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Abstract 

Introduction  Nucleoli are large nuclear sub-compartments where vital processes, such as ribosome assembly, 
take place. Most nucleolar proteins are essential; thus, their abrogation cannot be achieved through conventional 
approaches. This technical obstacle has limited our understanding of the biological functions of nucleolar proteins 
in cell homeostasis and cancer pathogenesis.

Methods  We applied the Auxin Inducible Degron (AID) proteolytic system, paired with CRISPR/Cas9 knock-in gene-
editing, to obtain an unprecedented characterization of the biological activities of Nucleolin (NCL), one of the most 
abundant nucleolar proteins, in Triple Negative Breast Cancer (TNBC) cells. Then, we combined live-cell imaging, 
RNA-sequencing, and quantitative proteomics, to characterize the impact of NCL acute abrogation on the behavior 
of TNBC cells. Finally, we used in silico analyses to validate NCL molecular role in TNBC patients.

Results  Acute abrogation of endogenous NCL impacted both the transcriptome and the proteome of TNBC cells, 
particularly affecting critical players involved in ribosome biogenesis and in cell cycle progression. Unexpectedly, NCL 
depletion limited cancer cell ability to effectively complete cytokinesis, ultimately leading to the accumulation of bi-
nucleated cells. In silico analyses confirmed that the levels of regulators of cell cycle progression and chromosome 
segregation correlated with NCL abundance in TNBC patients. Finally, NCL degradation enhanced the activity of phar-
maceutical inhibitors of cellular mitosis, such as the Anaphase Promoting Complex inhibitor APCin.

Conclusions  Our findings indicate a novel role for NCL in supporting the completion of the cell division in TNBC 
models, and that its abrogation could enhance the therapeutic activity of mitotic-progression inhibitors.
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Introduction
The nucleolus is a prominent sub-nuclear organelle of 
eukaryotic cells [1]. The most extensively described func-
tion of the nucleolus is the synthesis of ribosomal RNA 
(rRNA) and assembly of the ribosomes [1, 2]. The nucleo-
lus also acts as a sequestration compartment for proteins 
with critical cellular functions such as cell cycle progres-
sion, telomere elongation, DNA damage response, and 
cell death [3]. For these reasons, the nucleolus is now 
considered a central hub where multiple intra- and extra-
cellular signals converge and modulate cell homeostasis 
and stress response [1, 3, 4].

Alterations of nucleolar size, structure, and number are 
associated with physiological aging and a wide range of 
human diseases, such as neurodegenerative disorders, 
progeria, and cancer [5–8]. Particularly in breast can-
cer, nucleolar area is associated with reduced disease-
free survival after surgical tumor resection [9]. For these 
reasons, nucleolar histologic features are considered an 
underestimated, clinically relevant indicator associated 
with poor prognosis [9, 10].

In this study, we investigated the biological activities 
of nucleolin (NCL), one of the most abundant nucleo-
lar proteins in human cells [11, 12]. NCL is involved in 
rRNA expression and maturation, chromatin remodeling, 
and translational regulation [12, 13]. NCL is also consist-
ently upregulated in human tumors. However, deeper 
understanding of NCL biological functions has remained 
elusive, which has prevented the clinical translation of 
anti-NCL agents thus far [14–16].

It remains to be determined, for example, whether NCL 
overexpression has a causal role in cancer pathogenesis 
or is the result of the transformation process itself. This 
knowledge gap is partially due to experimental challenges 
in modulating the expression or the activity of nucleolar 
proteins in cellular systems. In fact, overexpression of 
NCL has proven difficult, due to its extreme abundance 
at the basal level [17]. On the other end, most nucleo-
lar proteins have an essential role, therefore the use of 
knock-out or shRNA/siRNA approaches, all requiring 
several days to achieve their effect, is not ideal to assess 
their direct biological functions [18]. Finally, both over-
expression and silencing of nucleolar proteins can lead to 
a chronic alteration of cell homeostasis, ultimately pre-
venting the ability to discriminate between the biological 
functions of these proteins and the downstream conse-
quences of their experimental alterations [19]. Overcom-
ing these limitations would improve our understanding of 
the biological functions of nucleolar proteins, supporting 
the development of appropriate therapeutic approaches 
for human diseases where nucleolar functions are altered.

Here, we leveraged the Auxin Inducible Degron (AID) 
“on-demand” proteolytic system to push the boundaries 

imposed by NCL knock-down, knock-out, or overex-
pression approaches [20, 21]. Using CRISPR/Cas9-based 
gene editing, we generated Triple Negative Breast Can-
cer (TNBC) cell lines where endogenous NCL is fused to 
an AID tag, to promptly control its cellular levels using 
the phytohormone auxin with unprecedented specific-
ity and temporal resolution. Then, we performed short-
term functional assays to assess the biological impact of 
NCL acute depletion on the biology of TNBC cells and 
validated our results using in silico analyses of TNBC 
patients’ data. Overall, our findings support a novel role 
for NCL in the control of the cell division cycle in TNBC 
cells.

Results
NCL is upregulated in aggressive breast cancer and TNBC
NCL has been previously reported to be upregulated in 
most human tumors, particularly BC [14, 22]. However, a 
comprehensive analysis of NCL RNA and protein expres-
sion in different subtypes and stages of BC had not been 
performed. We examined patient data collected by The 
Cancer Genome Atlas (TCGA) [23], where breast can-
cer samples are subdivided into the following subtypes 
based on their gene expression profiling: Normal-like, 
Luminal A, Luminal B, HER2-enriched, and Basal-Like 
[24]. Our analysis revealed that NCL expression levels 
were significantly higher in the Basal-Like BC subtype, 
in comparison with Normal-like samples, than any other 
subtype (Fig.  1A). A similar analysis on protein data of 
the CPTAC database [25] confirmed that Basal-Like BC 
subtypes expressed the highest levels of NCL protein, 
in comparison with the others (Figure S1 A). We also 
observed a significant increase in NCL protein levels in 
Basal-Like BC samples in comparison with all the non-
basal BC subtypes pooled together (Figure S1B).

The Basal-Like subtype of BC patients includes the 
vast majority of TNBC samples [26]. Therefore, we 
assessed NCL expression levels on an independent data-
set (FUSCC cohort [26]) of TNBC patients, previously 
stratified as Basal (characterized by an aggressive phe-
notype and poor prognosis) or non-Basal (less aggressive 
and with a better prognosis). Our analysis indicated that 
NCL levels were significantly higher in the Basal subtype 
of TNBC (Fig.  1B). Finally, we queried the TCGA data-
base to assess whether NCL overexpression was associ-
ated with specific clinical stages of BC development. BC 
samples classified as Stage I through IV did not display a 
significant association between NCL overexpression and 
BC clinical stage (Fig. 1C).

Altogether, these results indicate that, among all BCs, 
Basal-Like BCs, and specifically TNBC with worse prog-
nosis and aggressive phenotype, display higher NCL 
RNA and protein levels. Notably, NCL expression did 
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not change during clinical progression, suggesting that its 
overexpression might be associated with the early stages 
of BC pathogenesis.

The auxin inducible degron system accomplishes 
an efficient and fast depletion of NCL
Since NCL is significantly upregulated in TNBC, we 
decided to investigate the effects of its complete abroga-
tion in a cellular model of this BC subtype. We used the 
Cancer Dependency Map (DepMap) [27, 28] portal to 
identify the most suitable TNBC cell line for our study. 
NCL was considered a commonly essential gene both 
using RNAi-based systems (Figure S2 A) and CRISPR-
based knock-out (Figure S2B), not only in BC cell lines, 
but in any available cell line. These observations strongly 
suggest that the generation of a cancer cellular system 
where NCL is completely and chronically abrogated is 
either not possible or would require significant adapta-
tion phenomena for the cells to survive.

We reasoned that a targeted proteolysis system would 
be the best tool to achieve a rapid, “on-demand” degra-
dation of NCL, and we decided to take advantage of the 
Auxin Inducible Degron (AID) system [20, 21] in combi-
nation with CRISPR/Cas9-based knock-in gene editing 
to modify the endogenous NCL gene.

The AID system has never been used for endogenous 
proteins with nucleolar localization to date, but it could 

allow the study NCL biological functions with unprece-
dented temporal resolution. As a cellular model, we chose 
MDA-MB-231, a widely used TNBC cell line, expressing 
high levels of endogenous NCL [22]. This specific cell line 
was also selected based on previous studies investigating 
the impact of NCL inhibition in breast cancer cell lines 
[22]. The absence of copy number variations (CNVs) of 
the NCL gene in this cell line was confirmed by the data 
available in the DepMap portal (Figure S2 C).

We employed a two step-editing CRISPR/Cas9-based 
knock-in approach to generate cells where endogenous 
NCL protein could be quickly degraded on demand. For 
the targeted genomic modification of the endogenous 
NCL, we engineered a plasmid containing two 1-Kb 
homology arms corresponding to the genomic region 
of the 5’-end of the endogenous NCL coding sequence 
(Fig. 2A). Notably, previous reports indicated that modi-
fications of NCL N-terminal region does not affect its 
biological functions [29]. We included in this plasmid 
the mAID2 tag [21], in frame with either the mCherry2 
[30] or the HaloTag [31] proteins. These two plasmids 
were used as donors for Cas9-based homology-driven 
repair (HDR) of the endogenous NCL gene. We decided 
to use two different constructs for gene-editing pur-
poses because this strategy offers multiple advantages: 
first, it leads to the expression of endogenous NCL in 
frame either with the two fluorescent modules, allowing 

Fig. 1  NCL is overexpressed in aggressive human breast tumors. A NCL RNA expression levels among different breast tumor subtypes compared 
with normal-like breast cancer samples. Data expression levels were obtained from 915 patient samples (Normal-like, n = 8; Luminal A, n = 624; 
Luminal B, n = 127; HER2-enriched, n = 58; Basal Like, n = 98) available through The Cancer Genome Atlas (TCGA). Significance was defined using 
Kruskal–Wallis test. B NCL RNA expression levels in Basal versus non-Basal TNBC patients. Data expression levels were obtained from 360 primary 
Chinese TNBCs (Basal, n = 277; Non-Basal, n = 83) available through the Fudan University Shanghai Cancer Center (FUSCC). Significance was defined 
using Mann–Whitney test. C NCL RNA expression levels among 1,076 breast tumor clinical stages, as described in A (Stage 1, n = 181; Stage 2, n = 
624; Stage 3, n = 251; Stage4, n = 20). Significance was defined using Kruskal–Wallis test. Ns: not significant; *: p < 0.05; ****: p < 0.0001
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the tracking of its expression and localization; second, it 
allows for the selection of cells displaying a multi-allelic 
NCL editing, based on the presence of both fluorescent 
tags (Fig. 2B).

Following successful targeting, we then transduced the 
homozygous AID-NCL cells with a construct containing 
the OsTIR1, constitutively integrated in the AAVS1 safe-
harbor locus [32]. Specifically, we generated transgenic 
cell lines expressing OsTIR1(F74G) (a.k.a. OsTIR1v2), a 
point-mutant variant of the Oryza Sativa TIR1, whose 
activity is regulated by the auxin synthetic derivative 
molecule 5-phenyl-Auxin (5-Ph-IAA) [21].

We generated cells expressing OsTIR1(F74G) fused 
to the bright green fluorescent protein mEmerald [33] 
(Fig. 2C and S2D). Western blot analyses confirmed that 
gene-edited MDA-MB-231 (Clone C10) expressed the 
AID-NCL fusions. Moreover, C10 subclones (C10.C4, 
C10.D9, and C10.E2) also expressed OsTIR1v2 (detected 
using an anti-GFP/mEmerald antibody) (Fig.  2D). As 
expected, treatment with 2 µM 5-Ph-IAA for 24 h com-
pletely abrogated NCL to almost undetectable levels in 
both clones (Fig. 2E). This result also confirmed that the 
lower molecular weight bands detected by WB analyses 
correspond to AID-tagged NCL, potentially due to pro-
teolysis or presence of post-translational modifications 
[34], as their presence was completely abrogated upon 
5-Ph-IAA treatment.

To generate a novel AID system, compatible with 
other green channel-based experimental techniques, we 
generated an integration construct which co-expresses 
OsTIR1(F74G) and a histone H1.0 fluorescently tagged 
with the far-red protein mMaroon1 [35] (Figure S2E).

We obtained two additional independent clones (C10.
C1 and C10.C2, summarized in Fig. 2F), where we con-
firmed OsTIR1 expression (Figure S2 F) and acute NCL 
degradation (Figure S2G).

NCL abrogation was also observed by live-cell imag-
ing experiments (Fig.  2G and S2H). We quantified the 

total integrated RFP signal (corresponding to the AID-
mCherry2-NCL allele) over time up to 20 h, confirming 
NCL abrogation at approximately 6 h of 5-Ph-IAA treat-
ment in all the analyzed clones (Fig. 2H and S2I). We also 
observed that OsTIR-mediated AID-mCherry2-NCL 
degradation was only minimally dependent on the 5-Ph-
IAA dose (Fig.  2I-J), and persisted up to 80 h. Live-cell 
imaging of OsTIR1-mEmerald (GFP channel) revealed 
enhanced localization of the enzyme at the nucleoli fol-
lowing 5-Ph-IAA treatment (Fig. 2G and S2H). However, 
in untreated cells, the enzyme had a homogeneous distri-
bution in the cell, as previously described [33].

Altogether, these data demonstrate the effectiveness 
of the AID system in quickly degrading endogenously 
edited NCL.

The acute abrogation of NCL reduces cell proliferation 
and alters the RNA levels of genes involved in cell cycle 
progression
Previous reports have shown contrasting results with 
accumulation of cells either in G1 or G2/M phase of the 
cell cycle after NCL silencing [18, 36]. We hypothesize 
that this discrepancy could be due to the limited efficacy 
and temporal resolution of the silencing system used in 
these studies. Therefore, we decided to test whether acute 
abrogation using our AID system could elucidate the role 
of NCL in cell cycle progression.

NCL abrogation resulted in a marked reduction in pro-
liferation, but only at 48 h from the treatment (Fig. 3A, 
Figure S3). Conversely, all control conditions (Fig.  3B, 
Figure S3) confirmed that neither 5-Ph-IAA treat-
ment, nor NCL editing with the AID tag, nor OsTIR1 
expression had any statistically significant effect on cell 
proliferation.

Since NCL is an RNA-binding protein [11], we decided 
to investigate whether the effect of NCL abrogation on 
cell proliferation could be due to alteration of RNA abun-
dance, via RNA-sequencing. We analyzed total RNA 

(See figure on next page.)
Fig. 2  The Auxin Inducible Degron system accomplishes an efficient and fast depletion of NCL. A-C Schematic representation of the approach 
used for the generation of homozygous AID-NCL/OsTIR1 cell lines. Multi-allelic editing of endogenous NCL gene was achieved using two 
independent donor plasmids and a gRNA designed against the first translated codon of the gene (A). Selected multi-allelic NCL edited cells (B) 
were further modified to integrate the OsTIR1 transgene into the AAVS1-safe harbor site (C). See also Figure S2. D. Western blot of endogenous 
NCL in engineered clones, in comparison with parental (Par) cells. Anti-GFP antibody was used to detect the OsTIR1 fused to mEmerald. GAPDH 
was used as loading control. E NCL degradation by western blot at 24 h upon 5-Ph-IAA treatment in two different MDA-MB-231 clones (C10.C4 
and C10.D9) compared with MDA-MB-231 cells only transduced with OsTIR1. Calnexin was used as loading control. F Diagram of the hierarchical 
generation of the clones used in the current study. G Representative images of Incucyte experiments on MDA-MB-231 mCherry2/Halo-AID-NCL/
OsTIR1-mEmerald cells. The RFP channel was used to detect mCherry2-AID-NCL, and the GFP channel was used to assess OsTIR1-mEmerald 
expression and localization. H Quantitative analysis of mCherry (AID-NCL) intensity from Incucyte experiments on the indicated cell clones. RFP 
integrated intensity per image was normalized for t = 42’ to account for potential plate condensation at the early time points. The experiment 
was performed in 5 biological replicates, with 5 technical replicates. Error bars show standard deviation. I-J Dose–response curve (I) and relative 
magnification (J) for mCherry-AID-NCL degradation using the indicated amounts of 5-Ph-IAA. RFP integrated intensity per image was normalized 
for t = 0. The experiment was performed in three biological replicates, with four technical replicates. Error bars show standard deviation
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from MDA-MB-231 AID-NCL cells treated with 2  µM 
5-Ph-IAA for 16 h. This time point was selected to maxi-
mize NCL degradation while minimizing potential indi-
rect effects on RNA abundance. As shown in Fig.  3C 
and in Supplementary Extended Data 1, 673 genes were 
significantly de-regulated upon NCL abrogation, includ-
ing 390 genes upregulated and 283 genes downregu-
lated (p < 0.05, LogFC ± 0.6). This relatively low number 

of genes is consistent with the short-term duration of 
this experiment, and potentially includes genes that are 
immediately associated with a direct regulation by NCL. 
Using Gene Set Enrichment Analysis (GSEA), we identi-
fied genes involved in G2/M cell cycle checkpoint among 
the most de-regulated pathways (Fig. 3D-E, Normalized 
Enrichment Score: −1.48; FDR q value: 0.036, see also 
Supplementary Extended Data 2).

Fig. 2  (See legend on previous page.)
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These results indicate that acute NCL depletion has a 
rapid and negative effect on the expression of genes regu-
lating cell proliferation.

NCL abrogation causes cytokinesis defects
We wanted to determine which phase of the cell cycle 
was most impacted by NCL acute abrogation, ulti-
mately resulting in reduced cell proliferation. We 

Fig. 3  NCL acute abrogation alters the gene expression profile and proliferation of TNBC cells. A-B Growth curve of MDA-MB-231 OsTIR1/
AID-NCL or control MDA-MB-231 OsTIR1 clones treated with 2 mM 5-Ph-IAA or left untreated for up to 140 h. Incucyte live-cell imaging system 
was used to monitor cell proliferation. The experiment was performed in five biological replicates, with 5 technical replicates. Statistical significance 
was calculated using 2-way ANOVA with Tukey’s multiple comparison test. Error bars show standard deviation. **: p < 0.01; ns: not significant. C 
Heatmap of RNA sequencing analyses on NCL-edited clones at 16 h upon 2 μM 5-Ph-IAA treatment or left untreated. Two independent clones 
in biological duplicate were used for the experiment. D Gene set enrichment analysis (GSEA) of Hallmark Pathways using RNA sequencing data 
of 5-Ph-IAA treated versus non-treated NCL-degron clones. Ranking of Normalized Enrichment Scores of the 15 most negatively enriched pathways 
after NCL abrogation. E Enrichment plot for the G2/M Checkpoint pathway, as described in D 
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treated MDA-MB-231 AID-NCL/OsTIR1/H1.0-mMa-
roon1 cells with 5-Ph-IAA and analyzed their DNA 
content and levels of phospho-histone H3(S10), a 
known marker of mitosis (M phase) [37].

A significant increase in cells with a tetraploid (4 N) 
amount of DNA was observed at 48 and 72 h after NCL 
abrogation (Fig.  4A-B), indicating a potential G2/M 
arrest. In contrast, the populations corresponding to 
G1 (2 N) and S (< 4 N; > 2 N) phases of the cell cycle 
were only modestly, although significantly, affected by 
NCL depletion, except for 2 N cells at 72 h (Figure S4 
A-B). However, we did not see a proportional increase 

in phospho-Histone H3(S10) (Fig.  4C-D), but rather 
a decrease in this population. These findings indicate 
that NCL abrogation does not cause prolonged arrest in 
the active phase of mitosis. These results are consistent 
with two possibilities: either NCL-depleted cells would 
accumulate in the G2 phase, at the end of the complete 
replication of DNA (S/G2 transition phase) but before 
the transition into M phase; or, in the absence of NCL, 
cells could accumulate in G1, but with a tetraploid con-
tent of DNA. To distinguish between these alternative 
hypotheses, we performed immunofluorescence stain-
ing of LaminA/C (a marker of nuclear lamina), and actin 

Fig. 4  NCL acute abrogation induces defects of cell cycle progression and cytokinesis. A Representative flow cytometry data of cell cycle analyses 
by propidium iodide staining of OsTIR1/AID-NCL-edited MDA-MB-231 clones. The percentage of cells in each phase of the cell cycle was obtained 
by curve deconvolution using ModFit. The absolute abundance of cells in G2/M phase for the specific representative images is also reported. B 
Quantitative analyses of the relative percentage of cells in G2/M phase, as shown in A. Data are representative of two independent clones analyzed 
in three experiments performed in technical duplicate and normalized for the percentage of cells in G2/M in untreated controls. Significance 
was calculated using Welch’s t-test. C Representative flow cytometry data of propidium iodide/phospho-Histone H3 (S10) staining in cells. Gating 
was designed to quantitate the absolute population of cells with a 4 N content of DNA, and either positively (4 N; pH3 +) or negatively (4 N; 
pH3-) stained for pH3(S10) antibody. D Quantitative analyses of the 4 N; pH3 +/4 N; pH3- abundance ratio, as shown in C. Data are representative 
of two independent clones analyzed in three experiments performed in technical duplicate and normalized for the untreated controls. 
Significance was calculated using Welch’s t-test. E Representative images of immunofluorescence images of AID-NCL edited MDA-MB-231 clones 
after the treatment with 2 μM 5-Ph-IAA for 72 h or left untreated. LaminA/C staining (green) was used to detect nuclear membrane. Phalloidin-iFluor 
647 staining (magenta) was used to stain actin cytoskeleton membrane. Edited mCherry2-AID-NCL is also visible in untreated cells (red). White 
arrow indicates actin patches in a bi-nucleated cell. F Quantification of bi-nucleated cells identified in the experiments shown in E. For each 
sample, at least 15 images, representative of independent fields, were taken on a single focal plane at 60 × magnification. A total of at least 100 
cells were captured for each sample. The percentage of bi-nucleated cells per image was used to generate the violin plots. Statistical significance 
was calculated using one-way ANOVA with Sidak’s multiple comparison test. Data are representative of one of two independent experiments. **: 
p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: not significant
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filaments (using Alexa-647 Phalloidin) to identify cell 
boundaries, after 72 h of 5-Ph-IAA treatment. NCL abro-
gation caused a significant increase in bi-nucleated cells 
in both clones, but not in control cells containing OsTIR1 
and wild-type NCL, upon 5-Ph-IAA treatment (Fig. 4E-
F). These results suggest that the increase in 4 N cells 
observed in Fig. 4A could be due to the accumulation of 
bi-nucleated cells.

Our findings were also confirmed by time-lapse 
microscopy imaging of 5-Ph-IAA-treated MDA-MB-231 
AID-NCL/OsTIR1/H1.0-mMaroon1 cells (Supple-
mentary Video 1). Interestingly, real-time imaging also 
showed that, upon NCL degradation, cells might undergo 
an asymmetrical 3-way cell division, ultimately leading to 
the formation of one mono- and one bi-nucleated cell.

Collectively, these results show that the acute abroga-
tion of NCL impairs cell cycle progression and causes an 
accumulation of tetraploid, bi-nucleated cells.

NCL expression is associated with proteins involved 
in chromosome segregation
We speculated that the increase in tetraploid cells could 
be due to defects of physical cell separation of the two 
daughter cells at the end of mitosis, defined as cytoki-
nesis failure (reviewed in [38]). The best characterized 
causes of cytokinesis failure are: 1) defects/mutations of 
cytokinesis regulators; 2) long delays in mitosis (mitotic 
slippage); and 3) physical obstructions preventing the 
furrow cleavage after mitosis [38]. The transcriptome 
from NCL-depleted cells pointed toward mitotic slip-
page as the probable cause of cytokinesis failure, due to 
the reduced expression of genes involved in G2/M transi-
tion (Fig. 2A-C). However, delayed mitosis usually results 
in the formation of cells with a single tetraploid nucleus, 
or multiple micronuclei, which we did not observe in our 
TNBC NCL-depleted cells (Fig.  4). Furthermore, binu-
cleated cells showed the accumulation of actin patches 
(Fig. 4E, right bottom panel), which have been previously 
shown as the result of the formation of chromosomal 
bridges and lagging chromosomes [39].

Therefore, we hypothesized that higher NCL levels 
could be associated with increased levels of proteins 
involved in chromosomal dynamics in TNBC. To vali-
date this hypothesis, we analyzed the TCGA database 
(Harvard Firehose Initiative) to reveal the transcripts 
positively correlating with NCL expression. The Spear-
man’s Correlation level for each gene was used to 
generate an ordered gene rank list, further analyzed 
by GSEA (Fig.  5A and S5 A). As expected, based on 
the known NCL roles in these processes [12, 34], the 
most enriched GO terms were “Ribosome Biogen-
esis” and “Ribonucleoprotein Complex Biogenesis”. 

However, five out of ten of the most enriched pathways 
included DNA dynamics processes, such as “Chromo-
some Segregation” and “Sister Chromatid Segregation”. 
Encouraged by these results, to assess whether NCL 
expression positively correlated with genes involved 
in DNA dynamics, we performed a parallel analysis of 
publicly available CPTAC proteomics data. All the ten 
pathways identified in the correlative analysis of the 
transcriptome were also highly correlating at protein 
level with the expression of NCL protein (Fig. 5B).

Then, we decided to assess in our TNBC in  vitro 
model whether the acute depletion of NCL had any 
negative impact on the abundance of the proteins iden-
tified in silico. To this aim, we performed a Tandem 
Mass Tag quantitative proteomics analysis on MDA-
MB-231 AID-NCL/OsTIR1 cells at 24 h after 5-Ph-IAA 
treatment to assess the global protein de-regulation 
upon NCL acute degradation (Extended Data 3). A 
general downregulation of proteins involved in Ribo-
some Biogenesis was observed (Figure S5B, Fig.  5C, 
blue dots, and Supplementary Table  1). Additionally, 
seven proteins involved in Chromosome Segregation 
(Fig. 5C, purple dots, and Supplementary Table 2) were 
significantly downregulated (p < 0.05) after NCL degra-
dation, while no member of this GO term family was 
upregulated.

These results confirmed that depletion of NCL had 
a negative impact on factors involved in chromosomal 
segregation, potentially explaining the observed defects 
on cell cycle progression (Figs. 3 and 4).

Chromosomal segregation is regulated by the activ-
ity of the Anaphase Promoting Complex/Cyclosome 
(APC/C) and its regulatory subunit Cdc20 [40]. Inhibi-
tion of APC/CCdc20 is synthetically lethal with defective 
sister chromatid cohesion [40]. Therefore, we hypoth-
esized that altered sister chromatid dynamics upon 
NCL abrogation could enhance the activity of APC/
CCdc20 inhibitors, such as APCin [40]. To test this, we 
performed growth curves on MDA-MB-231 NCL-AID/
OsTIR1 cells in the presence of 5-Ph-IAA, APCin, or 
a combination of the drugs. Figure  5D-E and S5 C-D 
show that APCin alone had no statistically significant 
effect on cell proliferation. In contrast, the simultane-
ous treatment with APCin and 5-Ph-IAA caused a sig-
nificant reduction in cell proliferation, in comparison 
with either 5-Ph-IAA or APCin alone.

In summary, our data suggest that NCL abundance 
directly correlates with the levels of components of the 
chromosomal segregation machinery in TNBC patient 
samples and in our in  vitro cellular model. Therefore, 
NCL abrogation has an enhanced anti-proliferative 
effect in combination with APC/CCdc20 inhibitors, at 
least in part by impairing DNA dynamics.
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Discussion
Our understanding of nucleolar structural and biologi-
cal properties has been propelled by the advancement 

of experimental tools in molecular and cellular biology. 
However, technical challenges, related to the experi-
mental modulation of their expression, still prevent the 

Fig. 5  NCL levels are associated with altered sister chromatid segregation and sensitivity to inhibition of the Anaphase Promoting Complex. A 
Gene set enrichment analysis of GO Terms by gene ranking based on their correlation with NCL mRNA levels in the TCGA database. The top ten 
most enriched pathways positively correlated with NCL RNA expression are represented. Enrichment plots of two representative GO Terms are 
also reported (see also Figure S5). B Gene set enrichment analysis of GO Terms identified in A were analyzed based on their correlation with NCL 
protein levels in the CPTAC database. Enrichment plots of two representative GO Terms (as in A) are also reported. C Volcano plot of differentially 
abundant proteins upon NCL abrogation in MDA-MB-231 OsTIR1/AID-NCL cells (clone C10.C4), detected by TMT-proteomic analysis. Reported 
data excludes proteins with −10log10(p-value) > 50, for better visualization. For the full range, see Figure S5. Proteins included in the GO Terms 
“Chromosome Segregation” and “Ribosome Biogenesis” are reported in purple and blue, respectively. D-E Assessment of cell proliferation of two 
independent MDA-MB-231 OsTIR/AID-NCL clones, left untreated or treated with indicated doses 5-phIAA, APCin, or combination of both, 
for the indicated time points. Growth was assessed by Incucyte live-cell imaging and reported as relative growth normalized vs t = 36’. See 
also Figure S5. The experiment was performed in three biological replicates, with five technical replicates. Error bars show standard deviation. 
Statistical significance was calculated using 2-way ANOVA with Sidak’s multiple comparison test. Ns: not significant; *: p < 0.05; **: p < 0.01
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molecular characterization of the biological functions of 
nucleolar proteins.

NCL is one of the most abundant nucleolar proteins 
[11, 12, 14]. In the present study, we provide in silico evi-
dence that NCL overexpression occurs in a broad spec-
trum of breast tumors, with a significant upregulation in 
the most aggressive forms of BC, such as TNBC, both at 
the RNA and protein level (Fig. 1 and S1).

Like other nucleolar proteins, NCL biological functions 
remain poorly characterized, due to the lethal effect asso-
ciated with its chronic downregulation. The NCL-AID 
system described here allows the study of endogenous 
NCL biological functions with unprecedented temporal 
resolution, before detectable adaptation or cell death can 
occur. This degradation kinetic is still slower than previ-
ously reported targets of the AID system (6 h vs 30–60 
min) [20, 21]. It is conceivable that the reduced accessi-
bility of nucleolar NCL to OsTIR1 could slow the pace 
of degradation in comparison with previous studies for 
non-nucleolar proteins.

We assessed the immediate (< 24 h) impact of NCL 
acute abrogation on cellular RNA abundance and 
observed a negative enrichment of genes involved in 
cell cycle progression, and specifically G2/M transition, 
resulting in impaired cell proliferation upon NCL abro-
gation (Fig.  3C-E). Previous studies, using RNAi-based 
NCL silencing systems, have reported contradictory 
results about the role of NCL in the regulation of the 
cell cycle [18, 41]. Our analyses showed that NCL acute 
depletion causes a marked increase in cells with a tetra-
ploid content of DNA (4 N), but a decrease in phospho-
Histone H3 + cells suggesting that this phenotype was 
not due to an increase in mitotic cells (Fig. 4A-D). More-
over, growth curve analyses showed that the effect on cell 
proliferation was detectable only after 48 and 72 h from 
NCL abrogation (Fig. 3A and S3). We speculated that the 
discrepancy between NCL degradation and the impact 
on cell proliferation could be due to a previously unre-
ported role for this protein in regulating the abundance 
of proteins involved in cell cycle progression at the lat-
est stages of cell division, rather than to a direct positive 
regulation of the cell division cycle entry. In line with this 
hypothesis, we found that NCL degradation results in a 
significant accumulation of bi-nucleated tetraploid cells 
containing remnants (actin patches) of failed cytokinetic 
processes (Fig. 4E-F).

It has been previously reported that tetraploid cells can 
attempt further cell division cycles, but the presence of 
multiple centrosomes leads to the formation of altered 
mitotic spindles [42]. Alterations of centrosome num-
bers and defective mitotic spindle assembly upon NCL 
silencing have been previously shown [18]. Therefore, we 
posit that the observed cytokinesis defects identified in 

the present study could represent the initial stage of the 
altered cellular phenotype reported earlier and indicate 
that the acute degradation mediated by our AID system 
allows a faster temporal characterization of NCL biologi-
cal functions. These conclusions are further supported 
by the real-time observation that NCL-depleted cells can 
display non-symmetrical divisions leading to mono- and 
bi-nucleated cells.

Consistent with TCGA and CPTAC in silico analyses, 
we showed a significant reduction of proteins regulat-
ing chromosomal separation and cohesion in our in vitro 
model. This, in turn, leads to a significant increase in 
sensitivity to inhibitors of the Anaphase Promoting 
Complex/Cdc20 such as APCin, for NCL-depleted, chro-
mosomal segregation-defective cells, as expected based 
on previous reports [40]. In fact, these compounds have 
previously shown their synthetic lethality with defects 
of chromatid separation or cohesion [40]. However, our 
data do not indicate that NCL exerts its biological func-
tion through the severe de-regulation of specific factors 
involved in the cell division machinery, as the magnitude 
of protein levels in our experimental model widely varied 
among individual components (Extended Data 3). This is 
not surprising, as cell division and cytokinesis are finely 
tuned, multi-component processes, whose efficiency can 
be positively or negatively modulated through orches-
trated control mechanisms. Therefore, our data pre-
sented here suggest that NCL might be implicated in the 
overall positive tuning of cell division cycle.

Our findings support a role for NCL in regulating pro-
teins that modulate cell cycle progression, chromosomal 
dynamics and segregation. However, the use of a TNBC 
cell line displaying dominant-negative mutations of TP53 
warrants the need of additional validation in multiple cell 
lines, including normal-like cells.  Future studies will be 
required to further characterize the mechanisms through 
which NCL modulates these biological processes.

Conclusions
 Here, we validate the AID system as a tool for the acute 
degradation of nucleolar proteins, which can provide a 
valuable resource for the study of their biological func-
tions. This system could be used to investigate broader 
questions about the biology of NCL and of the nucleolus. 
For example, it can be used to study changes in biophysi-
cal properties depending on NCL abundance, or to assess 
the impact on the biogenesis of rRNA and ribosomes, or 
to measure the stability of proteins and mRNAs involved 
in cellular homeostasis during different phases of the cell 
cycle. Finally, the knowledge gained by this study can 
inform the development of new therapeutic strategies for 
TNBC, and potentially for a wide range of human tumors 
where NCL is over-expressed.
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Materials and methods
Cell culture, transfections, and gene editing
MDA-MB-231 cell line was purchased from the Ameri-
can Type Culture Collection (ATCC HTB-26) and 
cultured in RPMI-1640 medium (Millipore Sigma) sup-
plemented with 10% FBS (Millipore Sigma). Cells were 
grown in a humidified 37 °C incubator with 5% CO2. 
Identity of cell lines was validated by STR profiling. Cells 
were regularly tested for Mycoplasma contamination 
using MycoStripTM Mycoplasma Detection Kit (Invivo-
Gen, #rep-mysnc-10).

To generate NCL-edited cells, 3 × 105 cells were plated 
in a six-well plate transfected with the indicated gRNAs 
and donor plasmids (described above) using Lipo-
fectamine™ 3000 Transfection Reagent (Thermo Fisher 
Scientific, #L3000001) in Opti-MEM™ I Reduced Serum 
Medium. (Thermo Fisher Scientific, #31985070). Cells 
were then grown to a subconfluent T175 cm2 flask in 
medium supplemented with 10% FBS. After incubation 
with 646-Janelia Fluor® HaloTag® Ligand (Promega, 
#GA1120), cells were sorted by FACSAria III for both 
mCherry positive fluorescence at 587 nm excitation, and 
HaloTag® far red 646 nm positive fluorescence. MDA-
MB-231 parental cells and non-stained MDA-MB-231 
cells were used as negative controls for mCherry and 646 
fluorescence to design the gates. Double positive cells 
were collected in a 12-well plate and grown as a bulk pop-
ulation until sub-confluence in a T175 cm2 was reached. 
This bulk double-positive population underwent another 
round of sorting by FACSAria III to collect single cells in 
96-well plates. Cells were then screened by fluorescence 
and western blot analysis for the selection of clones with 
homozygous expression of AID-NCL edited protein.

To generate NCL-edited cell lines constitutively 
expressing OsTIR1(F74G), 3 × 105 AID-NCL edited 
cells (clone C10) were plated in a 6-well plate and trans-
fected 24 later with donor plasmids ROLECCS V2 AS or 
OsTIR1(F74G)-IRES-H1-mMaroon, in combination with 
a plasmid expressing AAVS1 safe harbor-specific gRNAs. 
Isolation and validation of single clones were performed 
as described above. A schematic hierarchy of the estab-
lished cells lines used in the study is reported in Figure 
S2 F.

Treatments
To induce the degradation of AID-NCL, cells were 
treated with 5-phenyl-indole-3-acetic acid (phenyl-
auxin, 5-Ph-IAA) (Tocris, #7392). To block the inter-
action between APC/C and cdc20, cells were treated 
with 75 µM APCin (2-(2-Methyl-5-nitroimidazol-1-yl)
ethyl N-[2,2,2-trichloro-1-(pyrimidin-2-ylamino)ethyl]
carbamate, 3-(2-Methyl-5-nitro-imidazol-1-yl)-N-
(2,2,2-trichloro-1-phenylamino-ethyl)-propionamide) 

(Sigma-Aldrich SML1503). Drugs were diluted in culture 
media at treatment.

Incucyte analyses
For live cell imaging experiments, 2,000–3,000 cells 
were plated in 96-well plates and time-lapse analyses 
were performed using IncuCyte S3 Live-Cell Analysis 
System (Essen BioScience). Images were acquired in a 
single plane of focus with a 10X objective using bright-
field, GFP, and RFP channels, at the indicated timepoints. 
Each experiment was performed in at least 3 biological 
replicates. Of each replicate, at least 4 technical repli-
cates were acquired. Quantification of cell confluence 
and fluorescence integrated intensity was generated by 
the IncuCyte software. Incucyte raw data were exported 
as averages of the technical replicates and imported into 
GraphPad Prism software for statistical analyses.

Statistical analyses
The number of replicates, and the statistical tests that 
were used for each experiment are specified in the rela-
tive figure legend. For statistical analysis, GraphPad 
Prism software was used. Data was considered statisti-
cally significant for p < 0.05.
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