometry (EDXS) in regions of interest (ROI) of compartments 
in control cells and cells treated with CX-5461, DRB, or DAM. For clarity, data are shown as the percentage relative to control cells (100%). A) Cells treated with 
CX-5461 for 30 h (n = 61 cells), B) cells treated with DRB for 6 h (n = 62 cells), C) cells treated with DAM (low and high concentration) for 4 and 7 h, respectively 
(n = 39 non apoptotic cells). Condensed chromatin (cond.chr.), nucleolar dense component (DFC), nucleolar granular component (GC), nucleolar fibrillar centers 
(FC), nucleoplasm (nucleopl.), cytosol, and mitochondria (mitoch.). Data are the means of three separate experiments +/- 1 standard deviation.  
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Figure 3. Three-dimensional visualization of misfolded and of hydrophobic proteins shown by ANS fluorescence (blue channel) in HeLa cells stably expressing 
H2B-GFP (green channel) by confocal microscopy. Control cells and cells treated with CX-5461, DRB, or DAM without heat-shock ((-) hs) or with heat-shock for 
3 h ((+) hs). The upper half of each cell was removed to show the internal 3D distribution of fluorescence. A1 to A4) Control cells before heat-shock ((-) hs) or after 
heat-shock ((+) hs). B1 to B4) Cells treated with CX-5461 for 30 h without heat-shock ((-) hs) or followed by heat-shock ((+) hs). C1 to C4) Cells treated with DRB 
for 6 h without heat-shock ((-) hs) or followed by heat-shock ((+) hs). D1 to D4) Cells treated with DAM for 7 h without heat-shock ((-) hs) or followed by heat-shock 
((+) hs). Red arrows point to nucleoli without ANS fluorescence and blue arrows to nucleoli with ANS fluorescence after heat-shock (control cells and cells treated 
with DAM). Scale bar is 10 µm for all images. 

 
We investigated whether cells previously treated 

with CX-5461, DRB, or DAM are sensitive to 
heat-shock by incubating them at 42°C for 3 hours at 
the end of each treatment. Under these conditions, we 
observed no nucleolar ANS fluorescence for cells 
previously treated with CX-5461 or DRB (Figures 3B3, 
3B4, 3C3 and 3C4; red arrows point to the nucleoli), 

but cells previously treated with DAM showed 
detectable ANS fluorescence (Figures 3D3 blue arrow 
on Figure 3D4).  

Thus, a shift of misfolded and hydrophobic 
proteins to the nucleolus was not induced by CX-5461, 
DRB, or DAM treatment alone, but was induced by 
heat shock in control and DAM-treated cells. 
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Intranuclear localization of phosphorylated 
NBS1 in cells treated with CX-5461, DRB, or 
DAM 

It was recently demonstrated [13] that CX-5461 
does not induce DNA double-strand breaks but 
activates non-canonical ATM/ATR signaling 
(Ataxia-Telangiectasia Mutated kinase/ATM Rad-3 
related) [44]. Such activation induces the translocation 
of phosphorylated Nijmegen Breakage Syndrome 1 
(p-NBS1) to the nucleus and, more particularly, to the 
nucleolus. High concentrations of DAM generate 
DNA double- strand breaks [45] and phosphorylation 
of the core histone variant γ-H2AX, which localizes to 
RNA nuclear bodies [26, 46]. These findings 
prompted us to compare the nuclear and, more 
particularly, the nucleolar localization of p-NBS1 after 
CX-5461, DRB, or DAM treatment. We simultaneously 
compared immuno-localization of p-NBS1 to that of 
UBF by recording z-stacks of images by confocal 
microscopy. In control cells, p-NBS1 localized neither 
to the cytoplasm nor the nucleus (results not shown). 
Moreover, we controlled that p-NBS1 was not present 
in the nuclei of cells treated with DRB (results not 
shown), as DRB does not activate ATM [47]. One 
section passing through the nucleus (figure 4A) 
showed p-NBS1 to be distributed as dots 0.4 to 0.8 µm 
in diameter both outside and within the nucleoli of 
cells treated with CX-5461 for 30 h. Those outside the 
nucleoli were located at the border of condensed 
chromatin, whereas those within were located 
between the spherical nucleoli and the condensed 
chromatin lining the nucleoli. We simultaneously 
visualized the chromatin in the entire nucleus (by 
transparent surface rendering), p-NBS1 in 3D (by 
compact surface rendering), and UBF in 3D (by 
transparent surface rendering) (figure 4B). This view 
showed p-NBS1 in the nucleoplasm to be distributed 
as 20 to 30 dots in which UBF was never co-localized. 
In contrast, nucleolar p-NBS1 was distributed as 5 to 
15 dots (depending on the size of the nucleolus) which 
were co-localized with similar dots of UBF. A higher 
magnification view of the largest nucleolus (Figure 
4C) showed all the dots containing both p-NSB1 and 
UBF to be located on the surface of the spherical 
nucleolus.  

One section passing through the nucleus of 
non-apoptotic cells treated with the high 
concentration DAM for 7 h (figure 4D) showed 
p-NBS1 to be much more abundant than in CX-5461 
treated cells and to be located both outside and within 
the nucleoli. In the nucleoplasm, p-NBS1 was 
distributed throughout large areas located in between 
clumps of condensed chromatin. In the nucleoli, 

p-NBS1 was located in typical caps that also contained 
UBF. We simultaneously visualized the chromatin in 
the whole nucleus (by transparent surface rendering), 
p-NBS1 in 3D (by compact surface rendering), and 
UBF in 3D (by transparent surface rendering) (Figure 
4E). This view showed p-NBS1 in the nucleoplasm to 
be distributed within approximately 10 large irregular 
structures of 1.5 to 2 µm in size in which UBF was not 
co-localized. A higher magnification view of the 
largest nucleolus (Figure 4F) showed p-NBS1 and 
UBF to be systematically co-localized within canonical 
caps. 

These data show that p-NBS1 and UBF 
co-localized to the periphery of nucleoli when cells 
were treated with CX-5461 and DAM, but not when 
they are treated with DRB. 

Intranuclear localization of NF-κB in cells 
treated with CX-5461, DRB or DAM 

Numerous anti-cancerous drugs induce the 
translocation of NF-κB to the nucleus [48]. Recently, it 
was shown that treatment with DAM at low 
concentrations induces translocation of NF-κB to the 
nucleus and the transcription of NF-κB regulated 
genes [49]. Aspirin induces the NF-κB pathway and 
translocation of NF-κB to the nucleolus [50, 51]. We 
thus investigated whether the same phenomenon 
occurs in cells treated with CX-5461, DRB, or DAM. 
We localized phospho-NF-κB (pNF-κB) by confocal 
microscopy. pNF-κB was absent from the cytoplasm 
and nucleus of control cells (results not shown). We 
obtained the same result for cells treated with 
CX-5461 and DRB (results not shown). Treatment of 
the cells with high concentration of DAM resulted in 
detectable pNF-κB in the cytoplasm and more in the 
nucleus of non-apoptotic cells (figure 5A and D). In 
the nucleus, pNF-κB was distributed as several dots 
within clumps of chromatin and within large 
structures at the periphery of the nucleoli where it 
was not co-localized with UBF (Figure 5A) nor 
fibrillarin (Figure 5D). We simultaneously visualized 
chromatin in the whole nucleus by transparent 
surface rendering and pNF-κB, caps of UBF (Figure 
5B) or caps of fibrillarin (Figure 5E) by compact 
surface rendering. These views showed pNF-κB to be 
distributed in the cytoplasm and nucleoplasm as rare 
dots, whereas it was present within large caps in the 
nucleolus. A higher magnification view showed the 
caps of pNF-κB to overlap with neither the caps of 
UBF (Figure 5C) nor those of fibrillarin (Figure 5F).  

These data show that only DAM treatment 
induced the localization of pNF-κB to within 
nucleolar caps that do not contain UBF nor fibrillarin. 
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Figure 4. Immunolocalization of phosphorylated NBS1 (NBS1) (red channel) and UBF (blue channel) in HeLa cells stably expressing H2B-GFP (green channel) 
treated with CX-5461 or DAM by confocal microscopy. A to C) Cells treated with CX-5461 for 30 h: A) one optical section; B) 3D visualization of chromatin 
(transparent green), NBS1 (red surface rendering), and UBF (blue transparent surface rendering); C) zoom of one nucleolus, showing surface rendering of chromatin 
(green), NBS1 (red), and UBF (transparent blue). D to F) Non-apoptotic cells treated with DAM for 7 h: D) one optical section; E) 3D visualization of chromatin 
(transparent green), NBS1 (red surface rendering), and UBF (blue transparent surface rendering); F) zoom of one nucleolus, showing chromatin (green), NBS1 (red), 
and UBF (transparent blue). NU(nucleolus). Scale bar is 5 µm for images A, B, D, E and 2 µm for images C and F.  
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Figure 5. Immunolocalization of phosphorylated NF-κB (NF-κB) (red channel) in non-apoptotic HeLa cells stably expressing H2B-GFP (green channel) treated with 
DAM for 7 h by confocal microscopy. A to C) Co-localization of NF-κB (red) and UBF (blue): A) one optical section; B) 3D visualization of chromatin (transparent 
green), NF-κB (red surface rendering), and UBF (blue transparent surface rendering); C) zoom of one nucleolus, showing chromatin (green), NF-κB (red), and UBF 
(blue). D to E) Co-localization of NF-κB (red) and fibrillarin (blue): D) one optical section; E) 3D visualization of chromatin (transparent green), NF-κB (red surface 
rendering), and fibrillarin (blue surface rendering); F) zoom of one nucleolus, showing chromatin (green), NF-κB (red), and fibrillarin (blue). NU (nucleolus). Scale bar 
is 5 µm for images A, B, D, E and 2 µm for images C and F. 
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Discussion  
Changes in cellular processes and metabolism 

correlate with changes in various cellular biophysical 
parameters, such as the volume of the cells, volume of 
their compartments, macromolecular crowding (MC), 
stiffness, diffusion of macromolecules, dry mass, and 
water content [14, 22, 52].  

Here, we used a novel approach to investigate 
the effects of chemotherapeutic nucleolar stress 
inducers [8, 12, 53] by addressing how they affect 
various cellular biophysical parameters, in particular, 
dry mass, water, and elemental content. We used a 
cryo-correlative analytical method that we previously 
developed [23] to directly quantify these parameters 
in targeted nano-regions of various cellular 
compartments. We used the resulting data to calculate 
the percentage of the volume occupied by hydrated 
molecules (i.e. MC) and that occupied by free water 
(FW). For the calculation of MC, we chose a given 
hydration value of macromolecules (g of water/g of 
dry matter). It is admitted that hydration of 
macromolecules can vary from 0.3 to 0.65 g (42). 
However, as it is unknown whether the value of 
hydration of macromolecules varies from one cell 
compartment to another one, we decided to use a 
median hydration value of 0.5 g which is classically 
admitted (19). Here, we show that the treatment of 
cells with different chemotherapeutic nucleolar stress 
inducers results in opposite changes in MC and 
elemental content. We were able to correlate these 
changes with the sensitivity of treated cells to 
heat-shock and the localization of pNBS1 and pNF-kB 
in the nucleolus. 

Control cells 
MC affects the diffusion of solute molecules, 

protein folding, enzyme catalysis, and metabolism 
[19, 20]. Our data provide detailed insights into the 
relationship between MC (and FW) and the main 
functions of the nuclear and cytoplasmic 
compartments. 

In the nucleolus, we show that FCs, where rDNA 
loops are transcribed [54, 55], are highly hydrated 
(MC = 20%, FW = 80%), whereas DFC/GC, where 
rRNAs are processed [55], are much more crowded 
(MC = 40%, FW = 60%). Outside of the nucleolus, 
mRNA synthesis and processing in the nucleoplasm 
take place in a highly hydrated compartment (MC = 
25%, FW = 75%), whereas transcriptionally inactive 
condensed chromatin is highly crowded (MC = 50%, 
FW = 50%). We also show that 50 to 60 % of the 
volume of the so-called nuclear “dense 
compartments”, such as nucleolar DFC and GC and 
condensed chromatin, is made up of FW. These data 

are consistent with the previously proposed “sponge 
model” of nuclear organelles [56] and the capacity of 
nuclear proteins to diffuse and visit the entire nucleus, 
even the denser compartments [57].  

Our study shows that the cytosol, in which most 
of metabolism steps take place outside of any 
membrane, is highly hydrated (MC = 30%, FW = 
70%). Recent studies [58] demonstrated that cell 
metabolism is optimal when MC is approximately 
37% and is less efficient below and above this value 
because all reactions are either diffusion limited or at 
saturation when MC approaches 22 to 80% 
respectively. The values of MC we measured in the 
cytosol and mitochondria are in the range required for 
optimal cell metabolism. It has also been calculated 
[21] that production of the same amount of energy 
from glucose requires 5 to 50 times less space in the 
cytosol by fermentation than in mitochondria by 
oxidative phosphorylation (OxPhos), due to MC. Our 
finding that MC in the cytosol (30%) is close to the 
optimal value of 37% is consistent with mixed 
OxPhos/fermentation metabolism (overflow 
metabolism) and the known limited OxPhos capacity 
in the mitochondria of HeLa cells [59]. 

The highest MC among all cell compartments we 
studied was found in mitochondria (55%). This result 
is consistent with the fact that proteins of the matrix, 
which represent 67% of all mitochondrial proteins, 
reach the high concentration of 56% [60]. However, 
our finding that 45% of the volume is made of FW also 
agrees with the model of enzyme clustering in 
membrane-associated complexes, which allows a high 
rate of diffusion of solutes in the matrix [61].  

Our quantification of MC can also provide 
insight on stiffness and viscosity. Indeed, it is known 
that viscosity increases exponentially with MC [62]. 
Moreover, micro-viscosity, which governs the 
translation and rotation of molecules, was recently 
measured in various cell compartments of living cells 
[63]. It was shown that micro-viscosity strongly 
increases from the cytosol to nucleus and 
mitochondria. Our present data offer the opportunity 
to correlate MC and micro-viscosity, although they 
are different biophysical parameters. Thus, we can 
deduce that a low MC (30% in the cytosol) correlates 
with a low micro-viscosity (35 cPg), whereas a higher 
MC (55% in the mitochondria) correlates with a very 
high micro-viscosity (325 cPg). 

Nucleolar stress inducers 
The chemical inhibitors we studied here were 

chosen due to their highly distinct effects on rRNA 
synthesis and processing and their induction of a 
nucleolar stress. In control HeLa cells we studied here, 
it is known that p53 is degraded by the HPV E6 
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oncoprotein (64). However, as p53 quantity is strongly 
increased in HeLa cells treated with CX-5461 (65), 
with DRB (66) or with DAM (67), we consider that 
nucleolar stress is p53-dependent in these treated 
cells. Our study revealed that CX-4561, DRB, and 
DAM induced distinctive, thus far unrecognized, 
changes in MC and FW and elemental content in all 
cell compartments. Each individual treatment 
induced highly similar changes in all cell 
compartments, but each of the three nucleolar 
stressors induced different global changes.  

CX-5461 induces specific total inhibition of 
rRNA transcription [27], which is a condition to 
maintain senescence [68]. We observed a strong 
increase of both MC and elemental content and a 
strong decrease of FW, which could alter biophysical 
and metabolic characteristics. Thus, our findings 
suggest that these changes may severely limit the 
diffusion of solutes, as shown in other conditions [17, 
52], tune weak interactions [18], and increase intrinsic 
stiffness, as observed for senescent [69] and aging 
cells [70].  

DRB treatment induced a moderate increase of 
MC in all cell compartments, except mitochondria, 
and a two-fold increase in elemental content. These 
limited changes may represent a biophysical marker 
of the characteristic nucleolar modifications induced 
by DRB treatment, which include: i) inhibition of the 
early processing of rRNA and mRNA molecules but 
not rRNA transcription [10], ii) inhibition of the 
synthesis of alu element-containing RNA, which 
induces the expansion of the nucleolar structure [38, 
39], but without marked reorganization of the 
nucleolar components, such as their segregation or 
capping, iii) moderate changes in the abundance of 
ribosomal proteins in the nucleolus [71], and iv) 
reversibility of the nucleolar structural and functional 
changes following the removal of DRB [37], in 
contrast to CX-5461 and DAM treatment.  

Conversely, we found that the inhibition of 
transcription by RP I, RP II, and RP III with the high 
concentration of DAM induced a dramatic decrease of 
MC in all cell compartments. This result is consistent 
with analysis of the nucleolar proteome, 
demonstrating that DAM treatment induces a 
decrease in the abundance of numerous nucleolar 
proteins [71]. Moreover, lower MC is associated with 
lower stiffness [62]. Thus, the lower nucleolar MC we 
measured agrees with the decrease in stiffness 
previously quantified by atomic force microscopy on 
isolated nucleoli of DAM-treated cells [72]. 

We demonstrated that none of the three tested 
drugs induced reorganization or deposition of 
misfolded or hydrophobic proteins in the nucleus by 
ANS staining. However, we showed that only 

DAM-treated cells were sensitive to an environmental 
change, such as heat-shock. This finding reinforces the 
working hypothesis that cells become sensitive to 
environmental changes when they acquire a low MC 
and that an increase in MC is protective [22]. 

We showed that none of the three tested drugs 
induced a change in the classical tubular structure of 
mitochondria and of cristae. However, two of these 
drugs (CX-5461 and DRB) induced a diminution of 
their diameter whereas the three drugs induce a 
change of mitochondrial MC. As cellular metabolism, 
and particularly that of glucose, depends on MC [21], 
the changes in MC in mitochondria due to drug 
treatment may induce dramatic effects on 
metabolism. Indeed, the large increase of MC in 
mitochondria (100%) and cytosol (70%) in senescent 
cells induced by CX-5461 is in agreement with three 
well-known characteristics of senescent cells [73, 74]: 
i) limited mitochondrial activity, ii) a shift to 
glycolysis, and iii) a drop in ATP production that we 
hypothesize to be due to less efficient glycolysis than 
in control cells. 

The low MC of cytosol and mitochondria (10 and 
20% respectively) in non-apoptotic DAM-treated cells 
suggests higher mitochondrial activity than in control 
cells. This is consistent with our previous finding [25] 
that mitochondrial activity increases by 30 to 40% 
several hours following DAM treatment and then 
abruptly decreases before the cells engage in 
apoptosis.  

The DNA damage response (DDR) pathway may 
be activated by diverse stimuli [44]. CX-5461 and 
DAM activate non-canonical [13] and canonical [26] 
DDR responses, respectively. By co-localizing 
phosphorylated Nijmegen breakage syndrome 
protein 1 (pNBS1), one component of the MRN/ATM 
complex, with UBF which always binds to rDNA 
repeats in these treated cells [13], we showed that 
these two proteins always overlap within the 
nucleolar domain. This confirms the association of 
pNBS1 and rDNA upon activation of the DDR 
response [13, 75]. Here, we show that non-canonical 
and canonical DDR activation take place in cells with 
high and low MC, respectively, representing two 
different biophysical conditions. However, further 
experiments are needed to determine whether these 
changes are the consequence, cause or have no link 
with these two types of DDR activation. 

Many chemotherapeutic drugs activate the 
NF-κB pathway [48]. A recent study showed that 
DAM at low concentrations induces the 
phosphorylation of NF-κB, its translocation to the 
nucleus, and the activation of several NF-κB regulated 
genes [49]. Here, we showed that, among the three 
tested drugs, only DAM treatment at a high 
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concentration induced the nuclear translocation of 
pNF-κB. In these pre-apoptotic cells [25], pNF-κB 
exclusively localized to nucleolar caps that contained 
neither UBF nor fibrillarin. Such nucleolar localization 
is consistent with previous findings showing that 
proapoptotic treatment with aspirin [50] or other 
numerous active molecules [76] induces the 
localization of pNF-κB to the nucleolus. Such 
nucleolar localization is considered to be due to the 
sequestration of pNF-κB, which decreases the 
transcription of NF-κB-driven anti-apoptotic genes 
and, consequently, induces apoptosis [51]. The 
translocation of pNF-κB from the nucleoplasm to 
nucleolus takes place only after several hours of 
aspirin treatment [50]. We hypothesize that a similar 
phenomenon takes place following DAM treatment, 
in which changes arise in two main steps during 
which mitochondrial activity successively increases 
and decreases before apoptosis, as we previously 
showed [25]. Thus, DAM first rapidly inhibits rDNA 
transcription [10, 13]. Concomitantly, DAM (at low or 
high concentration) induces a strong decrease in MC 
and elemental content, particularly Cl- (this work). 
Although we do not know the cause of these 
phenomena, it is likely that the decrease of Cl- content 
promotes NF-κB activation and its translocation to the 
nucleus, as demonstrated in normal [77] and 
cancerous cells [78]. DAM at low doses induces 
activation of NF-κB and of its target genes [49]. We 
thus hypothesize that the same is true during first 
period after treatment with a high dose of DAM, as in 
our study. The activation of NF-κB may induce an 
increase in mitochondrial metabolism [79] and the 
expression of antioxidant proteins to protect the cells 
from ROS toxicity [80]. The lower MC we observed 
also favors higher mitochondrial metabolism, as 
stated above. During a second step, the sequestration 
of pNF-κB to the nucleolus results in a decrease in 
NF-κB-driven transcription [51]. As NF-κB-driven 
transcription is concomitant to the total inhibition of 
RPI, RPII, and RPIII by the high dose of AMD, we 
propose that this induces: i) cessation of the synthesis 
of mitochondrial scavengers, ii) damage to the highly 
active mitochondria, similarly to the action of a NF-κB 
inhibitor [81], and finally iii) apoptosis [25].  

Conclusion 
Numerous studies have addressed the 

importance of both intracellular water homeostasis 
[82] and of MC [19, 20, 22]. Recent studies have 
demonstrated that changes in MC and water efflux 
can result from various stresses, such as glucose 
starvation [52], cell spreading, and osmotic 
compression [17]. We show that three nucleolar stress 
inducers, CX-5461, DRB, and DAM, which inhibit 

rRNA and mRNA synthesis and/or processing, also 
induce marked, thus far unrecognized, changes in 
MC, FW and elemental content. Thus, the changes we 
observed reinforce the notion that the type of therapy 
may influence the metabolic reprogramming of cancer 
cells [83], as cellular metabolism is dependent on MC 
[21]. In the future, it will be necessary to test: i) 
whether other nucleolar stress inducers result in 
changes to MC and elemental content and ii) whether 
tumors treated with chemotherapeutic drugs that 
induce an increase in FW and a decrease in elemental 
content are more sensitive, in vivo, to additional 
treatment, such as hyperthermia [84] or ionizing 
radiation, which induces water radiolysis [85].  
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