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ABSTRACT

Background: Pancreatic ductal adenocarcinoma (PDAC) is one of the leading cause of cancer death
worldwide. PDACs are characterized by centrosome aberrations, but whether centrosome-related genes
influence patient outcomes has not been tested.

Methods: Publicly available RNA-sequencing data of patients diagnosed with PDAC were interrogated
with unsupervised approaches to identify centrosome protein-encoding genes with prognostic rele-
vance. Candidate genes were validated by immunohistochemistry and multiplex immunofluorescence in
a set of clinical PDAC and normal pancreatic tissues.

Results: Results showed that two genes CEP250 and CEP170, involved in centrosome linker and centriolar
subdistal appendages, were expressed at high levels in PDAC tissues and were correlated with prognosis
of PDAC patients in independent databases.

Large clustered y-tubulin-labelled centrosomes were linked together by aberrant circular and planar-
shaped CEP250 arrangements in CEP250-high expressing PDACs. Furthermore, PDACs displayed prom-
inent centrosome separation and reduced CEP164-centrosomal labelling associated with acetylated-
tubulin staining compared to normal pancreatic tissues. Interestingly, in a small validation cohort,
CEP250-high expressing patients had shorter disease free- and overall-survival and almost none of those
who received gemcitabine plus nab-paclitaxel first-line therapy achieved a clinical response. In contrast,
weak CEP250 expression was associated with long-term survivors or responses to medical treatments.
Conclusions: Alteration of the centriolar cohesion and appendages has effect on the survival of patients
with PDAC.

© 2024 IAP and EPC. Published by Elsevier B.V. All rights are reserved, including those for text and data
mining, Al training, and similar technologies.
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1. Introduction

Pancreatic Cancer (PDAC) is a lethal disease, accounting as the
fourth cause of cancer-related deaths in Western Countries [1]. Late
diagnosis, subtle clinical presentation, resistance to current treat-
ments and biological complexity, represent the major issues un-
derlying its terrible prognosis [2]. Nowadays, radical surgery, when
feasible, remains the only chance to potentially cure patients. Sys-
temic therapy, indeed, is the unique weapon to face advanced
disease [3—5]. In contrast with other cancers, molecular subtyping
of pancreatic cancer is not clearly defined and remains without
clinically relevant morphological or molecular classification. Early
molecular profiling studies suggested a putative pathological pro-
gression model, analogous to the adenoma-carcinoma model in the
colon [6,7]. Previous studies demonstrated that the combined
expression of oncogenic Kras, coupled with the deletion or loss of
function of Tp53, Cdkn2a readily leads to invasive PDAC [7,8].
Recent advances in nucleic acid sequencing paved the way to
identify previously unrecognized genomic, epigenomic and tran-
scriptomic subtypes of human PDAC [9—11]. For example, Bailey
and colleagues identified four subtypes of PDAC, which they
termed “Squamous”, “Pancreatic Progenitor”, “Immunogenic” and
“Aberrantly Differentiated Endocrine Exocrine (ADEX)” [11]. So far,
the Squamous, Quasi-mesenchymal and Basal-like subtypes
discovered in the above mentioned studies are fairly well aligned
across all three classification systems and appear to be associated
with a poor prognosis [9—11]. Despite the mentioned significant
progress, unfortunately, these have not translated into a break-
through in clinical care for the majority of patients.

Recently, numerical and structural centrosome dysfunction has
gained attention for its potential relevance in cancer [12]. However,
it is unknown whether centrosome anomalies contribute to the
disease and patient outcomes.

The centrosome is a tiny membrane-less condensate composed
of centrioles surrounded by pericentriolar material (PCM) [13]. It is
well known as the main microtubule-organizing center (MTOC) of
the animal cells and as organizer of cilia, membrane-bound an-
tenna-like extensions [14]. When a cell initiates division, the PCM
grows and increases microtubule nucleation, while centriole
proximal end cohesion factors such as C-Nap1, (also known as
CEP250) and rootletin (also known as CROCC), are disassembled to
separate sister centrosomes [13]. The two centrioles in the
centrosome differ in age, functional activity and the presence of
additional structures associated with their surface [15]. The
centriole possessing the distal (DAPs) and subdistal (sDAPs) ap-
pendages is older and referred to as the mother centriole, whereas
the other centriole lacking appendages is the daughter centriole
[15]. DAPs proteins are indispensable for the early steps of primary
ciliogenesis, the disruption of which is associated with a broad
range of diseases including cancer [16,17]. For example, it has been
shown that the suppression of CEP164, one of the major constitu-
ents of DAPs, leads to blockage of ciliogenesis [18]. Although
interdependent, DAPs and sDAPs appear to be functionally and
structurally different [15—18]. Notably, sDAPs proteins including
Ninein and CEP170, are located at both the distal and proximal ends
of centriole through the centrosome linker factor CEP250 [19,20].
The interdependence of sDAPs and CEP250 is indispensable for the
microtubule anchoring proprieties of the cells and the spatial
control of the ciliogenesis [21,22]. While it is generally accepted
that centrosome dysfunction can result in aberrant cell prolifera-
tion, whether these different centrosome substructures affect
cancer progression remains unknown. Nevertheless, direct in-
vestigations on the PDAC prognosis are not yet available.

We here developed a model to discover and validate potential
centrosomal-related genes predictive of PDAC prognosis. We found
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that centrosome linker and centriolar appendages protein coding
genes are inversely deregulated in PDAC tissues.

2. Materials and methods
2.1. Gene expression data

Protein-encoding genes annotated with the location “centro-
some and centriolar satellites” (n = 564) were downloaded from
the Human Protein Atlas (HPA) [23] and were hereafter referred to
as centrosome-related genes (CRGs). Gene Expression data and
available clinical information for 96 individuals diagnosed with
PDAC were obtained from a gene expression Omnibus dataset
(GSE36924) [9]. Of 564 genes, 482 were included in the expression
data. PDACs were classified into 4 molecular subtypes according to
Bailey et al.: squamous; pancreatic progenitor; immunogenic; and
aberrantly differentiated endocrine exocrine (ADEX) [9]. An unsu-
pervised clustering analysis was performed based on the expres-
sion of the CRGs. In particular, hierarchical clustering with Ward
linkage and Euclidean distance as implemented in the R hclust
function was used. The optimal number of clusters was chosen
based on the Calinski-Harabasz criterion. Gene expression profiles
of PDAC and normal pancreatic samples were collected from the
Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEx) databases, respectively [24]. The GEPIA web tool was used to
analyze the differential gene expression between PDACs and
normal pancreatic tissues [25]. ANOVA (analysis of Variance) with a
p-value threshold of 0.05 was performed to detect genes having a
significant differential expression among the molecular subtypes.
Consensus transcript expression level for a subset of CRGs across all
major organs and tissues were based on transcriptomics data from
HPA and GTEx [23,24]. The resulting normalized transcript
expression levels denoted (nTPM) value was calculated for each
gene. Only genes with differential expression in pancreas tissues
are shown.

2.2. Constructing a prognostic signature based on CRGs

In order to obtain a predictive model for PDAC patients outcome,
we first combined the transcriptomic data and survival information
from the PDAC dataset (GSE36924). Moreover, gene expression
profiling and survival data from 80 additional PDAC patients
(CPTAC) dataset, were used as a test set [26]. To identify CRGs
associated with prognosis, univariate Cox regression analysis on the
training and test set was performed. The Cox Proportional Hazard
(CPH) method was applied using the coxph-function from the sur-
vival R package. AWald test FDR <0.1 was considered as statistically
significant. The risk of death associated with the expression of each
CRG was modeled through the CPH beta coefficient, interpreted as
an increase (for positive values) or a decrease (for negative values).
The “forest plot” was used to conduct a multivariate Cox regression
analysis for CEP250 expression and clinical features in CPTAC and
GSE36924 datasets. Kaplan Meier curves were computed using the
Log-Rank test and the Surv function from the survival R package. To
obtain the survival curve corresponding to each CRG, the first and
third quartile of the gene expression distribution was considered in
order to define high and low expression, respectively. Over-
representation enrichment analysis and gene ontology (GO)-
Terms were identified through the DAVID tool (Database for
Annotation, Visualization, and Integrated Discovery cite) and
g:Profiler [27]. GO-Terms that scored significant in these two tools
were included. Unsupervised hierarchical clustering analysis with
Complete linkage and Euclidean distance (hclust function) has been
performed on the expression data of the CRGs prognostic genes.
The data were rescaled based on the quartile distributions of the
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CRGs expression. The R software package was used to perform
differential gene analysis of the HR-group “shared bad prognosis
genes” versus the LR-group “shared good prognosis genes”. Finally,
PDAC patients from the TCGA database were used to analyze the
prognostic significance of CEP164.

2.3. Clinical tissue samples

Formalin-fixed paraffin-embedded slides of PDAC (n = 23) and
normal pancreatic tissue (n = 4) were procured from three different
Institutions, Policlinico Ospedali Riuniti - University of Foggia,
Sandro Pertini Hospital of Rome and Casa Sollievo della Sofferenza
Hospital, San Giovanni Rotondo, Foggia, Italy. This study was
approved by Policlinico Ospedali Riuniti, University of Foggia Ethic
Committee (Comitato Etico Area 1, 128/CE/2023). Patients under-
went to radical surgical resection between 2017 and 2023 were
included in the study. All tumors were histologically diagnosed as
PDAC and classified according to the TNM staging system of the
International Union Against Cancer (UICC) version 7. Clinical and
pathological data for each patient were obtained from the medical
records and the pathology reports from the archives of the Hospi-
tals involved in the study. The follow-up and death data were
collected, and censored at 2023, December 31st. After surgical
resection, 19 out of 23 patients received adjuvant therapy with
single agent gemcitabine (n = 16) or modified (m)FOLFIRINOX
(n = 3) and 17 out of 23 patients relapsed after surgery/adjuvant
treatment and received first-line chemotherapy with nab-
paclitaxel/gemcitabine combination (Table S1).

2.4. Patients’ outcome data

Patients' outcome was evaluated in terms of overall survival
(0S) and disease-free survival (DFS). Overall Survival was defined as
the time elapsed from the start of adjuvant treatment to death for
any cause; DFS was defined as the time from the start of adjuvant
treatment and disease progression or death, whichever occurred
first. Consistently, in the “relapsed” cohort objective response to
first-line chemotherapy and Progression Free Survival (PFS) were
evaluated. The best overall response (ORR) was evaluated by
Computed Tomography (CT) scan every 8 or 12 weeks following the
Referral Oncologists’ daily practice. Tumor response was classified
in: complete response (CR), partial response (PR), stable disease
(SD), and progressive disease (PD) according to Response Evalua-
tion Criteria in Solid Tumors (RECIST). Consequently, patients with
CR, PR and SD > 6 months were considered responders while the
remaining non-responders. Progression Free Survival was defined
as the time between the start of first line chemotherapy and disease
progression or death, whichever occurred first.

2.5. Immunohistochemistry (IHC) staining

Immunohistochemistry (IHC) was performed with Kit Neostain
ABC kit, (NeoBiotech, NB-23-00001-6). Serial sections of normal
pancreas and PDAC (4 pm thick) were mounted onto positively
charged slides and dried for 24 h. The slides were deparaffinized
and rehydrated by washing in xylene three times, 7 min each, fol-
lowed by passing through 100 %, 75 %, and 50 % ethanol and ddH20
for rehydration. Heat-induced epitope retrieval was performed by
heating the slides in 1X NeoUltra Retrieval Solution 20X (Neo-
Biotech, NB-23-00178-4) for 40 min. The block of endogenous
peroxides was done using the 3 % H202 for 4min. Slides were
washed in PBS following by blocking buffer (BeoBiotech, NB-26-
01605) for 30 min at room temperature. Primary antibodies were
incubated at 4 °C for 1 h in a humidified chamber as follows: Anti-
C-NAP1 (Proteintech Europe, 66814-1); diluted 1:100; Anti-CEP164
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(ABclonal, A9964), diluted 1:250. Slides were then incubated with
Biotinylated second antibody (NeoBiotech) for 15 min and HRP
(NeoBiotech) for 15 min, respectively. The 3,3’ diaminobenzidine
(3 min) and hematoxylin (5 min) were used as chromogen and
counterstain, respectively. The antigen-antibody complexes were
then revealed with 3,3’ diaminobenzidine (DAB) chromogen
(3 min) and counterstained with Hematoxylin for 8 min and cov-
erslipped in permanent mounting media (NeoBiotech). The IHC
staining pattern was evaluated taking into account the fraction of
stained cells as “high >75 %", “moderate 25—75 %” and weak <25 %".
Staining at the nucleus, cytoplasm, or membranes was also
collected.

2.6. High resolution multiplexed immunofluorescent microscopy

To accurately quantify centrosomes in PDACs and normal
pancreatic tissues, we used a multiplex immunofluorescence
microscopy—based method as reported [28]. Slides (5-um) thick-
ness were deparaffined and rehydrated. Antigen retrieval was
performed using the Universal HIER antigen retrieval reagent, 10X,
diluted 1:10 (ab208572, abcam) and heated at 97 °C using a
decloaking chamber for 20 min. Slides were washed in washing
buffer (PBS and 0.1 % Tween 20 at 25 °C) following by blocking
buffer (BeoBiotech, NB-26-01605) for 30 min at room temperature.
Primary antibodies were diluted in blocking buffer and incubated at
4 °C overnight in a humidified chamber as follows: Anti-C-NAP1
(Proteintech Europe, 66814-1); diluted 1:100; Anti-CEP164
diluted 1:1250 (AB clonal, A9964); Anti-y-Tubulin diluted 1:100
(AB clonal A9657); Acetyl-TUBA1A diluted 1:100 (CliniSciences
CSB-PA000127). Slides were washed three times in washing buffer
(Phosphate-buffered saline with 0.1 % Tween® 20 Detergent) and
incubated with secondary antibody for 1 h and Hoechst, 33342
Staining Dye Solution; diluted 1:5000 for 15 min (ab228551,
abcam) at room temperature. Secondary antibodies were: Goat
Anti-Mouse IgG H&L (Alexa Fluor® 647, red) (abcam, ab150115) and
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488, green) (ab150077)
diluted 1:500 or 1:1300, respectively. Slides were washed three
times in washing buffer, mounted using Anti-Fade Fluorescence
Mounting Medium - Aqueous, Fluoroshield (ab104135, abcam) and
stored at —20 °C for future analysis. Unstained control samples
were run to check and exclude autofluorescence. Specimens were
imaged by fluorescent microscope (Nikon Eclipse) and confocal
microscope LSM880 (Zeiss) controlled by the Zen blue software at
high-magnifications fields (40x, 63x or 100x). High resolution im-
ages were analyzed with the Motic Image Plus 3.0 software, Nikon.
For each image, we integrated intensity of pixels and percentage
coverage of the color within/across cellular compartments by
adjusting the pixel count for each nucleus. Manual pixel counts
were also performed to determine the concentration of dye present
in relation to the nuclei. Statistical analysis using r*> was performed.
From the data generated, it was observed a good correlation of dye
positivity between manual assessment and the IF Motic Image Al-
gorithm. At least one hundred nuclei were analyzed in three
different area per tissue section.

2.7. Statistical analysis

Differences in overall survival and disease-free survival were
measured by Kaplan-Meier curves using the log-rank test, at 95 %
confidence intervals (CI). The Spearman rank test was used to
assess the correlation between different centrosome-related
markers expressed in PDACs tissues. Boxplots were used to visu-
alize and compare centrosome-labelling at the single-cell level
intensity related to nucleus in normal pancreas and PDAC tissues.
Student t-test (2-tailed) or Wilcoxon-Mann-Whitney tests with
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median differences at 95 % confidence interval (CI). Data are pre-
sented with mean, medians and ranges. For in-house cohort, the
statistical analyses were carried out using Prism version 4.02
(GraphPad Software, Inc), GeneSpring R/bioconductor v.12.5 or R
based package. Gene expression profiling analyses were performed
using the R programming environment. All P values represent two-
sided tests of statistical significance with p value < 0.05.

3. Results

3.1. Centrosome genes are dysregulated in the squamous PDAC
subtype

To evaluate centrosomal related genes (CRGs) expression
through different PDAC subtypes, we interrogated the expression
data from the database (GSE36924), in which four distinct molec-
ular subtypes named; Squamous, Pancreatic Progenitor, Immuno-
genic and Aberrantly Differentiated Endocrine Exocrine (ADEX)
were identified [9]. Of the 564 CRGs, 482 (85,46 %) were available in
the dataset. Unsupervised clustering analysis revealed the presence
of three discrete groups (Fig. 1A). Interestingly, group 3 was mainly
enriched for the squamous subtype and showed a high number of
dysregulated CRGs compared to other subtypes (p = 1.517727e-13;
Fig. 1B). Similarly, lymph-nodal dissemination and metastatic dis-
ease (N+ and stage IV status) were higher in group 3 than in groups
1 and 2. In the group 3, we identified a consistent number of over
and under-expressed genes (Fig. 1A and B). Centriolar satellites and
cilia/microtubule assembly were the top enriched terms of under-
expressed genes. Conversely, over-expressed genes were signifi-
cantly enriched for terms related to spindle assembly, chromosome
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(CRGs)
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segregation and centrosome duplication (Fig. 1C). This analysis
identified a discrete group of sample that differ in their expression
mostly in the squamous subtype known to correlate with poor
survival.

3.2. A subset of CRGs is relevant for PDAC patients’ prognosis

To determine if this classification has prognostic value, we used
univariate Cox regression analysis. Out of 482 CRGs, 27 were
associated with survival. Among them, 16 “positively” correlated
with bad prognosis (beta >0) and 11 “negatively” with a good
prognosis (beta <0) (Table S2). Unsupervised hierarchical clustering
analysis indeed revealed that the 27 survival-related genes differ
markedly in their expression values, clusters 5 and 2 respectively
(Fig. 2A). For example, PLK4 whose dysregulation drives centro-
some amplification was identified in poor outcome group, sup-
porting the reliability of the prognostic model [29,30] (Fig. 1A). To
understand if the identified gene set has prognostic significance
independent of tumour grade, we utilized an additional indepen-
dent set of 80 PDAC cases named “CPTAC” [26]. Out of 479 CRGs, 93
genes positively or negatively correlated with survival (Table S2).
Gene expression patterns for the 93 CRGs classified tumors into two
discrete prognostic groups also for CPTAC database (Fig. 2B). Given
that the two datasets revealed significant differences in the number
of survival-related genes, in order to remove gross systematic dif-
ferences the results were combined. A set of 14 common prognostic
genes was identified, 5 negatively and 9 positively correlated with
survival, respectively (Fig. 2C). For example, TRIM2 and TMEM63A
involved in the ubiquitin pathway and centriolar vescicle transport
were negatively correlated with survival [23]. In addition, PLK4,

Subtype
100% — —
. . =3
2 80%
- 2
}E 60%
o
o 40% m
o
>
Q
B -
? L]
0%
ADEX  Immunogenic Pancreatic Squamous
progenitor
» Adj P value
g
o cytoskeleton | NN 7.866x10-3
o - )
2 Cllafmotopbie ofGen"0 SN S5l
g
g centriolar satelite NI 1.539%10-5
3
3 0 2 4 6
-] enrichment (score)
Adj P value
3
£ | Centrosome cohesion/appendages W 4.985%10-2
.;n centrosome duplication  IEEEEEG—_—|I——— 8.329x10-9
2 segregation 2.050x10-11
4
s spindle 1.074x10-12
?'_) mitotic cell cycle process  IEEEEG—G———— 1.221x10-14
3
3 0 5 10 15

Enrichment (score)

Fig. 1. Dysregulated CRGs characterize the squamous subtype. A) Unsupervised clustering of the CRGs related to the dataset GSE36924 highlights a cluster of samples enriched by
the squamous subtype (columns) and two clusters of genes that appear differentially expressed. The annotation related to the Lymphatic invasion, Subtype and clustering have been
added. The schematic workflow is represented at the top of the panel. B) the barplots in the panel represent the molecular subtype distribution across the three clusters identified.
C) Gene ontology (GO) terms for the over-representation analysis of the under-expressed (green) and over-expressed (red) genes.
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Venn plots show the common Bad and Good CRGs identified between the two cohorts.

CEP250, CEP170 and ASAP1 involved in centrosome duplication,
centrosome cohesion and microtubule organization activities
positively correlated with survival (Table S3) [20,21,23,28]. The
results revealed previously unknown CRGs with prognostic rele-
vance in PDAC.

3.3. Appendages and centrosome cohesion components are related
to PDAC prognosis

We next compared the common good and poor prognostic
genes with the Kaplan-Meier method. We found that PDAC patients
expressing bad prognosis genes exhibited about 5-fold increased
risk of death compared to good prognostic group, HR = 0.18
(0.08—0.39 95 % CI) p=0.0001 (Fig. 3A). Similar results were
observed also for the CPTAC dataset, HR = 0.20 (0.08—0.50 95 % CI)
p=0.00016 (Fig. 3B). CEP250 and CEP170 were expressed at high
levels in PDAC tissues and correlated with prognosis of PDAC pa-
tients in both the databases (Fig. 3C and D and Table S3). Multi-
variate analysis for CEP250 in both CPTAC and GSE36924 datasets
confirmed a significant effect on patients’ outcomes (Fig. S1B). To
further clarify the effective impact of candidate prognostic genes,
we explored their expression profiles in the TCGA database using as
reference normal pancreatic tissues. A number of bad prognosis
genes (7 out of 9; 77,7 %) including CEP250 and CEP170 exhibited
higher expression in PDAC than in normal pancreas tissues (Fig. 4A
and B). In contrast, no differential expression was found for 3 out of
the 5 good prognosis genes. Unexpectedly, two genes “TRIM2 and
CAPNG6” that negatively correlated with survival were significantly
higher in PDACs than in normal tissues (Fig. 4A). As we did not
identify effective protective prognostic genes, we explored addi-
tional centrosome protein-encoding genes candidates localized to
the centriolar DAPs, which are crucial in the process of primary cilia
formation [ 16]. Notably, the systematic exploration of HPA database
revealed CEP164 expression as a pancreas-specific marker reduced
in PDACs related to normal pancreas tissues (Figs. S2A and B). In
addition, survival analysis disclosed that PDAC patients with low
expression levels of CEP164 exhibited shorter survival than those

with high expression (Fig. S2C). Therefore, reduced expression of
CEP164 represented a candidate gene for further exploration.

3.4. The centrosome cohesion factor CEP250 is overexpressed in
PDAC with supernumerary centrosomes

In addition to the sDAPs, CEP170 is also localized to the centriole
proximal end in a CEP250-dependent manner [16,20]. Thus, in-
silico predictions suggested a predominant dysregulation of the
centrosome cohesion system.

We collected a series of 23 human FFPE PDAC with follow-up
information to verify CEP250 expression by immunohistochem-
istry (IHC). Normal pancreatic tissues were used for comparison. In
normal pancreas, CEP250 exhibited weak staining and marked
mainly exocrine glandular cells. In contrast, the large majority of
PDACs displayed a moderate (7/23; 30 %) or high (10/23; 44 %)
positivity. Fewer cancer tissues (6/23; 26 %) were weakly stained
(Fig. 4C). To accurately quantify CEP250 expression in normal
pancreas and PDAC FFPE tissues, we used immunofluorescence.
Serial sections from the same tissues were also labelled for the PCM
protein y-tubulin, as reference to mark centrosome number per
cell. In all samples, CEP250 showed quantifiable results. Normal
pancreatic glands contained often single or two centrosome-
marked CEP250 foci (~12/100 cells). In contrast PDACs generally
displayed voluminous and greater CEP250-labelled centrosomes
than the normal pancreas (Fig. 5A). Having confirmed CEP250
overexpression in PDAC, we explored y-tubulin staining. In normal
pancreas, anti—y-tubulin resulted in one focus with an irregularly
shaped pattern. Interestingly, PDACs contained supernumerary
centrosomes marked by more than two distinct y-tubulin foci.
Statistical analysis revealed a positive correlation between CEP250
and centrosome amplification (CA) in a subset of PDAC samples
(Fig. 5A and Fig. S2D). Taken together, these findings suggested that
CEP250-overexpressing PDACs exhibited a greater extent of cen-
trosomes abnormalities than CEP250-low expressing groups, con-
firming that its dysregulation participates in PDAC pathogenesis.
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3.5. Centrosome cohesion is relevant for the clustering of amplified
centrosomes

To explore the effects of CEP250 over-expression on centriole
amplification, we used multiplexed immunofluorescence to visu-
alize centrosome amplification by y-tubulin (green) in relation to
CEP250 (red) in normal and PDAC tissues. High-resolution micro-
scopy was used to acquire whole cell volumes in which to scan for
centrosomes.

We found that CEP250 and fy-tubulin colocalized at the
centrosome as discrete foci in normal pancreatic tissues (Fig. S3A).
In the PDAC tissue sample, we detected centrosome amplification
as evidenced by the presence of > 2y-tubulin foci per cell. Strik-
ingly, a significant number of cells exhibited large clustered y-
tubulin-labelled centrosomes that appeared linked together by
CEP250 ring and planar-shaped structures (Fig. 5B and Fig. S3A).
Interestingly, the diameter of the CEP250 ring structures appeared
to increase with the number of y-tubulin foci (Fig. 5B). These
findings provided evidence that amplifed centrosomes are con-
nected to each other through aberrant centrosome linker structures
in PDACs.

3.6. Overexpression of CEP250 is associated to reduced CEP164 and
loss of primary cilia in PDACs

Having confirmed an association between CEP250 and centro-
some anomalies, we were interested in understanding if the
expression of the distal appendage protein CEP164 is related to
CEP250 in normal pancreas and PDACs tissues. We found a strong
cytoplasmic/membranous expression of CEP164 in normal

pancreatic tissues by IHC. In contrast, weak to moderate cyto-
plasmic/membranous immunoreactivity was observed in most
PDACs, confirming bioinformatics predictions (Fig. 5C). Correlative
immunofluorescence-light microscopy indeed revealed that
CEP164-labelled centrosomes tended to be reduced in PDACs as
compared to normal pancreas (Figs. S3B and C). As CEP164 is con-
nected to ciliogenesis, immunofluorescence was performed to
visualize in the same tissues acetylated tubulin, a marker for pri-
mary cilia. Importantly, in normal pancreatic glands, we detected
that most cells displayed prominent primary cilia, which tend to be
markedly reduced in PDACs (Fig. 5C and Fig. S3C). Reduced CEP164
and cilia staining appeared to be correlated in a subset of PDAC
samples (Fig. S3C). We next used multiplexed immunofluorescence
to visualize CEP164 (green) and CEP250 (red) at centrosomes of
normal and PDAC tissues. Centrosomes that were labelled with
both anti-CEP250 and CEP164 antibodies were often detected in
normal pancreatic cells (Fig. 5D). We observed a significant devia-
tion from this pattern in PDAC tissues overexpressing CEP250.
Intriguingly, CEP250-labelled centrosomes not marked by CEP164,
tended to be more separated “10 um apart” placing them on
opposite sides of the cell or nucleus (Fig. 5D). Conversely, CEP164-
high expressing PDACs appeared as large “ring-like” structures
sporadically marked by a single CEP250 spot (Fig. S3B). Indeed,
CEP250-high expressing PDAC exhibited a higher centrosome
separation than those with moderate expression or normal
pancreas (Fig. 5E). Consistently, quantification of centrosomes
marked by CEP250 and CEP164 revealed an inverse correlation in a
subset of PDACs (Fig. 5E). In summary, our findings suggested that
CEP250-overexpressing PDACs exhibit defects in centrosome
cohesion also related to dysregulation of distal appendages.
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3.7. CEP250 expression in PDAC impacts on patients’ prognosis

The association of centrosome cohesion abnormalities with poor
prognostic indicators in pancreatic cancer is unknown. Therefore,
we examined CEP250 expression in 23 PDACs and sought associa-
tions with clinicopathologic parameters including age, sex, tumor
size, grade/extent of differentiation, stage, lymph node metastasis,
survival parameters and clinical response to treatment. For statistical
purpose, PDACs displaying weak or moderate CEP250 IHC staining
were defined low and compared to the CEP250-high expressing
group. We found that CEP250 expression mostly influenced the
relapse (Table S1). Next we then analyzed CEP250 in relation with
overall (0S) and disease free survival (DFS). Indeed, CEP250-high
PDACs exhibited shorter OS and DFS than the CEP250-low group.
The median DFS was 8,4 months in the CEP250-high group and 15,9
months in the CEP250-low group, respectively p=0.030. Consis-
tently, the median OS was 14.9 months in the CEP-250-high group
and 25.3 months in the CEP-250 low group; p = 0.030 (Fig. 6A and
B). Because CEP250-High PDAC patients were related to “relapse”,
we investigated whether CEP250 expression correlated with re-
sponses to nab paclitaxel plus gemcitabine chemotherapy-based
treatment. Seventeen “relapsed” patients treated with such a ther-
apeutic regimen were available. Of note, 81 % of the CEP250-high
patients did not respond to therapy. In stark contrast, 82 % of the
CEP250-low patients exhibited good clinical responses (Fig. 6C).
Consistently, median PFS for the first-line therapy was shorter in
CEP250-high than in CEP250-low expressing PDACs, 3,4 versus 6
months respectively; p = 0.039 (Fig. S3D). The results confirmed
CEP250 expression as probable predictor of clinical outcomes in
PDAC patients.

4. Discussion

Despite the efforts in understanding the aggressive nature of
PDAC, these have not translated into a breakthrough in clinical care,
for the majority of patients. So it is crucial to identify novel targets
for its treatment. High-throughput genomic studies provided evi-
dences that the aggressive behaviour of PDAC may be due to the
remarkably complex mutational landscape, extensive intratumor
heterogeneity and chromosomal instability. Centrosome amplifi-
cation (CA) is a well-known mediator of chromosomal instability.
However, whether centrosome-related genes influence PDAC
prognosis has not been tested [29,30].

We here found a set of centrosome genes with prognostic
relevance in PDAC patients. Among them PLK4, a well-known
master regulator of centriole duplication that served as positive
control for the assessment of other prognostic genes [29,30].
In vitro studies on the role of PLK4 in centriole biogenesis have
mostly been conducted by its over-expression, resulting in the
formation of abnormal ring-shaped clusters of procentrioles on the
maternal centriole named centriole rosettes [31].

Interestingly, CEP250 and CEP170, involved in centrosome linker
and sDAPs structures were also over-expressed and related to the
prognosis. Recently, a CA-signature based on the expression of 20
centrosome genes (CA20) has been developed, demonstrating that
high CA20 is associated with poor patient's survival in several
cancer types [32]. Some of genes identified here, mostly CEP250 and
CEP170 were not included in CA20 panel, suggesting that centro-
some genes with prognostic relevance may be cancer-specific.
Therefore, panels for CA should be modeled prioritizing candidate
genes with biological relevance or by tissue-specific direct
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experimental validation. We also identified CEP164 as a relevant
pancreas enriched protein downregulated in PDAC. Therefore,
together with increased expression of CEP170, mainly localized at
sDAPs, it seems likely that in PDAC the remodelling of “mother
centriole and its appendages” composition is at least responsible
for cancer progression. CEP170 is also located at the proximal ends
of centriole through the centrosome linker factor CEP250 [19,20].
Our experimental findings indeed suggested that about half of
PDACs exhibited a consistent overexpression of CEP250 compared
to normal pancreas. Notably, PDACs tissues with extra centrosomes
were linked together by aberrant circular and planar-shaped
CEP250 arrangements. In this condition, CEP250 could play a role
in pseudo-bipolar spindle formation in cells with supernumerary
centrosomes, which occasionally can give rise to aneuploid and
transformed daughter cells. However, how and why CEP250 that
only associates at the proximal end of centrioles contributes to y-
tubulin clustering is presently unclear. Notably, CEP250-
overexpressing PDACs displayed a prominent centrosome separa-
tion characterized by CEP164 removal at centrosomes. Our findings
are in line with recent in vitro observations that NEK2 kinase, a
well-known CEP250 regulator, not only promotes centriole sepa-
ration but also CEP164 removal from the centrosomes [33]. Why
centriolar appendages, centrosome duplication and cohesion are
closely interdependent is matter of debated. We indeed found that
reduced CEP164 and defects in primary cilia in PDAC could be
interdependent. It remains to establish whether CEP164 down-
regulation might be one underlying mechanism that contributes to
the loss of cilia in PDAC cellular models in vitro.

We confirmed that the overall survival and disease free survival
of patients as well as the probability of metastatic distant relapse is
influenced by CEP250 expression. Interestingly, almost none of the
11 “relapsed” CEP250-high expressing PDAC patients who received
gemcitabine plus nab-paclitaxel therapy achieved a clinical
response. In contrast, a few PDACs displaying weak CEP250
expression were long-term survivors or responsive to therapeutic
treatment. However, given the small sample size of our validation
cohort, the prognostic potential of centrosome-related genes the
needs to be further assessed in larger cohorts of unselected patients
with PDAC.

Notably, a recent study showed that patients low levels of
CEP170 had a better prognosis and a mutational signature associ-
ated with defective DNA repair [34,35]. In this scenario, low levels
of CEP170 and CEP250 could render tumoral cells defective in ho-
mologous recombination (HR) pathways hypersensitive to anti-
cancer treatments, thus increasing patient survival. It is interesting
to note that several components of the DNA damage response
(DDR) have been identified at the centrosome as the checkpoint
proteins ATM, ATR, BRCA1, BRCA2, or PARPs play an important role
in PDAC [34]. Thus, considering collectively that induction of DNA
double strand breaks (DSBs) is a first-line therapeutic approach,
further understanding of the centrosome role in DNA repair will
open new research lines and therapeutic avenues in PDAC
oncology.

5. Conclusions

In summary, alterations in centrosome cohesion and centriolar
appendages have effect on the survival of patients with PDAC and
could be exploited as potential targets for future investigations.
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