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Abstract 
 

Oncogenic RAS signaling reprograms gene expression through both transcriptional and post-20 
transcriptional mechanisms. While transcriptional regulation downstream of RAS is relatively 
well characterized, how RAS post-transcriptionally modulates gene expression to promote 
malignancy is largely unclear. Using quantitative RNA Interactome Capture analysis, we reveal 
that oncogenic RAS signaling reshapes the RNA-bound proteomic landscape of cancer cells, 
with a network of nuclear proteins centered around Nucleolin displaying enhanced RNA-25 
binding activity. We show that Nucleolin is phosphorylated downstream of RAS, which 
increases its binding to pre-ribosomal-RNA (rRNA), boosts rRNA production, and promotes 
ribosome biogenesis. This Nucleolin-dependent enhancement of ribosome biogenesis is 
crucial for RAS-induced cancer cell proliferation, and can be targeted therapeutically to inhibit 
tumor growth. Our results reveal that oncogenic RAS signaling drives ribosome biogenesis by 30 
regulating the RNA-binding activity of Nucleolin, and highlight the crucial role of this process 
in RAS-mediated tumorigenesis. 
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Introduction 
 45 
RAS genes are amongst the most mutated proto-oncogenes in human cancers, with around 
20% of all malignancies estimated to harbor oncogenic mutation in one of the three highly 
homologous KRAS, NRAS, or HRAS genes (Prior et al, 2020). The encoded RAS proteins are 
small GTPases which function as molecular switches that regulate several downstream kinase 
signaling pathways, including ERK1/2 (also known as the RAS-MAPK cascade), and PI3K 50 
(Malumbres & Barbacid, 2003). Oncogenic mutations in RAS result in constitutive activation 
of these downstream kinase signaling pathways, which phosphorylate a plethora of cellular 
substrates, including a number of transcription factors, ultimately resulting in significant 
changes in the gene expression profile that promote various aspects of malignancy (Pylayeva-
Gupta et al, 2011). Although this transcriptional regulation has been shown to play a key role 55 
in RAS tumorigenesis, recent studies have revealed that a significant degree of gene 
expression dysregulation that occurs in cancers is post-transcriptional (Nusinow et al, 2020). 
However, how RAS signaling post-transcriptionally modulates gene expression remains 
largely unclear. 
 60 
RNA-binding Proteins (RBPs) are the main post-transcriptional regulators of gene expression, 
controlling all aspects of the RNA life-cycle from synthesis to degradation (Gerstberger et al, 
2014). Numerous studies have revealed a key role for many RBPs in cancer development and 
progression (Kang et al, 2020). These RBPs coordinate diverse aspects of post-transcriptional 
regulation, including splicing (Fish et al, 2021), post-transcriptional modifications (Barbieri et 65 
al, 2017), transport (Dermit et al, 2020), translation (Truitt et al, 2015), and turnover of 
various types of RNA (Yu et al, 2020). The recent advent of RNA Interactome Capture (RIC) 
methods, which allow global unbiased identification of proteins that are directly bound by 
RNA in vivo, has transformed our understanding of RBPs (Baltz et al, 2012; Castello et al, 2012; 
Queiroz et al, 2019; Trendel et al, 2019). RIC studies have significantly expanded the catalogue 70 
of known RBPs, with around 10% of the human proteome having been demonstrated to bind 
RNA. These include not only ‘conventional’ RBPs, which contain at least one classical globular 
RNA-binding Domain (RBD), but also ‘non-conventional’ RBPs that lack any apparent RBDs 
(Hentze et al, 2018). When combined with quantitative proteomics, RIC can also be used for 
quantifying changes in the RNA-bound proteome (RBPome), thus allowing systematic study 75 
of RNA-binding dynamics (Garcia-Moreno et al, 2019; Sysoev et al, 2016). However, a 
comprehensive understanding of how oncogenic signaling pathways dynamically modulate 
the RBPome is still lacking. 
 
Here, we devised a quantitative whole-transcriptome RIC approach, in order to define the 80 
impact of oncogenic RAS signaling on the RBPome of mouse Pancreatic Ductal 
Adenocarcinoma (PDAC) cells. We focused on PDAC, as nearly all its cases harbor oncogenic 
KRAS mutations, highlighting a key role for RAS in the etiology of the disease (Waters & Der, 
2018). Our results reveal that through activation of downstream Erk1/2 signaling, oncogenic 
Kras extensively remodels the RBPome of PDAC cells, with various conventional RBPs 85 
exhibiting enhanced RNA association, whilst non-conventional RBPs dissociate from RNA. 
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Although many of the observed alterations in the RBPome are due to changes in the 
expression of RBPs, some RBPs show modulations in their RNA-binding activity. Specifically, a 
network of conventional RBPs that includes the nucleolar protein Nucleolin (Ncl), exhibits a 
significant enhancement in their RNA-binding activity upon oncogenic Kras induction. Using 90 
quantitative phospho-proteomics, we reveal that several of these RBPs, including Ncl, are 
phosphorylated downstream of Erk1/2. Phosphorylation of Ncl acts to enhance its binding to 
pre-ribosomal-RNA (pre-rRNA), which in turn boosts rRNA synthesis and promotes ribosome 
biogenesis downstream of oncogenic Kras. Crucially, we demonstrate that the enhancement 
of ribosome biogenesis by Ncl is essential for oncogenic Kras-induced PDAC cell proliferation 95 
and tumorigenesis, and can be targeted therapeutically to inhibit PDAC growth, in vivo. Our 
findings reveal a switch in the RNA-binding activity of Ncl, triggered by phosphorylation 
downstream of Erk1/2, which governs rRNA synthesis and ribosome biogenesis, and 
demonstrate a key targetable role for this process in RAS-mediated tumors.  
 100 

Results 
 

Oncogenic Kras reshapes the RNA-binding landscape of mouse PDAC cells 
To study oncogenic Kras signaling, we employed tumor cells from an inducible mouse model 
of PDAC (iKras), in which oncogenic KrasG12D expression can be controlled by administration 105 
of doxycycline (Ying et al, 2012). We confirmed that removal of doxycycline and the 
consequent loss of KrasG12D expression resulted in downregulation of Erk1/2 signaling in this 
model (Figure S1A & S1B). Conversely, addition of doxycycline to doxycycline-withdrawn cells 
induced KrasG12D expression and Erk1/2 activation (Figure S1C and S1D). To study the RBPome, 
we employed Orthogonal Organic Phase Separation (OOPS), a whole-transcriptome RIC 110 
method which uses UV-C crosslinking coupled with phenol-chloroform based phase 
separation to purify in vivo crosslinked RNA-Protein moieties (Queiroz et al., 2019). We 
validated that OOPS specifically enriched for crosslinked RBPs (Figure S1E & S1F). We then 
devised a quantitative RIC (qRIC) approach by combining OOPS with Stable Isotope Labelling 
by Amino acids in Culture (SILAC) (Ong & Mann, 2006), allowing us to measure changes in the 115 
RBPome upon induction of KrasG12D expression (Figure 1A). Inducing KrasG12D expression 
resulted in a significant increase in the RNA-bound levels of 73 proteins, whilst 101 proteins 
showed a significant decrease (Figure 1B & Dataset S1). Category enrichment analysis 
revealed that the majority of increased RNA-bound proteins were conventional RBPs, 
belonging to various RBP families involved in nuclear RNA processing and ribosome biogenesis 120 
(Figure 1C & Dataset S2). In contrast, the majority of decreased RNA-bound proteins were 
non-conventional RBPs such as metabolic enzymes and cytoskeletal proteins (Figure 1D & 
Dataset S3). Importantly, the effect of KrasG12D on the RBPome was largely abrogated upon 
treating the cells with Trametinib, a specific MEK kinase inhibitor which blocks Erk1/2 
activation downstream of KrasG12D (Wright & McCormack, 2013), suggesting that the 125 
observed changes are largely dependent on Erk1/2 signaling (Figure 1E, S1G-H & Dataset S4). 
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Figure 1: KrasG12D reshapes the RBPome landscape of PDAC cells. (A) Experimental workflow for qRIC analysis. 130 
Heavy (H) and Light (L) SILAC labelled iKras cells, with or without doxycycline (Dox) to induce KrasG12D expression, 
were subjected to UV-C crosslinking, TRIzol lysis, mixing of differentially labelled conditions, and OOPS analysis 
as in (Queiroz et al., 2019) . RNA-crosslinked proteins, which separate into the interface, were then extracted 
and subjected to Trypsin digestion and liquid chromatography coupled with mass spectrometry LC-MS analysis. 
The SILAC (H/L) ratio values revealed KrasG12D-regulated changes in the RBPome.  (B)  Volcano plot of changes in 135 
the RBPome following KrasG12D induction. RBPome changes were quantified, as described in (A), from six 
independent qRIC experiments (Dataset S1), using a one-sample t-test analysis. 73 proteins were upregulated in 
the RNA-bound fraction (red), whilst 101 RBPs showed a significant decrease (blue) (P < 0.01). (C) Fisher’s exact 
test analysis of protein categories that are over-represented amongst the upregulated RBPome (FDR < 0.02). 
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Each data point represents a category from Gene Ontology (GO) and Kyoto Encyclopedia of Genes & Genome 140 
(KEGG) databases, with functionally similar categories highlighted with the same colors (Dataset S2). (D) Fisher’s 
exact test analysis of protein categories that are over-represented amongst the downregulated RBPome (FDR < 
0.02). Each data point represents a category from GO and KEGG databases, with functionally similar categories 
highlighted with the same colors (Dataset S3). (E) Volcano plot of KrasG12D-driven changes in the RBPome in 
presence of Trametinib (10 nM). RBPome changes in presence of Trametinib were quantified from four 145 
independent qRIC experiments, using a one-sample t-test analysis (P < 0.01), with significantly increased (red) 
or decreased (blue) proteins from (B) highlighted on the plot (Dataset S4). (F) SILAC Total proteome changes 
following KrasG12D induction were measured and plotted against RBPome changes from (B). Pearson’s 
Correlation Coefficient (CC) and significance of correlation (P) between the total proteome and the RBPome 
changes were calculated and displayed on the graph. (G) Volcano plot of changes in the RNA-binding activity 150 
following KrasG12D induction. RBPome ratio changes from (B) were normalized to total proteome ratio changes 
from (F) to calculate changes in the RNA-binding activity (Dataset S5), using a one-sample t-test analysis. 40 
proteins showed an increase in their RNA-binding activity (red), whilst 65 proteins exhibited a decrease (blue) (P 
< 0.01). (H) Fisher’s exact test analysis of categories that are over-represented amongst the proteins with 
enhanced RNA-binding activity (FDR < 0.02). Each data point represents a category from GO and KEGG 155 
databases, with functionally similar categories highlighted with the same colors (Dataset S6). (I) Fisher’s exact 
test analysis of categories that are over-represented amongst the proteins with diminished RNA-binding activity 
(FDR < 0.02). Each data point represents a category from GO and KEGG databases, with functionally similar 
categories highlighted with the same colors (Dataset S7). (J) Interaction network analysis of proteins with 
enhanced RNA-binding activity, using the STRING physical interactions database (Franceschini et al, 2013). 160 

 
Next, we investigated the mechanisms of RBPome modulation in response to induction of 
KrasG12D expression. Dysregulation of RBPs in cancer is primarily thought to be brought about 
by changes in their expression (Pereira et al, 2017). However, signaling pathways have also 
been shown to modulate the activity of some RBPs through post-translational modifications 165 
(Hong et al, 2017; Matter et al, 2002; Tripathi et al, 2010). To assess these two possibilities, 
we performed SILAC based total proteomics on the iKras PDAC cells, with or without the 
induction of KrasG12D expression. We observed a strong overall correlation between changes 
in the RBPome and the total proteome, suggesting that the majority of variation in the 
RBPome is likely reflective of changes in the expression levels of RBPs (Figure 1F). However, 170 
not all changes were correlative, so to specifically reveal alterations in the RBPome that were 
independent of protein expression modulations, we normalized the RBPome SILAC ratio 
values to those of the total proteome. Analysis of this RBPome to total normalized ratio value 
revealed changes in the RNA-binding activities of RBPs in response to KrasG12D induction. We 
observed a significant increase in the RNA-binding activity of 40 proteins, coupled with a 175 
significant decrease in the activity of 65 proteins (Figure 1G & Dataset S5). Similar to the 
RBPome analysis, category enrichment revealed that the majority of proteins with increased 
RNA-binding activity were conventional RBPs belonging to various nuclear protein families 
(Figure 1H & Dataset S6), whilst the majority of proteins with decreased RNA-binding activity 
were non-conventional RBPs belonging mostly to metabolic and cytoskeletal protein families 180 
(Figure 1I & Dataset S7). Interactome analysis of the RBPs with increased RNA-binding activity 
revealed that many of them are known to physically associate with one another (Figure 1J). 
Several of these RBPs such as Ncl, Rrp1b, Wdr75, Nop2, and Mybbp1a are known regulators 
of ribosome biogenesis (Chamousset et al, 2010; de Beus et al, 1994; Liu et al, 2017; Moudry 
et al, 2021; Ugrinova et al, 2018). Together, these results reveal that KrasG12D mediated Erk1/2 185 
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activation reshapes the RBPome landscape of PDAC cells, with a network of nuclear RBPs, 
which includes Ncl and several other ribosome biogenesis factors, exhibiting a significant 
enhancement in their RNA-binding activity. 
 
Oncogenic Kras signaling enhances the RNA-binding activity of Ncl through phosphorylation 190 
We next set out to investigate the mechanism by which Erk1/2 signaling modulated the RNA-
binding activity of RBPs downstream of KrasG12D. Erk1/2 is a major cellular kinase that can 
directly or indirectly phosphorylate a plethora of downstream cellular substrates (Yoon & 
Seger, 2006). We therefore hypothesized that some of the changes in RNA-binding activity 
could be mediated via Erk1/2 dependent phosphorylation of RBPs. To reveal Erk1/2-195 
dependent phosphorylation changes that are brought about by KrasG12D induction, we carried 
out a multi-variate quantitative phospho-proteomics analysis of iKras PDAC cells, using 
Tandem Mass Tagging (TMT) (McAlister et al, 2012) (Dataset S8). 7,478 phosphorylations 
were identified, 872 of which were found to be significantly increased upon KrasG12D induction 
(Figure 2A). As expected, phospho-motif analysis revealed the ERK substrate motif to be 200 
highly over-represented amongst these phosphorylation sites, but motifs for a number of 
other kinases such as Casein Kinase I (CK1) and Casein Kinase II (CK2) were also significantly 
over-represented, albeit to a lesser extent (Figure S2A). Several RBPs whose RNA-binding 
activity was significantly enhanced upon KrasG12D induction were amongst the 
phosphorylation targets of KrasG12D, often found to be phosphorylated on multiple residues 205 
(Figure 2A & 2B). The impact of KrasG12D induction on the phospho-proteome was abrogated 
by treating the cells with Trametinib (Figure 2C), suggesting that Erk1/2 signaling is the 
principal driver of phosphorylation events downstream of KrasG12D in iKras PDAC cells. These 
findings are in agreement with previous studies which showed cell-autonomous KrasG12D 
signaling in PDAC to be primarily mediated via Erk1/2 (Tape et al, 2016), and reveal that a 210 
number of RBPs, whose RNA-binding activity is enhanced downstream of KrasG12D, undergo 
phosphorylation downstream of Erk1/2. 
 
Amongst the KrasG12D regulated RBPs which were significantly phosphorylated downstream 
of Erk1/2, Ncl was strongly phosphorylated on four closely situated Serine residues (S28, S34, 215 
S40, and S41) within its N-terminal region (Figure 2B). This region, consisted of acidic-rich 
regions interspersed with stretches of basic residues, is predicted to be largely disordered 
(Jumper et al, 2021). It is also well-known to undergo phosphorylation by multiple kinases 
(Tajrishi et al, 2011), but no direct link between Ncl phosphorylation and Erk1/2 signaling has 
been reported. Phospho-motif analysis revealed that the identified phosphorylation sites are 220 
not direct Erk1/2 targets, but most likely phosphorylated by CK2 (Figure 2D), which is well-
known to physically associate with and phosphorylate Ncl (Caizergues-Ferrer et al, 1987; Li et 
al, 1996). Importantly, CK2 has been shown to be activated downstream of ERK1/2 signaling 
(Ji et al, 2009), which is in agreement with our phospho-motif analysis of the KrasG12D 
enhanced phosphorylation sites (Figure S2A). Accordingly, we could demonstrate by using a 225 
specific phospho-CK2-Substrate antibody mix that KrasG12D induction enhanced CK2 activity in 
an Erk1/2-dependent manner in iKras PDAC cells (Figure S2B-E). These findings suggest that 
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Erk1/2 activation downstream of KrasG12D increases CK2 activity, leading to enhanced 
phosphorylation of Ncl on S28, S34, S40, and S41. 
 230 
 

 
Figure 2: The RNA-binding activity of Ncl is enhanced upon its phosphorylation downstream of KrasG12D-
induced Erk1/2 signaling. (A) Volcano plot of phosphorylation changes in iKras PDAC cells in response to KrasG12D 
induction. Phospho- to total proteomic changes were quantified from three independent replicates of Dox 235 
treated vs. untreated cells, via TMT (Dataset S8). 872 phosphorylations were found to be significantly increased, 
while 82 phosphorylations were significantly decreased (FDR < 0.05). Significantly changing phosphorylations on 
RBPs whose RNA-binding activity was significantly increased (red) or decreased (blue) as per Figure 1G are 
highlighted on the plot. (B) List of significantly increased or decreased phosphorylation sites on the RBPs whose 
RNA-binding activity was enhanced (red) or reduced (blue) upon KrasG12D induction. (C) Volcano plot of 240 
phosphorylation changes in iKras PDAC cells in response to KrasG12D induction in presence of Trametinib (10 nM). 
Phospho- to total proteomic changes were quantified from three independent replicates of Dox + Trametinib 
treated vs. untreated cells (Dataset S8). No phosphorylations were found to be significantly changing upon 
KrasG12D induction in presence of Trametinib (FDR < 0.05). (D) Phospho-motif kinase prediction analysis of 
KrasG12D-induced Ncl phosphorylation sites, using NetworKIN (Linding et al, 2008). (E) OOPS analysis of the RNA-245 
binding activity of WT, Phospho-defective (S4A), and phospho-mimicking (S4D) mutants of Ncl. Vectors encoding 
Myc-tagged WT, S4A, and S4D Ncl were transiently expressed in iKras PDAC cells, before OOPS and western blot 
analysis of the interface (RNA-bound) and the organic phase (free protein) fractions with anti-Myc antibody. 
Gapdh, which also binds RNA (Dataset S1), was blotted as loading control. (E) Quantification of normalized RNA-
bound to free Myc-Ncl ratio values from (E), as measures of RNA-binding activity (n = 4) (**: P < 0.01; n.s.: not 250 
significant). 

 
To reveal whether the observed phosphorylations and the enhancement of the RNA-binding 
activity of Ncl were causally linked, we generated phospho-defective and phospho-mimicking 
mutants of Ncl, in which the four identified residues were mutated to either Alanine (S4A), or 255 
Aspartic acid (S4D), respectively. Myc-tagged versions of these mutants along with the wild-
type (WT) control were ectopically expressed in iKras PDAC cells, and the cells were subjected 
to OOPS analysis. The interface, which contains RNA-bound proteins, along with the organic 
phase, which contains free proteins, were then analyzed by western blotting with an anti-Myc 
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antibody. While no variations were observed between the levels of Ncl in the organic phase, 260 
the levels of the phospho-mimicking (S4D) mutant exhibited a significant increase in the 
interface, suggesting that its RNA-binding activity must be significantly increased (Figure 2E & 
2F). These results suggest that phosphorylation of Ncl on S28, S34, S40, and S41 acts to 
enhance its RNA-binding activity downstream of KrasG12D. 
 265 
Transcriptome-wide iCLIP studies reveal Ncl to be primarily associated with pre-rRNA 
After revealing that the RNA-binding activity of Ncl is enhanced by phosphorylation 
downstream of KrasG12D, we set out to determine the full spectrum of RNAs that are bound 
by Ncl and their dynamics in response to KrasG12D-dependent phosphorylation. Although 
predominantly known to be localized to the nucleolus, where it regulates several steps of 270 
ribosome biogenesis, Ncl has also been shown to have diverse extra-nucleolar functions in 
the nucleoplasm, cytoplasm, as well as the cell-surface (Ugrinova et al., 2018). These include 
regulation of chromatin architecture (Angelov et al, 2006; Erard et al, 1988), microRNA 
processing (Pichiorri et al, 2013; Pickering et al, 2011), translation (Abdelmohsen et al, 2011; 
Takagi et al, 2005), as well as mRNA turnover (Sengupta et al, 2004; Zhang et al, 2006). In 275 
addition, cell-surface localized Ncl has been shown to be involved in regulation of cell 
adhesion and transmembrane signaling (Losfeld et al, 2009; Reyes-Reyes & Akiyama, 2008). 
In order to identify the full repertoire of RNAs that directly interact with Ncl, and reveal the 
impact of KrasG12D-dependent phosphorylation on their association with Ncl, we performed 
individual-nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP) (Konig et al., 280 
2010). Ncl-RNA complexes were purified by immunoprecipitation with an anti-Myc-tag 
antibody, from iKras PDAC cells that ectopically expressed Myc-tagged WT, S4A, or S4D 
mutants of Ncl, or a mock transfected negative control. Western blot analysis revealed that 
the ectopic proteins were expressed at around 50% of the endogenous levels, ruling out 
potential artefacts due to high levels of overexpression (Figure S3A & S3B). Moreover, little 285 
mapped iCLIP reads were identified from the negative control iCLIP samples, as opposed to 
the Myc-Ncl samples, suggesting that the identification of Ncl-interacting RNAs was highly 
specific (Figure S3C).  
 
More than 70% of all the Myc-Ncl iCLIP mapped reads corresponded to the ribosomal-DNA 290 
(rDNA) locus, which codes for a long primary transcript known as the 47S pre-rRNA that is 
ultimately processed into 18S, 5.8S, and 28S rRNAs (Figure 3A). No significant difference 
between WT and the phospho-mutants was observed, suggesting that phospho-regulation of 
Ncl by KrasG12D does not affect its repertoire of RNA substrates (Figure 3A). In agreement with 
these results, immunofluorescence analysis revealed that ectopically expressed Myc-tagged 295 
WT, S4A, and S4D mutants of Ncl were exclusively localized to the nucleolus (Figure 3B). 
Localization of ectopic Myc-Ncl was in complete accordance with endogenous Ncl, which was 
also found to be exclusively nucleolar, irrespective of KrasG12D status (Figure S3D). Together, 
these results suggest that Ncl is primarily localized to the nucleolus of iKras PDAC cells where 
it predominantly binds pre-rRNA, irrespective of its phosphorylation status. 300 
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Figure 3: Ncl is predominantly 
bound to pre-rRNA, irrespective 
of its phosphorylation status. 
(A) Percentage of mapped reads 305 
belonging to different types of 
RNA from three independent 
iCLIP replicate experiments of 
WT, S4A, and S4D Myc-Ncl. (B) 
Immunofluorescence analysis of 310 
WT, S4A, and S4D Myc-Ncl 
subcellular localization. IKras 
PDAC cells ectopically expressing 
either WT, S4A, or S4D Myc-Ncl 
were fixed and immunostained 315 
with anti-Myc-tag antibody, 
along with anti-Fibrillarin (Fbl) 
antibody as a Nucleolar marker, 
and Hoechst, followed by 
confocal microscopy analysis. 320 
Scale bar = 10 µm. (C) 
Distribution of WT, S4A, and S4D 
Myc-Ncl crosslink sites across 
the annotated 47S pre-rRNA 
genomic region. Peak heights 325 
represent mean crosslink 
intensities from three 
independent iCLIP replicate 
experiments. (D) Quantification 
of the percentage of crosslinks in 330 
each region of the 47S pre-rRNA 
for WT, S4A, and S4D Myc-Ncl. 
Percentage of crosslinks relative 
to 47S total were quantified 
from three independent iCLIP 335 
experiments.  (E) Quantification 
of the proportional density of 
crosslinks in each region of the 
47S pre-rRNA for WT, S4A, and 
S4D Myc-Ncl. Proportional 340 
density was calculated from 
three independent iCLIP 
experiments by normalizing the 
number of crosslinks in each 
region to the sequence length of 345 
that region.   

 

 
Although KrasG12D-dependent phosphorylation of Ncl does not affect its primary association 
with pre-rRNA, the enhancement of the RNA-binding activity could be resulting in generation 350 
of novel Ncl binding sites on the pre-rRNA. Alternatively, Ncl could be binding to exactly the 
same sites, but with higher affinity. To differentiate between these possibilities, we analyzed 
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the distribution of Ncl crosslink sites within the pre-rRNA. 47S pre-rRNA contains the 
sequences of 18S, 5.8S, and 28S rRNAs, flanked by two external transcribed spacers at each 
end (5’ETS and 3’ETS), as well as two Internal transcribed spacers (ITS1 and ITS2) that are 355 
situated between 18S, 5.8S, and 28S. During rRNA processing, these spacer sequences are 
removed in a step-by-step manner via the action of different endo- and exo-ribonucleases 
(Turowski & Tollervey, 2015). WT Ncl showed binding throughout the length of 47S pre-rRNA, 
with numerous crosslink spikes detected in various regions (Figure 3C). No difference 
between the crosslinking patterns of the WT and the phospho-mutants were observed, 360 
suggesting that phosphorylations do not change the binding pattern of Ncl on pre-rRNA 
(Figure 3C). Accordingly, quantification of the percentage as well as the density of Ncl 
crosslinks within each pre-rRNA region revealed no differences between WT Ncl and the 
phospho-mutants (Figure 3D & 3E). Collectively, these results suggest that the KrasG12D-
dependent phosphorylations of Ncl do not affect its pattern of binding to pre-rRNA. We 365 
therefore conclude that the KrasG12D-dependent phospho-regulation of Ncl must be acting to 
enhance its RNA-binding affinity, without affecting its RNA-binding specificity.  
 
Ncl phosphorylation enhances rRNA synthesis and ribosome biogenesis 
The predominant interaction of Ncl with pre-rRNA suggests that it must be primarily 370 
functioning in regulating ribosome biogenesis in iKras PDAC cells, so we next investigated the 
functional impact of Ncl phospho-regulation on controlling ribosome biogenesis downstream 
of KrasG12D. We first assessed the impact of KrasG12D induction on nascent rRNA levels, using 
single-cell visualization of newly synthesized RNAs by 5-fluorouridine (FUrd) pulse-labeling 
(Percipalle & Louvet, 2012). Induction of KrasG12D expression by addition of doxycycline to 375 
doxycycline-withdrawn cells triggered a strong accumulation of nascent RNA within the 
nucleolus of iKras PDAC cells.  This accumulation was largely abrogated by short-term 
treatment of the cells with an rRNA synthesis inhibitor (CX-5461), suggesting that the 
nucleolar nascent RNA signal must be largely comprised of newly synthesized rRNA (Figure 
S4A & S4B). Conversely, removal of doxycycline and the consequent loss of KrasG12D 380 
expression resulted in a substantial reduction in nascent rRNA levels (Figure S4C & S4D), 
collectively demonstrating a strong dependence of rRNA synthesis on KrasG12D expression. 
Crucially, depletion of Ncl via two independent siRNA oligos abrogated nascent rRNA 
accumulation downstream of KrasG12D (Figure 4A, 4B, & S4E). As an independent approach, 
we also measured the levels of unprocessed pre-rRNA by quantitative reverse transcription-385 
PCR (RT-qPCR), using a probe against the 5’ETS region of 47S pre-rRNA which is removed at 
the first step of pre-rRNA processing (Pineiro et al, 2018). In agreement with the nascent RNA 
imaging results, KrasG12D expression resulted in an increase in the levels of unprocessed pre-
rRNA, but this increase was abrogated upon Ncl depletion (Figure 4C). Together, these 
findings suggest that KrasG12D acts to enhance pre-rRNA expression via Ncl. 390 
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Figure 4: KrasG12D promotes rRNA synthesis and ribosome biogenesis via Ncl. (A) Nascent RNA imaging in 
control and Ncl depleted iKras PDAC cells, in presence or absence of KrasG12D.  Cells were transfected with a non-395 
targeting control siRNA, or two independent siRNAs against Ncl, grown for 48hrs in presence or absence of Dox, 
before being subjected to pulse labeling with FUrd. Cells were then fixed and immunostained with anti-FUrd 
antibody (green) to visualize nascent RNA, along with anti-Fibrillarin (Fbl) antibody as a Nucleolar marker (red), 
and Hoechst (blue) as the Nuclear stain, followed by confocal microscopy analysis. Scale bar = 10 µm.  (B) 
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Quantification of Nucleolar FUrd levels in images from (A). FUrd fluorescence densities in single nucleoli were 400 
quantified from 182-220 individual cells per condition, combined from two independent biological replicate 
experiments (****: P < 0.0001; n.s.: not significant). (C) RT-qPCR analysis of 5’ETS-containing pre-rRNA transcript 
levels in control and Ncl depleted iKras PDAC cells, in presence or absence of KrasG12D. Cells were transfected 
with a non-targeting control siRNA, or two independent siRNAs against Ncl, and grown for 48hrs in presence or 
absence of Dox, before RT-qPCR analysis with a specific probe against the mouse 5’ETS region. A probe against 405 
mouse Actb mRNA was used as loading control for normalization (n = 3) (***: P < 0.001; n.s.: not significant). (D) 
TMT quantitative analysis of RP levels in control and Ncl depleted iKras PDAC cells, in presence or absence of 
KrasG12D. Cells were transfected with a non-targeting control siRNA, or two independent siRNAs against Ncl, and 
grown for 48hrs in presence or absence of Dox, before lysis and TMT-mediated quantitative proteomics analysis. 
Z-scores of TMT intensity changes for all identified RPs across the different conditions were plotted as a heat 410 
map (red → increase; blue → decrease). (E) Nascent RNA imaging of WT, S4A, and S4D Myc-Ncl expressing iKras 
PDAC cells, in presence or absence of KrasG12D. Vectors encoding Myc-tagged WT, S4A, and S4D Ncl were 
transiently transfected into iKras PDAC cells, before reseeding and growing the cells for 48hrs in presence or 
absence of Dox. Cells were then subjected to pulse labeling with FUrd, fixation, and immunostaining with anti-
FUrd antibody (green), anti-Myc-tag antibody (red), and Hoechst (blue), followed by confocal microscopy 415 
analysis. Scale bar = 10 µm.  (F) Quantification of FUrd levels in Myc-positive nucleoli from (E). FUrd fluorescence 
densities in single nucleoli were quantified from 160-281 individual cells per condition, combined from three 
independent biological replicate experiments (****: P < 0.0001; n.s.: not significant). (G) RT-qPCR analysis of 
5’ETS-containing pre-rRNA transcript levels in WT, S4A, and S4D Myc-Ncl expressing iKras PDAC cells, in presence 
or absence of KrasG12D. Vectors encoding Myc-tagged WT, S4A, and S4D Ncl were transiently transfected into 420 
iKras PDAC cells, before reseeding and growing the cells for 48hrs in presence or absence of Dox, followed by 
RT-qPCR analysis with a specific probe against the mouse 5’ETS region. A probe against mouse Actb mRNA was 
used as loading control for normalization (n = 6) (****: P < 0.0001; n.s.: not significant). (H) TMT quantitative 
analysis of RP levels in WT, S4A, and S4D Myc-Ncl expressing iKras PDAC cells, in presence or absence of KrasG12D. 
Vectors encoding Myc-tagged WT, S4A, and S4D Ncl were transiently transfected into iKras PDAC cells, before 425 
reseeding and growing the cells for 48hrs in presence or absence of Dox. Cells were then lysed and analyzed by 
TMT-mediated quantitative proteomics. Z-scores of TMT intensity changes for all identified RPs across the 
different conditions were plotted as a heat map (red → increase; blue → decrease). 

 
Synthesis of 47S pre-rRNA is a critical step in the regulation of eukaryotic ribosome biogenesis 430 
(Pelletier et al, 2018), so we next assessed whether the Ncl-dependent enhancement of pre-
rRNA levels by KrasG12D leads to an increase in cellular ribosome levels. Time-course TMT 
quantitative proteomics analysis of iKras PDAC cells revealed a significant accumulation of 
Ribosomal Proteins (RPs) in response to induction of KrasG12D expression (Figure S4F & Dataset 
S9). Conversely, RPs were depleted over time in response to loss of KrasG12D expression (Figure 435 
S4G & Dataset S10). In fact, category enrichment analysis revealed that protein categories 
corresponding to RPs and rRNA processing were amongst the most depleted in response to 
KrasG12D loss (Figure S4H & Dataset S11). Since RPs are known to be highly unstable unless 
incorporated into mature ribosomal subunits (Lam et al, 2007), their stable accumulation in 
response to KrasG12D expression is indicative of more ribosomes having been synthesized. 440 
Crucially, Ncl depletion abrogated the stable accumulation of RPs in response to KrasG12D 
expression, suggesting that enhancement of ribosome biogenesis downstream of KrasG12D is 
dependent on Ncl (Figure 4D). 
 
To determine whether the Erk1/2-dependent phosphorylation of Ncl plays a role in regulating 445 
pre-rRNA expression and ribosome biogenesis downstream of KrasG12D, we evaluated the 
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impact of phospho-defective (S4A) and phospho-mimicking (S4D) mutants of Ncl on nascent 
pre-rRNA levels, in presence or absence of KrasG12D. In presence of KrasG12D, iKras PDAC cells 
ectopically expressing either WT Ncl or the phospho-mutants exhibited accumulation of 
nascent rRNA in their nucleolus, though nascent rRNA levels were mildly but significantly 450 
decreased in S4A expressing cells (Figure 4E & 4F). KrasG12D removal abrogated nascent rRNA 
levels in the WT and S4A mutant expressing cells, but the expression of the S4D mutant could 
rescue nascent rRNA expression in the absence of KrasG12D (Figure 4E & 4F), suggesting that 
phosphorylation of Ncl is sufficient for enhancing nascent rRNA expression downstream of 
KrasG12D. RT-qPCR analysis revealed that the S4D mutant caused a drastic accumulation of 455 
unprocessed pre-rRNA in the absence of KrasG12D (Figure 4G). This accumulation far exceeded 
the pre-rRNA levels in presence of KrasG12D, suggestive of a defect in pre-rRNA processing 
(Dermit et al., 2020).  Based on these results, we conclude that the phospho-mimicking S4D 
mutant can enhance nascent pre-rRNA expression in the absence of KrasG12D, but the cells are 
defective in mediating the processing of pre-rRNA. Accordingly, quantitative proteomics 460 
analysis of iKras PDAC cells that ectopically expressed WT Ncl or the phospho-mutants 
revealed no S4D mediated rescue of ribosome biogenesis in the absence of KrasG12D 
expression (Figure 4H). Together, these findings suggest that Ncl phosphorylation 
downstream of KrasG12D acts to enhance pre-rRNA expression, but the subsequent processing 
of nascent pre-rRNA likely requires other KRASG12D-activated factors. 465 
 
Ncl is crucial for Oncogenic Kras mediated PDAC cell proliferation and tumorigenesis  
Hyperactive ribosome biogenesis is a hallmark of most malignancies, acting to sustain 
augmented protein synthesis that underpins unrestricted cancer cell proliferation and tumor 
growth (Pelletier et al., 2018). We therefore investigated whether the Ncl-mediated 470 
enhancement of ribosome biogenesis downstream of KrasG12D was crucial for PDAC 
proliferation and tumor formation. As demonstrated before (Ying et al., 2012), KrasG12D 
removal significantly reduced the proliferation of iKras PDAC cells in long-term clonogenic 
assays under standard 2D cell culture settings (Figure S5A, & S5B). The impact of KrasG12D 
expression on PDAC cell proliferation was also evident in a 3D matrix made up of collagen-I, 475 
which forms the bulk of PDAC extracellular matrix, with rapid proliferative growth of the cell 
mass into the matrix that was strictly dependent on KrasG12D expression (Figure S5C & S5D). 
Depletion of Ncl abrogated the effect of KrasG12D in both 2D and 3D culture settings, revealing 
a strong dependence on Ncl for KrasG12D mediated PDAC cell proliferation (Figure 5A-D).  
 480 
Using orthotopic xenografts of the iKras PDAC cells, we next investigated whether KrasG12D-
induced tumor formation in vivo was dependent on Ncl. Orthotopic xenografts of iKras PDAC 
cells have been demonstrated to generate tumors which faithfully recapitulate the 
histological and molecular features of PDAC, in a doxycycline-dependent manner (Ying et al., 
2012). In our pilot studies, tumors were fully established within a week of engraftment in 485 
doxycycline-fed mice, with animals having to be sacrificed 2-3 weeks post-engraftment due 
to rapid disease progression (Figure S5E). Thus, we chose a time-scale of one week post-
engraftment for investigating the impact of Ncl depletion on KrasG12D-dependent tumor 
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formation. As expected, doxycycline-mediated KrasG12D expression triggered significant tumor 
growth in the pancreas of the engrafted mice, which was inhibited in the absence of 490 
doxycycline. Depletion of Ncl abrogated this KrasG12D-induced tumor formation (Figure 5E, 5F, 
& S5F). Histological analysis further revealed an extensive KrasG12D-dependent growth of the 
malignant component and its associated stroma within the pancreas of the engrafted mice, 
which was completely inhibited upon Ncl depletion (Figure 5G). Collectively, these results 
reveal that Ncl is crucial for PDAC cell proliferation and tumor formation downstream of 495 
KrasG12D. 
 
Kras dependency on Ncl-mediated ribosome biogenesis can be therapeutically targeted 
Our results reveal a dependency for Ncl in KrasG12D-mediated PDAC tumor formation, 
suggesting a possibility for therapeutic exploitation. Ncl has been a subject of significant 500 
interest as a therapeutic target for a diverse range of cancers, owing to its often strong 
upregulation of expression combined with its pro-malignancy functions (Abdelmohsen & 
Gorospe, 2012). However, most efforts so far have been focused on cell-surface localized Ncl, 
which is commonly observed in cancerous but not normal tissues. Accordingly, several 
compounds that can target extracellularly localized Ncl have been developed (Abdelmohsen 505 
& Gorospe, 2012), but these compounds are unlikely to reach nucleolar Ncl in significant 
quantities due to lack of cell-permeability. We demonstrated that Ncl is exclusively localized 
to the nucleolus, associated with pre-rRNA, and functions to promote ribosome biogenesis in 
iKras PDAC cells. We thereby reasoned that pharmacological inhibition of ribosome 
biogenesis should functionally mimic Ncl removal. For this purpose, we utilized CX-5461, as it 510 
can be orally administered, in vivo (Drygin et al, 2011). CX-5461 has shown promising results 
in early clinical trials against a number of human malignancies (Hilton et al, 2018; Khot et al, 
2019). However, its in vivo mechanism of action has been subject to some controversy. Early 
reports suggested that the primary anti-tumor activity of CX-5461 arises from inhibition of 
ribosome biogenesis (Bywater et al, 2012; Drygin et al., 2011). However, recent studies have 515 
revealed that CX-5461 can also induce DNA damage, which seems to act as the primary cause 
of its cytotoxicity in several cell-lines (Bruno et al, 2020; Negi & Brown, 2015; Pan et al, 2021; 
Quin et al, 2016; Sanij et al, 2020; Xu et al, 2017). This is proposed to be initiated by the 
irreversible arrest of RNA polymerase I on rDNA promoter regions, leading to nucleolar stress 
that propagates into a genome-wide DNA damage response (Mars et al, 2020). Importantly, 520 
a recent study has shown that the dosage of CX-5461 could be adjusted to minimize DNA 
damage induction, while still achieving an effective inhibition of rRNA synthesis (Prakash et 
al, 2019). Therefore, we performed a dose-titration of CX-5461 in iKras PDAC cells, and 
assessed the treatment impacts on nascent rRNA expression as well as DNA damage. Short-
term treatment of iKras PDAC cells with low nanomolar doses of CX-5461 induced a potent 525 
inhibition of nascent rRNA expression (Figure 6A & 6B). This was followed by a significant 
depletion in the levels of 47S pre-rRNA (Figure 6C). CX-5461 treatment also induced DNA 
damage in iKras PDAC cells, but this only occurred at the 1 µM dose (Figure S6A & S6B). 
Consistent with the proposed role of nucleolar stress in this process, the 1 µM dose also 
caused the disruption of nucleoli, as evidenced by the leakage of Ncl into the nucleoplasm, 530 
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which was not observed with lower CX-5461 doses (Figure 6A). Critically, low nanomolar 
doses of CX-5461 could still abrogate the impact of KrasG12D on the proliferation of iKras PDAC 
cells, suggesting that inhibition of rRNA synthesis is the critical target of CX-5461 in the 
context of KrasG12D-driven cell proliferation (Figure 6D & 6E).  
 535 
 

Figure 5: Ncl is necessary for 
KrasG12D-mediated PDAC cell 
proliferation and tumor 
formation. (A) Colony formation 540 
of control and Ncl depleted iKras 
PDAC cells, in presence or 
absence of KrasG12D.  Cells were 
transfected with a non-targeting 
control siRNA, or two 545 
independent siRNAs against Ncl, 
followed by clonogenic assay for 
7 days in presence or absence of 
Dox. Colonies were visualized by 
Crystal Violet staining. (B) 550 
Quantification of Crystal Violet 
staining levels from (A) (n = 6). 
(****: P < 0.0001; n.s.: not 
significant). (C) 3D proliferation 
of control and Ncl depleted iKras 555 
PDAC cells, in presence or 
absence of KrasG12D. Cells were 
transfected with a non-targeting 
control siRNA, or two 
independent siRNAs against Ncl, 560 
before being reseeded onto 3D 
Collagen-I gels, with or without 
Dox, and allowed to grow for 48 
hrs. Cells were subsequently 
imaged live by phase contrast 565 
microscopy. Scale bar = 200 µm. 
(D) Analysis of the relative 
percentage of viable cells in 3D 
collagen-I cultures from (C). Cells 
were subjected to 570 
luminescence-based viability 
assay by CellTiter-Glo to quantify 
the percentage of viable cells (n 
= 3) (****: P < 0.0001; n.s.: not 
significant).  (E) Representative 575 
images of the pancreas from 
control or Ncl depleted iKras 
PDAC engrafted mice, in 
presence or absence of KrasG12D. 
Non-targeting control or Ncl 580 
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siRNA transfected iKras PDAC cells were orthotopically engrafted into the pancreas of nude mice. Mice were fed 
either Dox -containing (Kras ON) or Dox -free (Kras OFF) water for 7 days, before culling and extraction of their 
pancreas (red arrow). Spleen (black arrow), which is located adjacent to the pancreas, was also extracted and 
included in the images for comparison. (F) Quantification of pancreas weights from (E), as a measure of 
orthotopic tumor growth. Pancreas weights from six animals per condition were quantified.  (**: P < 0.01; n.s.: 585 
not significant).   (G) H&E analysis of the extracted pancreas tissues from (E). Extensive portions of the tissue in 
control-engrafted mice fed with Dox display PDAC histology, with malignant ductal structures surrounded by 
stroma.  However, typical pancreas histology comprised of acini, islets, and normal ducts is observed in all other 
conditions. Scale bar = 100 µm. 

 590 
Next, we evaluated the impact of CX-5461 on the proteome of iKras PDAC cells. Similar to 
KrasG12D removal, nanomolar dose treatment of CX-5461 induced a strong decrease in the 
levels of Ribosome and rRNA processing protein categories, without affecting protein 
categories involved in the DNA damage response (Figure S6C & Dataset S12). Accordingly, 
when combined with KrasG12D induction, this CX-5461 treatment could suppress the KrasG12D-595 
induced accumulation of RPs (Figure 6F). Collectively, these results suggest that nanomolar 
doses of CX-5461 primarily inhibit the iKras PDAC cell proliferation via inhibition of KrasG12D-
driven ribosome biogenesis, with significant DNA damage occurring only at higher doses.  
 
Finally, we assessed whether pharmacological inhibition of ribosome biogenesis by CX-5461 600 
could inhibit KrasG12D-induced tumor growth, in vivo. To mimic therapeutic settings, 
orthotopic xenograft tumors were first established in doxycycline-fed mice for 4 days, before 
the animals were subjected to treatment by oral administration of CX-5461 for 10 days, or 
left untreated for the same period as control. Magnetic Resonance Imaging (MRI) was used 
to monitor disease progression for the duration of the experiment. MRI imaging revealed that 605 
while tumors grew rapidly in untreated mice, tumor growth was halted in response to CX-
5461 treatment (Figure 6G & 6H). End-point analysis of the pancreatic tissues also revealed a 
significant inhibition of tumor growth in CX-5461 treated mice, with histological analysis 
showing a strong reduction in the proportion of the malignant component in comparison to 
untreated animals (Figure 6I-K). Immunohistochemistry (IHC) analysis revealed no evidence 610 
of DNA damage in the tumors, suggesting that the in vivo CX-5461 dose used in our study (50 
mg/kg) was comparable with the in vitro low dose treatments that do not induce DNA damage 
(Figure S6D). Together, these results reveal that pharmacological inhibition of ribosome 
biogenesis, the critical downstream target of the KrasG12D-Ncl axis, could be used as a 
therapeutic strategy for inhibiting PDAC growth.  615 
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Figure 6: PDAC dependency on KrasG12D-induced ribosome biogenesis can be therapeutically targeted. (A) Dose 
response analysis of CX-5461 impact on nascent rRNA expression. IKras PDAC cells grown in presence of Dox 
were pre-treated with the indicated concentrations of CX-5461 for 30 mins, before pulse labeling with FUrd. 620 
Cells were then fixed and immunostained with anti-FUrd antibody to visualize nascent RNA (green), anti-Ncl 
antibody to reveal the Nucleolus (red), and Hoechst (blue) as the Nuclear stain, followed by confocal microscopy 
analysis. Scale bar = 10 µm. (B) Quantification of Nucleolar FUrd levels in images from (A). FUrd fluorescence 
densities in single nucleoli were quantified from 72-147 individual cells per condition, combined from two 
independent biological replicate experiments (****: P < 0.0001; n.s.: not significant). (C) Dose response analysis 625 
of CX-5461 impact on 5’ETS-containing pre-rRNA transcript levels. IKras PDAC cells grown in presence of Dox 
were treated overnight with the indicated doses of CX-5461, before RT-qPCR analysis with a specific probe 
against the mouse 5’ETS region. A probe against mouse Actb mRNA was used as loading control for normalization 
(n = 3) (**: P < 0.01; n.s.: not significant).  (D) Dose response analysis of CX-5461 impact on KrasG12D-driven colony 
formation of iKras PDAC cells.  IKras PDAC cells, seeded with or without Dox, were subjected to clonogenic assay 630 
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in presence of the indicated doses of CX-5461 for 7 days. Colonies were visualized by Crystal Violet staining. (E) 
Quantification of Crystal Violet staining levels from (E) (n = 3). (****: P < 0.0001; ***: P < 0.001; n.s.: not 
significant). (F) Quantitative analysis of RP levels in vehicle or 100 nM CX-5461 treated iKras PDAC cells, in 
presence or absence of KrasG12D. IKras PDAC cells were grown for 48hrs, with or without Dox, and in presence or 
absence of 100 nM CX-5461. Cells were then lysed and analyzed by TMT-mediated quantitative proteomics. Z-635 
scores of TMT intensity changes for all identified RPs across the different conditions were plotted as a heat map 
(red → increase; blue → decrease). (G) MRI imaging of orthotopic iKras tumors in untreated or CX-5461 treated 
mice. IKras PDAC cells were engrafted into the pancreas of Dox-fed nude mice and allowed to form tumors for 
4 days. Animals were then divided into two groups, with the first group treated by daily oral administration of 
CX-5461 (50mg/kg) for a further 10 days, whilst the second group was left untreated for the same period. T2 640 
scans were taken on the indicated days, post-engraftment. Green areas mark the tumors. (H) Quantification of 
tumor volumes from (G). For each condition, six animals were engrafted, treated, and analyzed by MRI imaging. 
(**: P < 0.01; n.s.: not significant). (I) Representative images of the pancreas (red arrows) from untreated and 
CX-5461 treated mice in (G), extracted at the end of the treatment (day 14). Spleen (black arrow), which is 
located adjacent to the pancreas, was also included in the images for comparison. (J) Quantification of pancreas 645 
weights from (I). Pancreas weight from each animal in the untreated vs. treated group was measured after 
extraction.  (***: P < 0.001; n.s.: not significant).  (K) H&E analysis of the extracted pancreas tissues from (I). 
Representative pancreatic tissue images from the untreated and CX-5461 treated mice, showing typical PDAC 
histology with malignant ductal structures surrounded by stroma in the untreated, but a largely normal pancreas 
histology with a small PDAC component (region marked M) in the treated mice. Scale bar = 200 µm. 650 

 
Discussion 
 

As central modulators of post-transcriptional regulation, many RBPs have been shown to play 
key roles in cancer development and progression (Kang et al., 2020). Direct alteration of RBPs 655 
by mutation is relatively rare in cancer (Gebauer et al, 2021), so a key question concerns the 
mechanistic link between mutations in cancer driver genes and the resulting dysregulation of 
RBPs. In this study, we used an inducible mouse model of PDAC, combined with a whole-
transcriptome quantitative RIC approach, to unbiasedly assess changes in the RBPome in 
response to induction of oncogenic RAS signaling. Our results reveal a drastic rewiring of the 660 
RBPome upon KrasG12D induction, with many conventional RBPs showing an increase in their 
association with RNA, whilst non-conventional RBPs exhibit decreased association. This 
switch occurs downstream of ERK1/2, and is achieved not only through modulation of the 
expression of RBPs, but also their RNA-binding activity. In particular, we reveal a network of 
nuclear RBPs that include Ncl, whose RNA-binding activity increases upon KrasG12D induction. 665 
Several of these RBPs undergo phosphorylation downstream of ERK1/2, and in the case of 
Ncl, we demonstrate that these phosphorylations act to enhance the RNA-binding activity. 
On the other hand, little phosphorylation changes were observed on non-conventional RBPs 
whose RNA-binding activity was reduced upon KrasG12D induction, suggesting that other 
mechanisms must be at play in regulating their activity. It is tempting to speculate that other 670 
types of post-translational modifications may be involved in modulating the activity of these 
RBPs, but further work will be necessary to define the mechanisms of regulation, as well as 
the functional significance of these RBPs in the context of oncogenic RAS signaling. 
Nevertheless, our study demonstrates that the RNA-binding activity of many conventional 
and non-conventional RBPs is highly dynamic and subject to regulation by oncogenic signal 675 
transduction pathways. 
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Ribosome biogenesis is a highly coordinated cellular process, which involves stepwise 
synthesis, processing, modification, and assembly of rRNA and RPs into mature ribosomal 
subunits (Pelletier et al., 2018). Ncl is known to play a key role in several steps of ribosome 680 
biogenesis, from promotion of pre-rRNA synthesis (Cong et al, 2012; Roger et al, 2003), to 
mediating the first steps of pre-rRNA processing (Ginisty et al, 1998), as well as loading of 
ribosomal proteins onto pre-rRNA (Bouvet et al, 1998). The central RRM domains of Ncl, 
which mediate its binding to RNA, have been shown to be important for enhancing nascent 
pre-rRNA expression (Storck et al, 2009), suggesting that this enhancement must be at least 685 
in part achieved post-transcriptionally. In line with these findings, our results reveal that 
oncogenic RAS signaling activates the RNA binding activity of Ncl through phosphorylation, 
leading to enhancement of pre-rRNA expression, and promotion of ribosome biogenesis 
(Figure 7). It is not yet clear how Ncl could act to upregulate pre-rRNA expression post-
transcriptionally, but structural studies suggest that Ncl may act as an RNA chaperone to 690 
mediate the proper folding of pre-rRNA (Allain et al, 2000). Interestingly, recent data suggests 
that such nascent RNA folding could be crucial for enhancing RNA polymerase-I elongation 
rate by inhibiting polymerase backtracking (Turowski et al, 2020), thus providing a possible 
mechanism for post-transcriptional enhancement of pre-rRNA synthesis via Ncl’s binding to 
pre-rRNA.  695 
 
 
Figure 7: Proposed mechanism 
of ribosome biogenesis 
upregulation by oncogenic RAS 700 
signaling, via NCL. Oncogenic 
RAS-induced ERK activity acts to 
enhance CK2 activity, leading to 
increased phosphorylation of 
NCL on specific Serine residues 705 
within its N-terminal region. 
These phosphorylations increase 
the RNA-binding activity of NCL, 
resulting in its enhanced pre-
rRNA binding, and accumulation 710 
of nascent pre-rRNA. Higher 
levels of pre-rRNA ultimately 
enhance ribosome production, 
leading to increased tumor cell 
proliferation in RAS-driven 715 
cancers. 
 
 
 

 720 
Importantly, we revealed that while the expression of the phospho-mimicking Ncl mutant 
could rescue nascent pre-rRNA expression in the absence of RAS oncogene, downstream 
processing of pre-rRNA was blocked, indicating that the activity of other RAS-driven factors 
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are likely to be crucial for mediating rRNA processing. Accordingly, our qRIC analysis revealed 
that in addition to Ncl, the RNA binding activity of several other ribosome biogenesis factors 725 
were induced upon oncogenic RAS signaling. Whether any of these factors could be playing a 
role in mediating other key steps of ribosome biogenesis downstream of RAS, remains to be 
determined. Nevertheless, our findings reveal that phosphorylation of Ncl downstream of RAS 
plays a key role in mediating rRNA synthesis, which is the crucial initiating step in the process 
of ribosome biogenesis. 730 
 
Hyperactive ribosome biogenesis is a common feature of a wide variety of human cancers, 
playing a pivotal role in sustaining the growth and proliferation of cancer cells (Pelletier et al., 
2018). Pre-rRNA synthesis is considered to be the rate-limiting step in the process of human 
ribosome biogenesis (Lam et al., 2007). However, mechanisms by which cancer cells 735 
upregulate pre-rRNA production are only beginning to be characterized (Arabi et al, 2005; 
Delloye-Bourgeois et al, 2012; Hannan et al, 2003; Justilien et al, 2017; Prakash et al., 2019; 
Zhao et al, 2003). Here we reveal that through phospho-regulation of Ncl, oncogenic RAS 
signaling enhances pre-rRNA expression and ribosome biogenesis. This upregulation is crucial 
for mediating PDAC cell proliferation and tumorigenesis. Accordingly, depletion of Ncl, or 740 
pharmacological inhibition of pre-rRNA synthesis by CX-5461, results in abrogation of 
KrasG12D-induced ribosome biogenesis, leading to inhibition of PDAC cell proliferation and 
tumor growth. In agreement with a previous report (Prakash et al., 2019), we confirm that 
when used at low nanomolar doses, the anti-proliferative effects of CX-5461 are mediated by 
inhibition of ribosome biogenesis, and not DNA damage induction, which can be caused at 745 
higher doses in our model. Based on these results, targeting ribosome biogenesis, either alone 
or in combination with other targeted therapies, appears to be a promising therapeutic 
avenue against RAS-driven cancers. CX-5461 has shown promise in early clinical trials (Hilton 
et al., 2018; Khot et al., 2019), and while our results suggest that its use could be 
therapeutically beneficial against PDAC, extra care must be taken in choosing the treatment 750 
dosage if DNA damage-related side effects are to be avoided. Alternatively, more specific 
inhibitors of rRNA synthesis may become available in the near future, whose therapeutic 
effectiveness against RAS-driven cancers warrants further investigation. In addition, direct 
inhibition of nucleolar Ncl, or its phospho-regulation downstream of RAS, could be another 
attractive strategy for targeting ribosome biogenesis in RAS-driven tumors.  755 
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