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Abstract

NOC1, NOC2, and NOC3 are conserved nucleolar proteins essential for regulating ribosomal
RNA (rRNA) maturation, a process critical for cellular homeostasis. NOC1, in Drosophila and
yeast, enhances nucleolar activity to sustain rRNA processing, whereas its depletion leads
to impaired polysome formation, reduced protein synthesis, and apoptosis. These genes
have vertebrate homologs called CEBPZ, NOC2L, and NOC3I. In this study, we
demonstrated that the RNA-regulatory functions of CEBPZ are conserved in vertebrates, and
we showed that CEBPZ leads to the accumulation of 45S-pre rRNA, with consequent
reduction in protein synthesis. Gene Ontology and bioinformatic analyses of CEBPZ, NOC2L,
and NOC3L in tumors highlight a significant correlation between their reduction and the
processes that regulate rRNA and 60S ribosomal maturation. Comparative analysis of their
expression in tumor databases revealed that CEBPZ, NOC2L, and NOC3L exhibit contrasting
expression patterns across tumor types. This dual role suggests that their overexpression
promotes tumor growth, whereas reduced expression may exert tumor-suppressive effects,

uncovering unexpected regulatory functions exerted by these proteins in cancer.
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Introduction

Ribosome biogenesis is a highly regulated cellular mechanism that requires specific
nucleolar proteins to correctly process ribosomal RNA (rRNA) necessary for ribosome
maturation®. Disruptions in this process may lead to aberrant ribogenesis and promote tumor
initiation 2. The evolutionarily conserved Nucleolar Complex Proteins 1, 2, and 3 (NOC1,
NOC2, and NOC3) are members of a large family of nucleolar proteins that are essential for
the control of growth and viability in S. cerevisiae and Arabidopsis > ¢ 7. NOCs were first
characterized for their ability to form functional NOC1/2 and NOC2/3 heterodimers that are
crucial for rRNA processing and transport during the processing of the 60S ribosomal subunit
6, Recent studies have demonstrated that NOC1, NOC2, and NOC3 are essential for
regulating RNA topology and facilitating ribosomal protein incorporation into ribosomes 2 &
10, NOC proteins are conserved in Drosophila, and we have demonstrated that their reduction
leads to organ growth defects, resulting in animal lethality t. Specifically, we found that
NOCL1 is crucial for proper rRNA processing and its reduction disrupts polysome assembly
and protein synthesis. Additionally, Mass Spectrometry analysis of the NOC1 interactome
identified several nucleolar proteins 12, including NOC2 and NOC3, suggesting that NOC1-
NOC2 and NOC2-NOC3 heterodimers also form in flies.

In vertebrates, knockout of CEBPZ/NOC1, NOC2L, or NOC3L results in mouse embryonic
lethality'3. Additionally, data from DepMap, a portal that explores genetic dependencies and
vulnerabilities in cancer, and data from allele-specific analysis from TGCA collection genes
showed that their expression is essential for tumor growth 14,

CEBPZ (ID10153) belongs to the C/EBP (CCAAT protein) family of transcription factors .
Known for its role as a DNA-binding transcriptional activator of heat shock protein 70,
CEBPZ'’s function of CEBPZ in vertebrates remains largely unexplored. CEBPZ mutations
have been identified in tumors of patients with acute myeloid leukemia (AML) 6. CEBPZ
Missense mutations in CEBPZ have been found in hereditary non-polyposis gastric cancers
7. Its overexpression is observed in esophageal squamous carcinoma '”- '8 and is necessary
to maintain m6A modifications in myeloid leukemia cells °,

NOC2L, or NIR (Inactivator of histone acetylases), is a nucleolar histone acetyltransferase
inhibitor that represses the transcription of cell-cycle genes 2°. Elevated NIR levels serve as
a marker for malignancy in colorectal cancer with poor disease outcomes 2°, whereas

conditional knockout mice exhibit increased p53 levels, apoptosis, and bone marrow defects
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21 Interestingly, silencing of NOC2L/NIR results in pre-rRNA accumulation and increases in
p53 levels 22, and studies in mice have shown that depletion of NOC2L in LOVO tumor cells
inhibits their growth in vivo 2°, supporting its essential role in tumor growth.

NOC3L or Fad24 (Factor for adipocyte differentiation-24), also located in the nucleolar, is
required for the proliferation of adipocyte differentiation of NIH-3T3-L1 cells 3. In tumors,
while its overexpression is linked to colorectal and gastric carcinomas, its reduction
suppresses the in vitro growth of gastric cancer cells 24, suggesting a similar behavior to that
reported for NOC2L in LOVO cells ?°. NOC3L is also highly expressed in stomach and
pancreatic cancer. Notably, in zebrafish, the reduction of NOC3L/Fad24 significantly affects
the development of hematopoietic cells 2°, mirroring our data on CEBPZ reduction in
zebrafish (unpublished data), suggesting a role for these proteins in the differentiation of
hematopoietic cells. Furthermore, NOC3L was found to be part of the Preinitiation Complex
(PIC) and necessary for DNA replication in yeast and human cells, highlighting its function in

RNA transcription 26,

Here, using a multidisciplinary approach, we highlight a novel conserved role for these
nucleolar proteins in ribosomal biogenesis. In Drosophila, NOC1, NOC2, and NOC3 are
essential for rRNA processing and maturation. We propose a similar mechanism in humans,
in which these three proteins work collaboratively to regulate rRNA processing and
maturation. Loss or reduction in the expression of any of these genes dysregulates rRNA
production, leading to impaired ribosome biogenesis and cell death. In contrast, elevated
expression is associated with aggressive tumor phenotypes and poor clinical outcomes. This
highlights their potential as targeting pathways to disrupt ribosome assembly to inhibit cancer

growth or as biomarkers for risk assessment and survival prediction in tumorigenesis.
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Results:

1. NOC proteins control rRNA processing in flies and human cells.

Ubiquitous reduction of NOC1, NOC2, or NOC3 in Drosophila impairs animal development,
with NOC1 reduction affecting protein synthesis and inducing apoptosis *!. Here, we show
that this effect is common for all three NOCs, as reduction of either NOC1, NOC2, or NOC3
affects the correct maturation of rRNAs, as shown by the accumulation of ITS1 pre-rRNA
forms (Figure 1A) and by reduction of the mature 18S ribosomal form (Figure 1B).
Furthermore, reducing the human homolog CEBPZ in HEK293T cells resulted in the
accumulation of 45S pre-RNA (Figure 1C) and a significant reduction in protein synthesis, as
shown by the SUnSET assay (Figure 1D-F). These data recapitulate the observations in
Drosophila ' and corroborate our hypothesis of an evolutionarily conserved role of
CEBPZ/NOC1 in the control of rRNA maturation.

Human NOC proteins share approximately 32 % amino acid identity with their Drosophila
homologs (Figure 1G and Supplementary Filel). Analysis to predict their 3D structures using
Alphafold 2728 imported into ChimeraX 2° 3 revealed the presence of highly similar structures
in the proteins of the two species. First, the CAAT-binding protein (CBP) domain, found in
both CEBPZ and NOCL1 and the NOC domains, was also shared by CEBPZ and NOC3L, and
a high degree of structural homology was also predicted between NOC2L and NOC2 (Figure
1H).

Based on these conserved structural similarities of key functional domains between
Drosophila and human proteins and the conserved functional data on their rRNA regulation,
we hypothesized that CEBPZ may form heterodimers with NOC2L, which are necessary for
the transport and cleavage of rRNA. At state A of the 60S subunit maturation 9, the
heterodimers are included in a protein complex with PES1, BOP1, FTSJ3, and WDR1, all
associated with the 60S ribosome subunit, which we found to be coregulated in our analysis
for CEBPZ-NOC2L co-expressing genes (Table 1 and in Figure 1I). In the second step,
CEBPZ detaches NOC2L, allowing NOC3L to bind and heterodimerize with NOC2L in a new
complex necessary at state C of 60S ribosomal maturation °. In addition to FTSJ3 and PES1,
this complex contains NIP7 and DIS3, which were found to be coregulated with NOC2L-

NOC3L in our expression analysis (Table 1 and in Figure 1J).
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Figure 1: (A-F) Reduction of NOCs and CEBPZ induces rRNA accumulation and reduces
protein synthesis. (A-B) gRT-PCRs from Drosophila whole larvae with ubiquitous reduced NOC1,
NOC2, or NOC3 showing an accumulation of pre-rRNAs, analyzed using the ITS1 (internal
transcribed spacers) (A) and a reduction of rRNA18S expression (B). The level of NOC1, NOC2, or
NOC3-mRNAs is calculated over control w!'® animals. (C) gRT-PCRs from HEK 293FT human cells
where CEBPZ expression was silenced using siRNA, showing an accumulation of pre-rRNAs 45S.
Data are expressed as fold increase relative to control Actin5C for A and B, and Beta glucuronidase
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(GUSB) for C and presented as mean = s.d. for at least three independent experiments *p<0.05;
**p<0.01; **p<0.001 (one-way ANOVA with Tukey multi-comparisons test). (D-E) SUNSET western
blot analysis in lysates from HEK 293FT cells transfected with a scramble siRNA (SCR-i) or for
SICEBPZ (CEBPZ-i) treated with 1pg/ml of puromycin for 10 minutes and lysed after 50 minutes of
chase. Total proteins were extracted using RIPA buffer and resolved by 10% SDS-PAGE. (D) shows
total protein loading using stain-free technologies (TGX Stain-Free Fastcast). (E) shows the relative
changes in protein synthesis using anti-puromycin antibodies in cells treated with SCR-i, or CEBPZ-
i. (F) A graph representing the quantification of the relative change in the rate of puromycin
incorporation between SCR-i and CEBPZ-i data was analyzed using two independent experiments.
(G) Schematic representation of Drosophila and humans NOC1/CEBPZ, NOC2/NOC2L, and
NOC3/NOCSL proteins. CEBPZ contains a CBP domain (CCAAT binding domain in dark RED) that
shares 32% aminoacid-sequence identity with Drosophila NOC1; and a conserved NOC domain (in
dark RED). This domain is also present in NOC3L and NOC3 (highlighted in dark BLUE). NOC2
shares an overall 36% of amino acid identity between Drosophila, and human NOC2L, with the highest
homology (48%) represented with a box; see also Supplementary File 1. (H) The predicted
structural homology of the CBP and NOC domains between CEBPZ/NOC1, NOC2L/NOC2, and
NOC3L/NOC3 was obtained by a simulation using the AlphaFold and ChimeraX analysis. (I-J)
Schematic representation of the CEBPZ-NOC2L and NOC2L-NOC3L heterodimers during 60S
ribosomal transport and maturation. In this schematic draw, key proteins identified through the
analysis of DepMap are highlighted for their positive correlation with the expression of NOC proteins
(reported in Table 1). Their presence in the complexes is illustrated based on the stages of the 60S
ribosome subunit maturation (from A to C) as outlined in the literature * 1°. Figure 11-J was realized
using Biorender, license EY27N2G66G.

2. Gene Ontology analysis links CEBPZ, NOC2L, and NOC3L depletion to rRNA

processing and ribosome biogenesis in tumor cells.

To explore the functional significance of CEBPZ, NOC2L, and NOC3L in cancer, we analyzed
data from the Cancer Dependency Portal (https://depmap.org/portal/), which utilizes CRISPR
screening to identify genes that are critical for tumor growth.

Starting from the CRISPR knockdown data from DepMap, we extracted and performed our
analysis on the top hundred co-expressed genes for each of the three genes of interest
(Supplementary File 2), and then selected the shared co-expressed genes between the three
and performed GO enrichment analysis. We then examined coregulated pathways to identify
the functional implications of our genes and the possible contributions of individual
heterodimers and the assembled complex.

GO network visualization (Figure 2A) highlights interconnected biological processes,
including ribosome biogenesis, RNA processing, and rRNA maturation. This network

underscores the close relationship between these processes, suggesting that disruptions in
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components such as CEBPZ, NOC2L, or NOC3L can significantly impact ribosomal function
and rRNA processing. GO enrichment analysis of genes common to all three sets also

revealed a strong presence of functions associated with ribosome biogenesis, particularly

rRNA processing (Figure 2B-D).
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Figure 2. GO enrichment of the shared co-regulated genes between CEBPZ, NOC2L, and
NOC3L. (A) Brighter nodes are more significantly enriched gene sets. Bigger nodes represent larger
gene sets. Thicker edges represent a higher number of genes shared between the two sets. (B-D)
GO enrichment (Biological Processes) of the shared co-regulated genes between two target
genes. The results are ordered based on the Fold Enrichment; the circle size represents the number
of genes in the pathway, the color of the bars the -logl0(FRD), and the length of the bar the

enrichment.

DepMap and GO analyses revealed a significant enrichment of genes associated with
ribosome biogenesis and rRNA processing when CEBPZ or NOC2L expression was reduced
(Table 1 and Figure 2B). It is plausible that decreasing the expression levels of CEBPZ or
NOC2L disrupts the formation of CEBPZ-NOC2L heterodimers, leading to rRNA
accumulation and affecting the maturation of the ribosomal 60S subunit. Additionally,
although to a lesser extent, we found that reduction of the NOC2L-NOC3L interaction affects

RNA processing and ribosome biogenesis (Figure 2C), reinforcing our hypothesis that both
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pairs play a role in regulating rRNA maturation, and impairment of either heterodimer disrupts

rRNA maturation, leading to its accumulation (Figure 1C). Moreover, these data also revealed

that when CEBPZ levels were reduced, NOC2L expression also diminished, and the reverse

was true (see Supplementary File 2), suggesting the possibility of co-regulation mechanisms

between the two proteins that may be necessary for the proper stoichiometric expression and

formation of heterodimers.

gene Positively correlating with the downregulation of CEBPZ and NOC2L

WDR36 Part of the small subunit (SSU) processome, first precursor of the small eukaryotic ribosomal subunit.

WDR74 Regulatory protein of the MTREX-exosome complex involved in the synthesis of the 60S rib.subunit.

RPL13A Associated with ribosomes but is not required for canonical ribosome function.

GRWD1 Histone binding-protein that regulates chromatin dynamics and mini chromosome maintenance.
LASI1L Required for the synthesis of the 60S ribosomal subunit and maturation of the 28S rRNA.

POLR1E Component of RNA polymerase | polymerase which synthesizes ribosomal RNA precursor.

TBL3 Part of the small subunit (SSU) processome, first precursor of the small eukaryotic ribosomal subunit.
PWP1 Regulates Pol I-mediated rRNA biogenesis and, probably, Pol lll-mediated transcription.

NAT10 RNA cytidine acetyltransferase catalyzes the formation of Ns-acetylcytidine modification on18S and rRNA.
UTP4 Involved in nucleolar processing of pre-18S ribosomal RNA. Part of the small subunit (SSU) processome.
DKC1 small nucleolar ribonucleoprotein (H/ACA snoRNP) complex, which catalyzes pseudouridylation of rRNA.

NOP16** Involved in the biogenesis of the 60S ribosomal subunit.

RPP38 Component of ribonuclease Pcomplex that generates mature tRNA molecules by cleaving their 5'-ends.

WDR18 Component of the PELP1 complex involved in the 28S rRNA maturation and the transit of the pre-60S.
DIS3** Putative catalytic component of the RNA exosome complex 3'->5' exoribonuclease activity.
DHX33 Implicated in nuc_:leolar prga_\nization, stimulates RNA _polymer_a_se_l transcri_ption of the 47S precursor

rRNA. Associates with ribosomal DNA (rDNA) loci where it is involved in POLR1A recruitment

PAK1IP1 Negatively regulates the PAK1 kinase.

NIP7 Required for 34S pre-rRNA processing and 60S ribosome assembly.

ISG20L2 3'-> 5'-exoribonuclease involved in ribosome biogenesis in the processing of the 12S pre-rRNA.
NOL9 Involved in rRNA processing, required for the processing of the 32S precursor into 5.8S and 28S rRNAs.
PPAN A chimeric transcript, characterized by the first third of PPAN exon 12 joined to P2RY11 exon 2.

POLR1G Component of RNA polymerase | (Pol I) which synthesizes ribosomal RNA precursors.

MYBBP1A May activate or repress transcription via interactions with sequence specific DNA-binding proteins.

NOC4L Nucleolar complex-associated protein 4-like protein.

EIF6 Binds to the 60S subunit and prevents its association with the 40S to form the 80S initiation complex.
POP5 Component of ribonuclease P, that generates mature tRNA molecules by cleaving their 5'-ends.
URB2 Essential for hematopietic stem cell development through the regulation of p53/TP53 pathway.

TIMM50** Component of the TIM23 complex, that mediates the translocation of transit peptide-containing proteins.
UTP20 Part of the small subunit (SSU) processome, first precursor of the small eukaryotic ribosomal subunit.
BOP1 Component of the PeBoW complex, which is required for maturation of 28S and 5.8S ribosomal RNAs.
UTP23 Involved in rRNA-processing and ribosome biogenesis.

MAK16 Important for the maturation of LSU-rRNA and 5.8S rRNA
DIMTL Demethylates two adjqcent adenosir)es in the loop of a consgrved he}irpin near the 3'-end of 18S rRNA in
the 40S particle. Involved in the pre-rRNA processing leading to small-subunit rRNA.

PDCD11 | Essential for the generation of mature 18S rRNA, necessary for cleavages at sites A0, 1 and 2 of the 47S.
DDX21 RNA helicase acts as a sensor of the transcriptional status of RNA polymerase (Pol) | and II: promotes

ribosomal RNA (rRNA) processing and transcription from polymerase Il (Pol I)
TAF1C Component of the t(a_n_sc_ription factor SLl_/TIF-IB complex, which is involved in the_a;sembly of the PIC
(pre-initiation complex) during RNA polymerase I-dependent transcription.
FTSJ3 RNA 2'-O-methyltransferase involved in the 34S pre-rRNA to 18S rRNA and in 40S ribosomal formation.
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IMP4 Component of the 60-80S U3 small nucleolar ribonucleoprotein (U3 snoRNP).
PWP2 Part of the small subunit (SSU) processome, first precursor of the small eukaryotic ribosomal subunit.
DDX51 ATP-binding RNA helicase involved in the biogenesis of 60S subunits.
PES1** PeBoW complex, required for maturation of 28S and 5.8S ribosomal RNAs and formation of the 60S.
NHP2 Required for ribosome biogenesis and telomere maintenance. Part of the H/ACA small nucleolar
ribonucleoprotein complex, which catalyzes pseudouridylation of rRNA.
RRP12 Required for nuclear export of both pre-40S and pre-60S subunits.
WDR75 Part of the small subunit (SSU) processome, precursor of the small eukaryotic ribosomal subunit.
RRP1* critical role in the generation of 28S rRNA
DDX56* Nucleolar RNA helicase that controls nucleolar integrity and RiBI
NOL12* RNA binding protein that plays a role in RNA metabolism, the resolution of DNA stress, nucleolar
organization, regulates the levels of nucleolar fibrillarin and nucleolin in pre-rRNA processing.
RPP14* ribonucleoprotein complex that generates mature tRNA molecules.
PELP1* Component of the PELP1 complex involved in the 28S rRNA maturation and transit of the pre-60S.

Table 1: List of the genes and their function that positively correlate with CEBPZ and NOC2L
reduction in tumor cells. * Genes that positively correlate when CEBPZ and NOC3 are reduced; **
Genes that positively correlate when all three genes are reduced. For the whole list for each gene,
see Supplementary File 2. Annotation of their function from UniProt (https://www.uniprot.org/) 3.

3. CEBPZ, NOC2L and NOC3L tumor expression analysis.

Dysregulation of rRNA processing is a hallmark of many cancers. Starting from the
hypothesis that the three genes work together to form heterodimers that regulate rRNA
processing, we analyzed how their expression changes across various tumor types. Thus,
we examined CEBPZ, NOC2L, and NOC3L expression levels in TCGA data from the
UALCAN cancer portal database 3% 33 (Figure 3A-C). This analysis revealed that all were
significantly upregulated (red) in adrenocortical carcinoma (ACC), cholangiocarcinoma
(CHOL), esophageal carcinoma (ESCA), Head and Neck squamous carcinoma (HNSC), liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), rectum adenocarcinoma
(READ), stomach adenocarcinoma (STAD), Uterine Corpus Endometrial Carcinoma (UCEC),
and Uveal Melanoma (UVM) tumors. In contrast, their expression was significantly reduced
(green) in Kidney Chromophobe carcinoma (KICH), whereas only CEBPZ and NOC3L were
significantly reduced in kidney renal clear cell carcinoma (KIRC), kidney papillary cell

carcinoma (KIRP), and acute myeloid leukemia (LAML) cancers (Figure 3D).
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D Expression of CEBPZ, NOC2L, and NOC3L in tumors vs. normal tissues (TCGA)

Classification Name TUMOR CEBPZ NOC2L NOC3L
Adrenocortical carcinoma ACC 0.00088 0.006 0.004
Cholangiocarcinoma CHOL < 0.0001 < 0.0001 < 0.0001
Esophagean carcinoma ESCA 0.0003 < 0.0001 0.0004
Head and Neck squamous carcinoma HNSC < 0.0001 < 0.0001 < 0.0001
Kidney Chromophobe KICH < 0.0001 <0.0001 <0.0001
Kidney renal clear cell carcinoma KIRC 0.003 < 0.0001 0.003
Kidney renal papillary cell carcinoma KIRP < 0.0001 0.1 0.003
Acute myeloid leukemia AML <0.001 0.007 <0.0001
Liver hepatocellular carcinoma LIHC < 0.0001 < 0.0001 < 0.0001
Lung adenocarcinoma LUAD < 0.0001 < 0.0001 < 0.0001
Lung squamous cell carcinoma LUSC < 0.0001 < 0.0001 < 0.0001
Rectum adenocarcinoma READ 0.003 0.0004 < 0.0001
Stomach adenocarcinoma STAD < 0.0001 < 0.0001 < 0.0001
Uterine Corpus Endometrial Carcinoma UCEC 0.0005 < 0.0001 0.001
Uveal Melanoma ‘ uvMm < 0.0001 < 0.0001 0.001

10


https://doi.org/10.1101/2025.01.11.632529
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.11.632529; this version posted January 14, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure 3: Gene expression analysis (TCGA). CEBPZ (A), NOC2L (B), and NOC3L (C) expression
in tumors versus normal tissues. (D) This panel shows data from tumors (A-C) where the expression
levels of CEBPZ, NOC2L, and NOCS3L are significantly altered (p < 0.05). Red indicates
overexpression, while green represents reduced expression.

To conduct a deeper analysis of CEBPZ, NOC2L, and NOC3L expression at different stages
of tumor progression, we utilized data reported in the UALCAN cancer portal. This analysis
revealed a significant increase in the expression of CEBPZ, NOC2L, and NOC3L in liver
hepatocellular carcinomas (Figure 4A) and lung adenocarcinoma (Figure 4B). The observed
upregulation correlated with the progression of tumor stages. The expression levels of LIHC
in stage 4 were comparable to those in controls, possibly because of the reduced sample
size for this stage. Similar upregulation was found for rectum adenocarcinoma (READ) and
stomach adenocarcinoma (STAD) (not shown), suggesting that CEBPZ, NOC2L, and NOC3L
overexpression may contribute to the aggressiveness of these carcinomas, probably by
increasing rRNA processing and ribosome activity. In contrast, in kidney carcinomas, CEBPZ,
NOC2L, and NOC3L expression levels were consistently and significantly reduced in KICH,
but variable in other types of kidney cancers (Figure 4C-E).

To investigate the co-expression patterns of CEBPZ, NOC2L, and NOC3L within kidney
tumors, we analyzed TCGA dataset publicly accessible through FireBrowse 34. A Pearson
correlation coefficient was calculated between the expression of the three genes (CEBPZ,
NOC2L, and NOC3L) in the three kidney carcinoma subtypes (KICH, KIRC, and KIRP). This
analysis showed that CEBPZ and NOC3L exhibited a strong direct correlation in all three
tumors (Table 2). Meanwhile, a weak negative correlation existed between CEBPZ and the
other two genes in both KIRC and KIRP. This suggests the potential distinct roles of these

genes in tumor behavior and prognosis across various kidney cancers.

KICH KIRC KIRP
r r r
CEBPZ | NOC2L | NOCaL CEBPZ | NOC2L | NOC3L CEBPZ | NOC2L | NOC3L
CEBPZ 1 0,035481 | 0,7766214 | CEBPZ 1 -0,263372 | 0,5205663 | CEBPZ 1 -0,223414 | 04592963
NOC2L | -0,035481 1 0,1116638 | NOC2L | -0,263372 1 -0,225758 | NOC2L | -0,223414 1 -0,151207
NOC3L | 0.7766214 | 0,1116638 1 NOC3L | 0,5205663 | -0,225758 1 NOC3L_| 0,4592963 | -0,151207 1
P P P
CEBPZ | NOC2L_| NOCAL CEBPZ | NOG2L_| NOCAL CEBPZ | NOGC2L | NOCaL
CEBPZ NA 0,7384625 0 CEBPZ NA 4,50E-11 0 CEBPZ NA 5,10E-05 0
NOC2L_| 0,7384625 NA 0,2919838 | NOC2L | 4,50E-11 NA 102E-08 | NOCG2L | 5,10E-05 NA 0,0064759
NOC3L 0 0,2919838 NA NOCAL 0 1,92E-08 NA NOC3L 0 0,0064750 NA

Table 2: A matrix to highlights the significant correlation between CEBPZ, NOC2L, and NOC3L
expression in KICH, KIRC, and KIRP kidney carcinomas. It also shows that for each tumor type,
the r (correlation coefficient) and the P value, highlighted in blue, are significant, with a correlation
higher than -/+ 0.4. A higher absolute number means a stronger correlation between the samples’
expression levels. (e. g. In KICH, when CEBPZ is low, also NOC3L is low) The lower part of the table
shows the P-value for each correlation, highlighting the significant ones (p<0.05).
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Figure 4: Graphs illustrating expression levels across various cancer types during tumor progression.
Data from UALCAN highlights the correlation between gene expression and disease progression,
demonstrating significant change in the expression of CEBPZ, NOC2L, and NOC3L with advancing
disease stages. (A) Liver hepatocellular carcinoma (HCC) and (B) Lung adenocarcinoma (LUAD), (C-
E) Expression of CEBPZ, NOC2L, and NOC3L in KICH, KIRC, and KIRP kidney cancers, The
statistical analysis was performed by comparing the expression levels of the indicated genes in tumors
at various stages to their expression levels in normal control tissue, data are from UALCAN portal3*
33, Statistical significance is expressed by the asterisks **** p< 0.0001, *** p< 0.001, ** p< 0.01, and *
p< 0.05. ns not significative

3.2 Impact of CEBPZ, NOC2L, and NOC3L expression on patient survival.

We analyzed the correlation between the expression of CEBPZ, NOC2L, and NOC3L and
patient survival to explore their potential impact on disease outcomes across tumor types.
Figure 5 displays a heatmap of hazard ratios for these genes, providing a visual summary of
how their expression is related to survival in various tumors.
CEBPZ H ] DD
NoCzL

NOC3L .:l D [

O A FRL D
¥ sS4 S F

Figure 5: Hazard ratio (HR) heat map for CEBPZ (ID: ENSG00000115816.13), NOC2L (ID:
ENSG00000188976.10), and NOC3L (ID: ENSG00000173145.11) in the tumors listed below. The
median is selected as a threshold for separating high-expression and low-expression cohorts. The
bounding boxes depict the statistically significant results (p < 0.05). Colors from white to red indicate
an HR above 1, suggesting that high gene expression is associated with a worse prognosis. Colors
from white to blue indicate an HR below 1, suggesting that high gene expression is associated with a
better prognosis.

These data suggest that the expression of CEBPZ and NOC2L in adenoid cystic carcinoma
(ACC) may be associated with poorer tumor prognosis. This means that as the expression
levels of these genes increase, the severity or aggressiveness of cancer may also increase,
potentially leading to worse patient outcomes. A similar trend was observed in brain lower-
grade glioma (LGG), liver hepatocellular carcinoma (LIHC), and lung adenocarcinoma
(LUAD), with different degrees of significance (Figure 5). In contrast, in kidney chromophobe
carcinoma, there was an inverse correlation between CEBPZ and NOC3L expression and
patient outcomes. Additionally, CEBPZ, NOC2L, and NOC3L exhibited distinct expression
patterns during the progression of kidney carcinoma, with a marked decrease observed in
KICH (Figure 4C-E). This reduction suggests that disrupting RNA metabolism and ribosome
biogenesis by downregulating these genes may influence cellular processes that drive cancer

progression in specific cell types, such as kidney cells.
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Discussion:

This study revealed an evolutionarily conserved role of CEBPZ, NOC2L, and NOC3L in
regulating ribosomal biogenesis. Our cross-species analysis demonstrated that these genes
are critical for rRNA maturation and ribosomal activity and are essential for cellular growth
and survival in Drosophila and human cells, underscoring their novel and conserved function

in controlling RNA processing.

Our previous analysis of the NOC1 protein interactome identified NOC2 and NOC3 proteins
within the NOC1-nucleolar complex 2. Additionally, our unpublished data suggest that NOC
proteins do not compensate for each other's function. These findings align with those of
previous yeast studies, where NOCs were shown to be essential for life and to form NOC1-
NOC2 and NOC2-NOC3 heterodimers necessary for rRNA processing 2 6. Based on these
observations, we hypothesized that in humans, CEBPZ, NOC2L, and NOC3L may function
as heterodimer complexes to control rRNA maturation, as illustrated in the model shown in
Figure 21-J.

Our TGCA and GO analyses suggest that CEBPZ, NOC2L, and NOC3L expression levels
influence tumor growth by regulating rRNA maturation and ribosome production processes.
Overexpression of these genes may enhance ribosome biogenesis and sustain tumor
progression in liver, rectal, and lung carcinomas, and recently, CEBPZ has been found in a
genetic screen as a mediator of epithelial-mesenchymal transition in lung cancer 3°.

The paradox is that in kidney carcinomas and acute myeloid leukemia, these genes are
downregulated, resulting in impaired ribosomal function. This could contribute to cell-specific

responses and the activation of oncogenic mechanisms.

Such opposite expression patterns have already been described for other ribosome-
biogenesis-related factors, such as dyskerin, rRNA pseudouridine synthase, fibrillarin, and
rRNA 2’-O-methyltransferase. The activity of these two enzymes is required for correct rRNA
maturation and ribosomal function 26 37. An impact on tumor development has been
highlighted, for both, either in the case of increased or reduced expression, in different
oncologic settings. On the one hand, fibrillarin upregulation has been correlated with a worse
prognosis in breast cancer 3 and acute myeloid leukemia 3°; on the other hand, its reduction

has been linked to a worse outcome in breast cancer #°. Similarly, dyskerin downregulation
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has been shown to favor breast cancer development #* and has been correlated with a worse
prognosis in endometrial cancer 42, while its higher expression correlates with the
development of colorectal cancer 3, breast cancer 4+ %5, prostate cancer #¢, and others.
Paradoxically, the downregulation of NOC proteins (e.g., NOC2L and NOC3L) could favor
tumor growth in specific cancers, such as kidney carcinomas and acute myeloid leukemia,
by impairing ribosomal function and inducing nucleolar stress, with the possibility of inducing

DNA damage and the disruption of DNA repair mechanisms that favor tumor initiation 4.

In conclusion, we have identified CEBPZ, NOC2L, and NOC3L as novel regulators of rRNA
processing and ribosome biogenesis. Their expression levels in tumors vary significantly
depending on cellular and tissue context. High expression is observed in most tumor types
and is typically associated with aggressive tumor behavior. In contrast, low expression in
renal cancers, mainly KICH and AML, correlates with advanced tumor stages. These findings
suggest that rRNA dysregulation influences cancer progression through distinct context-
dependent mechanisms shaped by the cellular environment and tissue type. Assessing the
expression of these genes in physiological tissues and specific tumor contexts could provide
valuable insights into their role in ribosomal biogenesis in cancer progression and aid in the

development of targeted diagnostic and prognostic biomarkers.

Material and Methods

Fly husbandry

Fly cultures and crosses were raised at 25 °C on a standard medium containing 9 g/L agar
(ZN5 B and V), 75 g/L corn flour, 60 g/L white sugar, 30 g/L brewers’ yeast (Fisher Scientific),
50 g/L fresh yeast, 50 mL/L molasses (Naturitas), along with nipagin, and propionic acid
(Fisher). The lines used NOC1-RNAi (B25992), NOC2-RNAi (B50907), and NOC3-RNAi
(B61872) were obtained from the Bloomington Drosophila Stock Center.

WB SUNnSET assay

UAS-NOC1-RNAI was expressed ubiquitously in whole larvae using actin-Gal4 coupled with

tubulin-Gal80 temp-sensitive allele to avoid early lethality. Crosses were maintained at 18 °C,

and when larvae reached the second instar, they were switched to 30 °C for 72 h before
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dissection. At least seven third-instar larvae of each genotype were dissected in Schneider’s
medium and then transferred to Eppendorf tubes containing complete medium with 10 %
serum plus puromycin at 20 pg/ml (Invitrogen, Thermo Fisher Scientific). The samples were
incubated for 40 or 60 min at room temperature, then recovered in 10 % serum/medium
without puromycin for 30 min at room temperature. The inverted larvae were snap-frozen in
liquid nitrogen for subsequent western blot analysis using an anti-puromycin primary

antibody.

Cell culture and RNAI

HEK-293FT cells (ThermoFisher Scientific) were cultured in DMEM (Corning Inc.)
supplemented with 10 % FBS, 2mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin (all from Sigma-Aldrich) and maintained at 37 °C, 5 % CO2 in a humidified
incubator. For RNA interference, cells were transfected with Lipofectamine RNAIMAX
(ThermoFisher Scientific) following the manufacturer’'s specifications. Transfected siRNA
sequences were as follows: SiRNA CEBPZ_1:
rCrArArArArGruUrCrArGrUrArCrUrArArArArArArArGrCAA; SiRNA CEBPZ_2:
rUrUrGrCrUrUrUrUrUrUrArGrUrArCrUrGrArCrUrUrGrArG; negative control:  scrambled
negative control DsiRNA, all from Integrated DNA Technologies). 72 hours after transfection,

the cells were harvested, and total RNA was extracted.

Rna extraction and RT-PCR

RNA was extracted from Drosophila larvae or HEK 293FT human cells using the RNeasy
Mini Kit (Qiagen) following the manufacturer’s instructions. The isolated RNA was quantified
using a Nanodrop2000. Total RNA (1000 ng of total RNA was reverse-transcribed into
complementary DNA (cDNA) using SuperScript IV VILO Master Mix (Invitrogen). The
obtained cDNA was used for gRT-PCR with the SYBR Green PCR Kit (Qiagen). The assays
were performed on a Bio-Rad CFX96 machine and analyzed using Bio-Rad CFX Manager
software. Transcript abundance was normalized using actin5c. The primer list was published
in . For human targets, primers were purchased from Integrated DNA Technologies:
CEBPZ forward: TCTCATCCAAAGTAGCCAGCAT; reverse:
TCTCATCCAAAGTAGCCAGCAT; 45S pre-rRNA forward: GAACGGTGGTGTGTCGTTC,;
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45S pre-rRNA reverse: GCGTCTCGTCTCGTCTCACT); and GUSB housekeeping
expression kit was purchased from Applied Biosystems (ref 4326320E).

Statistical Analysis

Students' t-test analysis and analysis of variance were calculated using one-way ANOVA,
and Tukey’s multiple comparisons test was calculated using GraphPad-PRISM8. p values
are indicated with asterisks * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001,

respectively.

Correlations

TCGA data were accessed through FireBrowse (Broad Institute TCGA Genome Data
Analysis Center (2016): Firehose 2016-01-28 run. Broad Institute of MIT and Harvard.
doi:10.7908/C11GOKM9) and processed in-house using the r-corr function of the Hmisc
package in R. (https://www.rdocumentation.org/packages/Hmisc/versions/5.1-3) 4’
Differential expression and HR heat-map

Differential expression analysis was conducted using the GEPIA2 47 platform to compare
gene expression profiles between tumor and normal samples derived from the TCGA and
GTEXx datasets. GEPIA2 was also used to produce a survival heat map of hazard ratio.

Gene Ontology enrichment

GO and KEGG enrichment analyses were performed using ShinyGO “8 with an FDR cutoff of
0.5. The shared coregulated genes between CEBPZ, NOC2L, and NOC3L were tested.

Co-expressed genes
Broad DepMap https://depmap.org/portal/(Project data public release 24Q4) was used to
determine the genes' dependencies after CRISPR in cancer cell lines 4°-%'. The Broad

DepMap project reports essentiality scores using the Chronos algorithm 2. A lower score

indicates a greater probability that the gene of interest is essential in a specific cell line. A
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score of 0 denotes a non-essential gene, whereas a score of -1 reflects the median for pan-

essential genes.

Tumor stage expression

The expression levels of the three genes of interest have been explored through UALCAN at

https://ualcan.path.uab.edu 32 33
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