
HAL Id: hal-04743033
https://ut3-toulouseinp.hal.science/hal-04743033v1

Submitted on 18 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Cytidine Deaminase Resolves Replicative Stress and
Protects Pancreatic Cancer from DNA-Targeting Drugs
Audrey Lumeau, Nicolas Bery, Audrey Francès, Marion Gayral, Guillaume
Labrousse, Cyril Ribeyre, Charlene Lopez, Adele Nevot, Abdessamad El

Kaoutari, Naima Hanoun, et al.

To cite this version:
Audrey Lumeau, Nicolas Bery, Audrey Francès, Marion Gayral, Guillaume Labrousse, et al.. Cytidine
Deaminase Resolves Replicative Stress and Protects Pancreatic Cancer from DNA-Targeting Drugs.
Cancer Research, 2024, 84 (7), pp.1013 - 1028. �10.1158/0008-5472.can-22-3219�. �hal-04743033�

https://ut3-toulouseinp.hal.science/hal-04743033v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


CANCER RESEARCH | CANCER BIOLOGY

Cytidine Deaminase Resolves Replicative Stress and
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Frederic Pont1, Juan-Pablo Cerapio1, Jean-Jacques Fourni�e1, Frederic Lopez1, Miguel Madrid-Mencia1,
Vera Pancaldi1,4, Marie-Jeanne Pillaire5, Valerie Bergoglio6, Jerome Torrisani1, Nelson Dusetti3,
Jean-Sebastien Hoffmann7, Louis Buscail1,8, Malik Lutzmann2, and Pierre Cordelier1

ABSTRACT
◥

Cytidine deaminase (CDA) functions in the pyrimidine salvage
pathway for DNA and RNA syntheses and has been shown to
protect cancer cells from deoxycytidine-based chemotherapies. In
this study, we observed that CDA was overexpressed in pancreatic
adenocarcinoma from patients at baseline and was essential for
experimental tumor growth. Mechanistic investigations revealed
that CDA localized to replication forks where it increased repli-
cation speed, improved replication fork restart efficiency, reduced
endogenous replication stress, minimized DNA breaks, and reg-
ulated genetic stability during DNA replication. In cellular pan-
creatic cancer models, high CDA expression correlated with
resistance to DNA-damaging agents. Silencing CDA in patient-
derived primary cultures in vitro and in orthotopic xenografts

in vivo increased replication stress and sensitized pancreatic
adenocarcinoma cells to oxaliplatin. This study sheds light on the
role of CDA in pancreatic adenocarcinoma, offering insights into
how this tumor type modulates replication stress. These findings
suggest that CDA expression could potentially predict therapeutic
efficacy and that targeting CDA induces intolerable levels of
replication stress in cancer cells, particularly when combined with
DNA-targeted therapies.

Significance: Cytidine deaminase reduces replication stress and
regulates DNA replication to confer resistance to DNA-damaging
drugs in pancreatic cancer, unveiling a molecular vulnerability that
could enhance treatment response.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) will soon become the

second cause of death by cancer worldwide (1). Recent studies
demonstrate that 10% to 15% of patients with PDAC show unstable
genotypes with chromosomal structural variations characterized by
the inactivation of DNA repair genes (BRCA1, BRCA2, PALB2, ATM,
and RAD51; refs. 2, 3). Such molecular defects can advocate for
promising targeted therapies (4) as transcriptomic signatures of high
replication stress predict response to ATR and WEE1 inhibitors in
preclinical models (5). More importantly, patients with germline

mutations in the BRCA2 gene were recently found to benefit from
first-line platinum-based FOLFIRINOX regimen followed by PARP
inhibitors treatment (6). Thus, harnessing replication stress is a
promising therapeutic avenue in this cancer (4), but the molecular
mechanisms that govern replication stress in PDAC remain largely
unknown.

Within the pyrimidine salvage pathway, cytidine deaminase
(CDA) catalyzes the irreversible hydrolytic deamination of cytidine
and deoxycytidine to uridine and deoxyuridine, respectively, for
RNA and DNA syntheses (7). Unfortunately, this property can be
diverted by tumor cells to deaminate and neutralize deoxycytidine-
based therapies. Thus, CDA is now seen as a major contributor of
tumor chemoresistance, especially to gemcitabine in PDAC (7).
CDA catalytic inhibitors have been developed for cancer-related
therapy, but they lack specificity (8, 9) and recently failed to show
efficacy in pilot clinical trial in advanced, chemo-refractory
PDAC (10). Interestingly, loss of CDA expression in Bloom syn-
drome cells results in a pyrimidine pool imbalance, which in turn
participates to DNA replication stress. This leads to chromosome
segregation defects (11) in a genetic disease with one of the strongest
known correlation between chromosomal instability and increased
risk of malignancy (12). Hence, this study suggests an intriguing
connection between CDA expression and DNA replication stress
that we aimed to explore in PDAC. Our study demonstrates an
association between CDA expression and resistance to DNA-
damaging agents. Moreover, when we silenced CDA in patient-
derived primary cultures and orthotopic xenografts in vivo, it
sensitized tumor cells to oxaliplatin. These findings suggest potential
implications for the management of patients with PDAC as CDA
expression may serve as an indicator of efficacy for DNA-damaging
drugs, whereas targeting CDApresents a novel vulnerability, potentially
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inducing significant replication stress in cancer cells, particularly in
combination with compounds affecting DNA metabolism.

Materials and Methods
Cell lines, culture conditions, and treatments

The MIA PaCa-2 [CRL-1420, DNA damage response (DDR)-
proficient], BxPC3 (CRL-1687, DDR-deficient, mutated for POLQ;
ref. 4), Capan-1 (HTB-79, DDR-deficient, mutated for BRCA2 and
ATM; ref. 4), andHela S3 (CCL-2.2) human cancer cells were obtained
from the ATCC and cultured in DMEM 4.5 g/L glucose (for MIA
PaCa-2 and HeLa S3) or RPMI (BxPC3 and Capan-1) containing 10%
FBS, 100 IU/mL penicillin, 100 mg/mL streptomycin and 250 ng/mL
fungizone (AB), and 100 mg/mL normocin (Invivogen) to avoid
Mycoplasma contamination. Cells were incubated at 37�C with 5%
CO2. We used cell lines under passage 10, with the exception of late
passage studies, that were certified Mycoplasma-free using the Myco-
plasma detection kit (Invivogen). Pancreatic cancer patient–derived
primary cultures PDAC015T and PDAC051T were cultured as
described before (13). Cells were incubated at 37�C with 5% CO2.
PDAC cells were seeded and 24 hours later were treated with CDA
pharmacologic inhibitors (THU, DR) for 72 hours at 100 mmol/L. To
induce replicative stress, cells were treated with 0.3 mmol/L aphidicolin
or 10 mmol/L oxaliplatin for 24 hours, cells were treated with DMSO
as control.

Flow cytometry
Annexin V staining was performed with the Annexin V Apoptosis

Detection Kit (BD Biosciences) following the manufacturer’s recom-
mendations. For cell-cycle analysis, the protocol was adapted
from (14). Data were collected on the MACS Quant Q10 cytometer
and analyzed using the MACS Quant software.

Mice models
Experimental procedures performed on mice were approved by

the ethical committee of INSERM CREFRE US006 animal facility
and authorized by the French Ministry of Research: APAFIS#3600–
2015121608386111v3. MIA PaCa-2 cells (2 � 106) stably expressing
luciferase and shRNA targeting CDA following lentiviral delivery
were engrafted into the pancreas of 6-week-old SCID CB17 mice
(Charles River Laboratories) as previously described (15). MIA
PaCa-2 cells expressing random siRNAs were used as controls.
Tumor progression was monitored once per week by luminescence
after intra peritoneal injection of Rediject D-Luciferin (PerkinElmer).
Measurement of luminescence was assessed using an IVIS Spec-
trum apparatus (PerkinElmer). At endpoint, tumors were collected
and measured using a caliper, stained for hematoxylin and eosin,
and analyzed with an expert pathologist for peripheral necrotic
content. For interventional studies, a total of 1�106 PDAC015T
cells resuspended in Matrigel were injected subcutaneously in
athymic mice (6-week-old SCID CB17 mice from Charles River
Laboratories). Tumors were measured with a caliper and tumor
volume was calculated using the formula V ¼ (Width2 � Length)/2.
Two weeks later, tumors ranging from 150 to 350 mm3 were
randomized in two groups (day 0). Tumors were injected intratu-
morally at days 0 and 5 with 4 mg of siRNA pool targeting CDA
(Dharmacon) using in vivo JetPEI (N/P ¼ 6) according to the
manufacturer’s recommendations (Polyplus). Tumors receiving
control siRNA pool (Dharmacon) were used as control. At days
2 and 7, mice received 5 mg/kg of oxaliplatin. Mice were sacrificed
on day 10 following cotreatment.

Patient cohorts and clinical sample processing
We used two patient cohorts for CDA expression analysis in

normal adjacent and PDAC tissues. The first one includes pancreatic
tissue samples obtained from patients receiving pancreatic surgery
following the policies and the practices of the facility’s ethical
committee at the Centre Hospitalo-Universitaire of Toulouse and
Bordeaux, and the Canc�eropole Grand Sud-Ouest (France), as stated
before (16). All patients gave their informed written consent.
Histopathology faculty selected cancerous pancreatic tissue with
matched adjacent tissue. RNA was extracted and processed as stated
before (16). The second cohort was established from pancreatic
carcinoma tissues and normal adjacent pancreatic parenchyma
collected from 48 patients who had undergone surgical resection
for ductal adenocarcinoma of pancreas between 2003 and 2011 at the
Bellvitge Hospital (Barcelona, Spain; ref. 17). The study was
approved by the Ethical Committee of University Hospital of
Bellvitge CEIC 02/04 and written informed consent was obtained
from all patients for the use of their tissues. The third and last cohort
is composed of 108 patients with histologically proven, locally
advanced or metastatic PDAC enrolled in four French referral
centers (Clichy, Marseille, Montpellier, and Toulouse) from January,
2005 to April, 2007. Samples were obtained by fine needle aspiration
and processed as described elsewhere (18). Informed written consent
for analysis was obtained for all patients.

Plasmid cloning
For silencing studies, pLKO.1 puromycin-resistant lentiviral vectors

encoding for shRNAs sequences targeting CDA (CCG GCA TGA
GAG AGT TTG GCA CCA ACT CGA GTT GGT GCC AAA CTC
TCT CAT GTT TTT G) were obtained from Sigma. A lentivector
encoding for random shRNA (Sigma) was used as a control. For
overexpression studies, we amplified the open reading frame (ORF) of
CDA by PCR and subcloned it into Gateway pDONR221 plasmid
(Invitrogen). CDAE67Q catalytically inactive mutant (19) was gen-
erated by site directed mutagenesis according to the manufacturer’s
instructions (New England Biolabs). Renilla luciferase 8 (RLuc8) was
amplified by PCR from pEF-RLuc8-MCS plasmid and was used as a
control (20). Lentiviral expression constructs were obtained by cloning
3xFLAG-CDA, CDAE67Q, and RLuc8 ORFs into pCMV blasticidin
DEST vector (Addgene #706–1) using the Gateway strategy (Invitro-
gen). All constructs were sequence verified. Lentiviral particles pro-
duction was adapted from (21). Briefly, a total of 4.5 � 106 HEK293T
cells were plated in a 100-mm-dish. Twenty-four hours later, cells were
transfected with 6 mg of pCMV blasticidin DEST 7vector, 4 mg of
psPAX2 and 1.5 mg of pMD2.G and 23 mL of JetPRIME transfection
reagent (Polyplus; quantities for one 100-mm-dish). The supernatants
were collected 48 hours after transfection, centrifuged 5 minutes at
2000 rpm, filtered (0.45-mm-filter) and concentrated by centrifugation
at 2,500 rpm using a 100 kDa cutoff Vivaspin 20 concentrator
(Sartorius). For lentiviral transduction of shRNAs and ORF-
expressing constructs, 250 ng of p24/5�104 cells were used in Opti-
MEM medium (Thermo Fisher Scientific) containing 4 mg/mL prot-
amine sulfate, as previously described (22). Transductions were per-
formed overnight; the medium was changed the next day and trans-
duced cells were selected with 5 mg/mL of blasticidin (Invivogen)
2 days later. Cell cultures were maintained as pools and certified
Mycoplasma-free (Lonza).

Cell confluence analysis
For proliferation studies, a total of 6 � 103 cells were seeded in

96-well plates in 100 mL of complete medium. Medium was changed
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and cells were treated 24 hours after seeding. Confluence was quan-
tified using an Incucyte Zoom apparatus (Sartorius). For silencing
studies, siRNA smartpools were purchased from Dharmacon. Cells
were transfected with 20 nmol/L of siRNA targeting CDA using
JetPrime (Polyplus) following manufacturer’s recommendations.
Control cells were transfected with control siRNA (Dharmacon).
Three days later, cells were treated or not with 10 mmol/L of oxaliplatin
and cell confluence was monitored as previously described. Colony
formation assays were performed in 6-well plates, with 250 cells
initially seeded. Colony presence was revealed at day 10 by cold
methanol staining and crystal violet (Sigma) coloration. Density was
measured with Image laboratory software (Bio-Rad).

RNA isolation and gene expression analysis
Total RNAwas extracted with the RNeasy kit (Qiagen) according to

the manufacturer’s instructions; quality and quantity were measured
on a Nanodrop system (Thermo Fisher Scientific). cDNA synthesis
was performed with the Revertaid H minus kit (Thermo Fisher
Scientific). cDNA expression analysis was performed using SybrGreen
(Bio-Rad) qRT-PCR on a StepOne thermocycler (Thermo Fisher
Scientific). CDA forward: GGGG ACA AGT TTG TAC AAA AAA
GCA GGC TAT GGC TAT GGC CCA GAA GCG T. CDA reverse:
GGGG AC CAC TTT GTA CAA GAA AGC TGG GTT CAC TGA
GTC TTC TG.

CDA enzymatic activity assay
The CDA activity assay kit was performed following the man-

ufacturer’s instruction with 20 mg of total proteins (BioVision,
#K451–100).

RNA-seq data analysis and functional enrichment
RNA-seq data were processed with standard approaches. Briefly,

we first converted from Illumina format to fastq using bcl2fastq
(https://emea.support.illumina.com/sequencing/sequencing_software/
bcl2fastq-conversion-software.html). Quality control was performed
with FastQC and adaptor sequences were trimmed using Trimmo-
matic. Quality control with FastQC was run again after adaptor
removal. Gene expression was quantified at the transcript level by
Salmon. Import of Transcript-level abundances and counts from
Salmon and name conversion to HUGO gene symbols was performed
with the tximport R package. Differential expression analysis was
performed with DeSeq2 (23) using control samples as the reference
for the sign of the log2-FoldChange. Enrichment analyses were per-
formed using gene set enrichment analysis (GSEA) Hallmarks and
Reactome (24) andmost other pathways were extracted fromMSigDB.
No genes were removed during the analysis.

The Cancer Genome Atlas data analysis
HTSeq counts for PDAC were downloaded from the GDC portal.

Curated PDAC samples were filtered on the basis of the information
from (25). Samples were classified according to low (less than second
quartile), normal (between second and third quartile), and high
(higher than third quartile) values of CDA expression. Differential
expression analysis comparing low CDA versus high CDA samples
was performed with DESeq2 using low samples as the reference for the
sign of the log2-FoldChange.

Instability signatures and metrics
The CINSARC signature gene list was obtained from (26). Aneu-

ploidy score andMutational Load score (number ofmutations perMb)
data were downloaded from the GDC portal.

Single-cell library preparation and single-cell analysis
The single-cell suspension was loaded onto the Chromium Con-

troller (10x Genomics) and the single-cell libraries preparation was
performed using the Chromium Next GEM single Cell 30 reagent kit
v3.1 Dual Index (10x Genomics) according to the manufacturer’s
instructions. The libraries were qualified with the HS NGS kit for the
Fragment Analyzer (Agilent Technologies) and quantified using the
KAPA library quantification kit (Roche Diagnostics). The libraries
were sequenced on the Illumina NextSeq550 instrument using a High
Output 150 cycles kit and the cycling parameters: 28 (read 1), 10 (index
1), 10 (index 2), 90 (read 2) to obtain more than 20,000 read pairs per
cell. The sequencing output (bcl2 files) was demultiplexed and aligned
on the human reference genome GRCh38 using the software Cell-
Ranger v6.1.1 (27). Quality control, normalization, PCA, and
t-SNE/UMAP coordinate computation were assessed using the R
package Seurat 4.1.0 (28). Quality control was performed using the
number of detected genes per cell, and the mitochondrial genes
proportion. Enrichment scores were computed using Single-Cell
Signature Scorer (29). These encompassed signatures downloaded
from MsigDB v7.5.1 (30). For differential pathway analysis, a Student
t test or a Mann–WhitneyUwas applied, if the data followed a normal
distribution (validated by the Shapiro–Wilk test for normal distribu-
tion). Corrected P values were obtained using a Bonferroni correction.
Figures were produced using the ggplot2 (R package). The software
used in the present study for single-cell analysis is available here
(https://sites.google.com/site/fredsoftwares/home).

Whole-genome sequencing and analysis
MIAPaCa-2 cells were transducedwith lentiviral vectors expressing

CDA as described before. As controls, cells were transduced with
lentiviral vectors encoding for Renilla luciferase 8 or CDAE67Q
catalytically inactive mutant. Genomic DNA was harvested using the
QIAGEN QIAamp DNA extraction kit at early (passage 3, 5 days of
culture) and late (passage 15, 55 days of culture) time points following
transduction. Whole-genome sequencing (WGS) was subcontracted
to Novogene. Briefly, between 2 and 10 mg of cellular genomic DNA
was purified using the DNeasy Tissue kit from Qiagen. The genomic
DNA was randomly fragmented by sonication to the size of 350 bp,
then DNA fragments were end-polished, A-tailed, and ligated with the
full-length adapters of Illumina sequencing, and followed by further
PCR amplification. The PCR products were purified with the AMPure
XP system. Then libraries were checked for size distribution byAgilent
2100 Bioanalyzer (Agilent Technologies), and quantified by RT-PCR
(to meet the criteria of 3 nmol/L). Libraries were sequenced on an
Illumina platform (PE150), then quality check and bioinformatic
analysis were performed by the provider (Novogene). The percentage
of clean reads in all raw reads was more than 99.83% for all samples.
The number of reads that mapped to the reference genome and within
the expected insert size was more than 98.8% for all samples.

Western blot analysis
Total cell lysate protein extraction for immunoblot analysis was

performed using RIPA buffer (Biotech; 50 mmol/L Tris-HCl pH 8,
150 mmol/L NaCl, 0.5% NP40, 0.5% sodium deoxycholate, 0.1% SDS)
in the presence of protease inhibitors (Sigma). Extracts were separated
by SDS-PAGE under reducing conditions, transferred to a nitrocel-
lulose membrane and analyzed by immunoblotting for cleaved PARP
(Bethyl #9541), Cleaved CASPASE-3 (Cell Signaling Technology
#9664, 1:1,000), P-CHK1 S345 (Cell Signaling Technology #2348,
1:1,000), CHK1 (Cell Signaling Technology #2360, 1:1,000), CDA
(Abclonal A13959, 1:1,000), FLAG (Sigma-Aldrich F1804, 1:5,000),
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GAPDH (Cell Signaling Technology #5174, 1:5,000), b-actin (Santa
Cruz Biotechnology sc-47778, 1:2,000), HSP90 (Cell Signaling Tech-
nology #4874, 1:2,000), SP1 (Santa Cruz Biotechnology sc-59 1:5,000),
4EBP1 (Cell Signaling Technology #9644 1:5,000), PCNA (Sigma-
Aldrich P8825), and MCM7 (Abcam ab2360). Appropriate horserad-
ish peroxidase (HRP) conjugate secondary antibodies were purchased
from Promega. Signal was detected using the ECL system (Bio-Rad)
according to the manufacturer’s instructions. Densitometry of the
bands was done using Chemidoc system (Bio-Rad) and image Lab-
oratory software. Cytoplasmic/nuclear extract isolationwas performed
as following: Cell pellet was resuspended in 10 mmol/L Tris-HCl, pH
7.4 containing 1.5 mmol/L MgCl2, 5 mmol/L KCl, 0.5 mmol/L
dithiothreitol, 0.5% NP-40 and 0.5 mmol/L phenylmethylsulfonyl
fluoride complemented with protease inhibitors and incubated on ice
for 10 minutes. The mixture was centrifuged for 15 minutes at 4�C at
2,000 rpm. Supernatant was collected (cytoplasmic fraction) and the
pellet was washed and centrifuged twice with the same buffer as
previously. The pellet was then resuspended in 20 mmol/L Tris-HCl,
0.025% glycerol, 1.5 mmol/L MgCl2, 0.5 mmol/L phenylmethylsulfo-
nyl fluoride, 0.2 mmol/L EDTA, 0.5 mmol/L dithiothreitol and
0.4 mol/L NaCl complemented with protease inhibitors and incubated
on ice for 15 minutes. The mixture was centrifuged 20 minutes at 4�C
at 12,000 rpm and supernatant was collected (nuclear fraction).

Indirect immunofluorescence protocol
Cells were seeded in 6- or 12-well plates, containing coverslips, in

1–3 mL of complete medium. Medium was changed and cells were
treated 24 hours after seeding. For the study of cells in S-phase, EdU
10 mmol/L (5-ethynyl-20-deoxyuridine, Thermo Fisher Scientific) was
added for 10 (MIA PaCa-2), 15 (Capan-1) or 20 minutes (BxPC3).
Cells were pre-extracted with 0.2% Triton-X100 for 3minutes, fixed in
4% PFA for 15 minutes and permeabilized with 0.5% Triton X-100 for
20minutes. For revealing EdU, the Click-iT EdU Imaging kit (Thermo
Fisher Scientific) was used. Samples were blocked with PBS 5% BSA.
Primary antibodies were anti–phospho-histone H2AX (Ser139;
JBW301, Millipore 05–636, 1:1,000), anti–phospho-53BP1 (S1778;
Cell Signaling Technology #2675, 1:1,000), anti–phospho-RPA2
(S4-S8; Bethyl A300–245A, 1:500), anti-RPA70 (Cell Signaling Tech-
nology #2267, 1:500), anti-FANCD2 (NOVUSBIO NB100–182,
1:1,000), and anti-53BP1 (Bethyl A300–272A, 1:2,500). DNA was
stained with 4,6-diamidino-2-phenylindole (DAPI) and images
acquired on Nikon DS-Qi2 fluorescence microscope. ImageJ and
CellProfiler software were used to quantify the number of foci and
staining intensity per nucleus. For each condition, at least 500 cells
weremeasured. For quantification in earlymitotic cells, at least 50 cells
in prophase and prometaphase were counted.

IHC
Tumors were harvested and fixed in formalin. Four-micrometer-

thick sections were prepared from paraffin-embedded sections and
rehydrated. Antigen retrieval was performed using Sodium Citrate
Buffer (10 mmol/L Sodium Citrate, 0.05% Tween 20, pH 6.0) and
Citric Acid Buffer (10 mmol/L Citric Acid, 0.05% Tween 20, pH 6.0)
following routine protocols. Nonspecific signal was blocked using
Blocking reagent (DakoCytomation). Slides were incubated overnight
at 4�C with anti-Ki67 (SP6; ab16667 Abcam) or Cleaved Caspase-3
(Asp175) antibody #9661 (Cell Signaling Technology) antibodies
diluted following the manufacturer’s recommendation in Antibody
diluent solution (DakoCytomation). Endogenous peroxidase activity
was quenched usingH2O2, and ffter several washes in PBS, EnVisionþ
System HRP-labeled polymer anti-rabbit were added as per requested

by themanufacturer’s (DakoCytomation), followed byHRP streptavidin
(dilution 1:500, SA-5004, Vector). Slides were quickly washed twice in
PBS and incubated in AECþ reagent and counterstained with Mayer’s
hematoxylin (DakoCytomation). After washing in PBS, slides were
mountedwith Vectashield (Vector). Immunostaining was recordedwith
an AXIO optical microscope (Zeiss) equipped with a color AXIOCAM
camera 105 (Zeiss, Oberkochen, Germany) and quantified using ImageJ.
15 fields per tumor (n ¼ 2 per condition) were analyzed.

DNA fiber assay
Cells were seeded in 6-cm diameter Petri dishes in 3mL of complete

medium. Cells were incubated with 50 mmol/L IdU and 100 mmol/L
CldU for 30 minutes at 37�C, with washing between the two pulses.
Cells were harvested, resuspended (0.5�106 cells/mL in PBS) and 2 mL
were spotted onto microscope slides after and 7 mL of lysis buffer were
added (200 mmol/L Tris-HCl pH 7.4, 50 mmol/L EDTA, 0.5% SDS).
Glass slides were tilted and dried overnight, DNA spreads were then
fixed in ethanol/acetic acid (3:1) 20 minutes at �20�C. Samples were
incubated in pepsin buffer (0.5 mg/mL Pepsin, 30 mmol/L HCl) at
37�C for 20 minutes, denatured in HCl 2.5 mol/L at 37�C for 45
minutes and blocked in PBS 1%BSA 0.1% Tween-20. DNA fibers were
incubated with mouse-FITC-anti–bromodeoxyuridine (detects IdU,
B44, Becton Dickinson, 1:50) and rat-anti–bromodeoxyuridine
(detects CldU, Abcam ab6326, 1:100), at 37�C for 1 hour and then
with anti-mouse IgG AlexaFluor 488 (Invitrogen A11029, 1:200) and
anti-rat IgG AlexaFluor 555 (Invitrogen A21094, 1:200), at 37�C for
1 hour. Images were acquired on a Nikon DS-Qi2 fluorescence
microscope and Axio Observer Z1 (Zeiss) and ImageJ was used to
measure the length (mm) of at least 100 DNA tracks.

iPOND assay
For EdU-labeled sample preparation,MIA PaCa-2 cells overexpres-

sing CDA-FLAG (�2 � 108 cells per condition) were incubated with
10 mmol/L of EdU for 15 minutes. For pulse-chase experiments with
thymidine, EdU-labeled cells were washed once with warm media to
remove the EdU and then incubated with 10 mmol/L thymidine for
2 hours. Next, cells were cross-linked in 2% PFA for 15 minutes,
quenched using 0.125mol/L glycine and washed three times with PBS.
Collected cell pellets were frozen in liquid nitrogen and stored at
�80�C. Cells were permeabilized with 0.5% Triton-X100 for 30 min-
utes and Click-it chemistry was used to conjugate biotin–TEG-azide
(Eurogentec) to EdU-labeled DNA in PBS containing 10 mmol/L
sodium Ascorbate, 10 mmol/L biotin–TEG-azide, 2 mmol/L CuSO4.
Cells were resuspended in a lysis buffer (10 mmol/L Hepes-NaOH;
100mmol/L NaCl; 2 mmol/L EDTAPH8; 1mmol/L EGTA; 1mmol/L
PMSF; 0.2% SDS; 0.1% Sarkozyl). Sonication was performed using a
Qsonica sonicator with the following settings: 30% power, 20 seconds
constant pulse and 50 seconds pauses for a total sonication time of 5
minutes on ice with water. Lysates were centrifuged at 13,200 rpm for
10 minutes at room temperature. Supernatants were normalized by
DNA quantification using a Nanodrop device. Biotin-conjugated
DNA–protein complexes were captured using overnight incubation
with magnetic beads coated with streptavidin (Ademtech). Captured
complexes were washed with a lysis buffer and 500 mmol/L NaCl.
Proteins associated with nascent DNA were eluted under reducing
conditions by boiling into SDS sample buffer for 30 minutes at 95�C
and analyzed by Western blot.

Statistical analysis
Unpaired Student t orWilcoxon–Mann–Whitney tests were used to

determine the statistical significance of differences between two groups
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using GraphPad Prism 10 software with the default settings. Methods
of statistical analysis are indicated in the figure captions. Values are
presented as �, P< 0.05; ��,P < 0.01; ���, P< 0.001; and ����, P< 0.0001.
Error bars are s.e.m. unless otherwise stated. The experiments were
conducted with a sample size (n) equal to or greater than three
replicates. Results from representative experiments were validated
through at least two independent repetitions and across multiple cell
lines. In animal studies, female mice (n ≥ 5 mice) were used in an age-
matched manner. During bioluminescence imaging for tumor growth
monitoring, investigators were blinded to group allocation. Experi-
ments were not randomized, and investigators were not blinded to
allocation during the experiments or outcome assessment. No data
were excluded from the analyses.

Data availability statement
Publicly available The Cancer GenomeAtlas (TCGA) data analyzed

in this study were obtained from the GDC portal (https://portal.gdc.
cancer.gov/projects/TCGA-PAAD). Raw genomic and transcriptomic
data for this study were generated at the Cancer Research Center of
Toulouse sequencing facility, and deposited inGEOGSE253662 (CDA
and CDAE67Q overexpression in cell lines, RNA-seq), GSE252544
(CDA targeting with siRNA in cell lines, RNA-seq), GSE253837 (CDA
targeting with siRNA in patient-derived experimental tumors, scRNA-
seq), and GSE252544 and SRA PRJNA1066503 (CDA and CDAE67Q
overexpression in cell lines, WGS). All other raw data are available
upon request from the corresponding author.

Results
CDA is overexpressed in PDAC and involved in cell proliferation
and tumor growth

CDAexpression in tumors has been scarcely investigated to date (7),
with only few reports indicative of CDA upregulation in human
samples (31) and in PDAC animal models (32). We therefore char-
acterized the expression of CDA in tumor and normal adjacent
parenchyma and found that CDA mRNA is significantly overex-
pressed (5.1 � 1.5-fold increase, P < 0.0001) in PDAC tissue
(Fig. 1A). This finding was confirmed in the curated TCGA_PAAD
dataset (Supplementary Fig. S1A; ref. 25). On the contrary, expression
of dihydroorotate dehydrogenase (DHODH) from the de novo pyrim-
idine pathways is downregulated in PDAC tissues, as compared with
normal adjacent tissue (Supplementary Fig. S1B). In addition, CDA
expression is significantly increased in late-stage tumors as compared
with locally advanced tumors from the Bacap cohort (Supplementary
Fig. S1C). We next classified PDAC patient samples from TCGA as
CDA high-expressing (top 25% quartile) or CDA low-expressing
(bottom 25% quartile). We found that CDA expression is positively
associated with a shorter survival (P < 0.03; HR, 2.021; Fig. 1B).
Transcriptomic analysis recently revealed two main molecular sub-
groups of PDAC with distinct biology (33); classical tumors show the
highest expression of epithelial and adhesion-associated genes, where-
as basal-like tumors are associated with a poor differentiation status
and a worst outcome (34). Using the Purity Independent Subtyping of
Tumors classifier (35), we demonstrate that CDA expression is
significantly enriched in basal-like tumors as compared with classical
tumors (2.3� 0.1-fold increase, P < 0.0001, Supplementary Fig. S1D).
We extended this analysis to PDAC primary cultured cells (5) and
identified that CDA mRNA is significantly increased (1.2 � 0.04-fold
increase, P< 0.05) in cells with basal-like, squamousmolecular subtype
(Supplementary Fig. S1E). Thus, our findings indicate that CDA
is overexpressed in PDAC. In addition, PDAC tumors displaying

elevated CDA expression show association with aggressive molecular
characteristics and potentially shorter patient survival.

We next addressed the functional importance of CDA in PDAC.We
inhibited CDA expression in Mia PACA-2, Capan-1, and BxPC3 cells
using stable expression of shRNAs (Supplementary Fig. S1F and S1G)
and demonstrated that CDA targeting strongly decreases PDAC
cells proliferation (�90% � 1%, P < 0.0001, �58% � 9%, P <
0.001,�65%� 8%, P < 0.001, respectively), as compared with control
cells expressing random shRNA (Fig. 1C). In addition, MIA PaCa-2
cells expressing CDA shRNA showed a reduced ability to form
colonies when compared with control cells (�65% � 3%, P <
0.05, Fig. 1D). CDA invalidation also increases cell death by apoptosis
as shown by FACS for Annexin V (6.05 � 3 fold-increase, P <
0.05 Fig. 1E) and western blotting for PARP and caspase-3 cleavage
(Fig. 1F). We next engrafted MIA PaCa-2 cells stably expressing CDA
shRNA or control shRNA in the pancreas of athymic mice. Figure 1G
shows that silencing of CDA in PDAC cells results in significant
inhibition of tumor growth, and tumor volume at endpoint (�52% �
18%, P < 0.005, Fig. 1H). CDA silencing also significantly decreases
tumor size (Supplementary Fig. S1H) and weight (�53% � 16%, P <
0.01, Supplementary Fig. S1I). Last, the Ki67 cell proliferation marker
shows fewer positive cells in the CDA shRNA condition compared
with the control condition, whereas conversely, the cleavage of cas-
pase-3, synonymous with apoptosis, is more significant in the CDA
shRNA group (Fig. 1I). Collectively, our data indicate that PDAC cell
proliferation and tumor growth strongly rely on CDA expression.

CDA overexpression increases replication fork speed and
promotes restart in response to replication stress

To gain further insights into the role of CDA in PDAC, we analyzed
the transcriptome of PDAC samples from TCGA that overexpress this
enzyme. As shown in Fig. 2A; Supplementary Table S1, CDA expres-
sion positively correlates with the transcriptomic signature of DNA
replication (NES ¼ 2.28, P < 0.01). For functional studies, we used
lentiviral cDNA delivery to increase CDA mRNA (Supplementary
Fig. S2A) and protein (Supplementary Fig. S2B) expression in Mia
PACA-2 cells. As control, MIA PaCa-2 cells expressed a catalytically
inactive mutant (CDAE67Q) of the enzyme (19), or luciferase (con-
trol). We verified that CDA catalytic activity was elevated in CDA-
expressing Mia PACA-2 cells, as compared with control cells expres-
sing CDAE67Q or luciferase (Supplementary Fig. S2C).

We found that MIA PaCa-2 CDA cells recapitulate the DNA
replication signature enrichment (NES ¼ 1.98, P < 0.01) found in
tumors (Supplementary Fig. S2D; Supplementary Table S2). Impor-
tantly, this enrichment was not found in cells overexpressing
CDAE67Q catalytically inactive mutant (NES ¼ 1.19, P ¼ 0.144). We
then performed DNA-spreading assays to quantify the progress of
individual DNA replication forks (extended Fig. 2E). Figure 2B andC
shows thatDNA tracks are significantly longer in cells with a highCDA
expression as compared with control cells (12.5 � 0.37 mm vs. 9.4 �
0.34 mm, P < 0.0001), indicating that the replication fork speed is
increased in these cells. This finding is further supported by a slight
decrease of the proportion of cells in S-phase (30.2% � 1.3% vs.
35.8% � 2.1%, P < 0.05) as compared with control cells (Supplemen-
tary Fig. S2F), reminiscent of a shorter S phase, whereas cell doubling
time remains unchanged (Supplementary Fig. S2G), indicating that
increased DNA replication is not linked to increased proliferation of
these cells.

We further investigated whether CDA also rescues stalled replica-
tion forks. Cells were treated with 4 mmol/L hydroxyurea to inhibit
riboside nucleotide reductase (RNR) and to deplete dNTPs to induce
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fork stalling. Using DNA-spreading analysis, we found that cells with a
high CDA expression show a higher percentage of replication forks
restarting DNA synthesis following blockage, as shown by the increased
percentage of CldU red fibers (91.7% � 1.7% vs. 78.7% � 1.3%,

P < 0.0001), when compared with control cells (Supplementary
Fig. S2H). Inaddition,CDA increases the replication fork speed following
stalling, as showed by an increased length of DNA tracks and of
the CldU/IdU ratio (0.43 � 0.025 vs. 0.282 � 0.019, P < 0.0001;

Figure 1.

CDA is overexpressed in PDAC tumors and is essential to cell proliferation and tumor growth. A, Expression of CDA mRNA in pancreatic tumors and matched
normal tissues (n ¼ 37) from CHU Toulouse and Idibell cohorts. Each dot represents one sample. B, Kaplan–Meier survival plot for CDA expression in patients
with PDAC from TCGA cohort (n ¼ 41). C, Growth analysis of MIA PaCa-2, Capan-1, and BxPC3 cells expressing or not siRNA against CDA. Mean of three
independent experiments performed in technical triplicate. D–F, Colony formation assay (D), Annexin V staining (E), or Western blot analysis of cleaved PARP,
cleaved caspase-3 (F) of MIA PaCa-2 cells stably expressing or not siRNA against CDA. Results are expressed as mean � SEM of four independent
experiments. GAPDH was used as loading control. G, Individual tumor progression (bioluminescence unit intensity, BLI; fold increase) of Mia PaCa-2 cells
expressing control siRNA (n ¼ 7) or CDA siRNA (n ¼ 6). H, Tumor volume at endpoint. I, Immunostaining for Ki67 (top) and cleaved caspase-3 (bottom)
in experimental Mia PaCa-2 tumors expressing control or CDA siRNA. Representative of 15 fields from three different tumors. Arrows, cells with positive
signal. Scale bar, 150 mm. � , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001.
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Fig. 2D andE).Wenext investigatedwhetherCDAdirectly interactswith
the DNA replication machinery. Using a FLAG-tagged CDA, we dem-
onstrate that CDA is located both in the cytoplasm and in the nucleus of
MIA PaCa-2 cells (Fig. 2F). To determine whether CDA is in closer
proximity to DNA, we isolated proteins bound to replication forks using
the iPOND (Isolation of Proteins on Nascent DNA) approach described
in Supplementary Fig. S2I. Results presented inFig. 2G show thatMCM7
and PCNA, two main components of the replisome, are detected within
the EdU-positive fraction, indicating an association with newly synthe-

sized DNA (Fig. 2G, top left). Remarkably, we also detected CDA at the
DNA replication fork (Fig. 2G, bottom left).

UsingHela cells, we confirmed that endogenous CDA also locates at
the replication fork (Supplementary Fig. S2J). We performed a thy-
midine-chase to analyze how proteins assemble and disassemble from
the nascent DNA segment (Fig. 2G, left, right lane). In this condition,
the CDA signal disappears similarly to MCM7 and PCNA, indicating
that this protein progresses with the DNA replication machinery,
rather than just being a protein constitutively bound on chromatin. To

Figure 2.

CDA increases replication fork speed and restart efficiency in PDAC cells. A, Enrichment plots. DNA replication pathway (GSEA-Reactome) of PDAC samples from
TCGA sorted for CDA expression (high, CDA n ¼ 39; low CDA, n ¼ 38). B, Immunofluorescence detection of IdU (green) and CldU (red) DNA tracks after DNA
stretching of MIA PaCa-2 cells overexpressing or not CDA. White arrows, measured red tracks. C, Quantification of the length of DNA tracks (mm); at least 100 DNA
fibersweremeasured per condition.D, Immunofluorescence detection of IdU (green) and CldU (red) DNA tracks after DNA stretching of control MIA PaCa-2 cells, or
cells overexpressing CDA. HU, hydroxyurea, treatment at 4 mmol/L for 1 hour. E, Ratio of CldU/IdU tracks length after hydroxyurea treatment (mm); at least 70 DNA
fibers were measured per condition. Results are representative of three independent transduction pools. F,Western blot analysis of FLAG-CDA, 4EBP1, and SP1 in
cytosolic and nuclear fractions of MIA PaCa-2 cells overexpressing CDA (same time exposure). Representative of three independent experiments. G, IPOND
experiments inMIAPaCa-2 cells overexpressing FLAG-CDA. PCNAandMCM7were used as controls. Cellswere treatedwith EdUand revealed or notwithClick-it EdU
(EdU� and EdUþ, respectively). After EdU incorporation, cells were treated with thymidine to chase EdU and to address whether candidate proteins progress with
replication fork. Results are representative of four independent experiments. ���� , P < 0.0001, Wilcoxon-Mann-Whitney test.
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summarize, we present in this study the initial evidence suggesting that
CDA potentially enhances DNA replication speed, improves replica-
tion fork restart efficiency, and appears to be positioned at the DNA
replication fork in PDAC cells.

CDA controls the replication stress level of PDAC cells
We next investigated whether CDA may control DNA replication

stress in PDAC cells. Using DNA spreading, we found that CDA
depletion decreases the length of DNA tracks to the same extent than
the inhibitor of DNA replication aphidicolin (Fig. 3A and B, P <
0.0001), suggesting that the replication fork speed is affected. In
parallel, we found that CDA inhibition alters the progression in the
cell cycle of cancer cells, leading to a decrease in cells in the G1 phase
(�31% � 5%, P < 0.0001, Fig. 3C) and an increase in cells in the S
(þ195% � 6%, P < 0.005, Fig. 3C) and G2–M phases (þ67% � 10%,
P < 0.01, Fig. 3C). We rescued CDA depletion by supplementing cells
with uridine, which not only restored cell-cycle progression (Fig. 3D)
but also the proliferation of tumor cells (Supplementary Fig. S3B), as
compared with control cells (Supplementary Fig. S3A and S3B). A
transcriptomic analysis indicated an enrichment of the ATR response
to replicative stress signature in CDA-depleted cells (NES ¼ 1.76,
P < 0.01) when compared with control cells (Fig. 3E; Supplementary
Table S3). This finding is further supported by the strong activation of
the CHK1 effector kinase in MIA PaCa-2 (Fig. 3F), Capan-1 (Sup-
plementary Fig. S3C), and BxPC3 (Supplementary Fig. S3D) cells
expressing shRNA against CDA, as compared with control cells. We
next measured the number of gH2AX foci in S-phase cells as a
canonical marker of DNA breaks and replication stress. As indicated
in Fig. 3G and H, CDA overexpression in MIA PaCa-2 cells signif-
icantly decreases the number of gH2AX foci in EdU-positive cells
(�48% � 7%, P < 0.0001) compared with control cells. This effect is
entirely dependent on CDA deaminase activity, as the expression of a
catalytically inactive mutant of CDA has no impact on the number
of gH2AX foci (Fig. 3E and F). On the contrary, silencing CDA in
BxPC3 cells results in gH2AX foci accumulation in S-phase cells
(þ100% � 2%, P < 0.0001, Fig. 3I and J).

We extended this finding to Capan-1 cells expressing siRNA against
CDA (Supplementary Fig. S3E) and to MIA PaCa-2 cells treated with
pharmacological inhibitors of CDA (Supplementary Fig. S3F) or
incubated with cytidine and/or deoxycytidine to recapitulate pyrim-
idine pool imbalance due to a CDA deficiency (Supplementary
Fig. S3G).

We then analyzed several other markers of replication stress in
response to CDA expression. Replication protein A (RPA) protects
exposed single-stranded DNA during DNA replication and accumu-
lates in response to replicative stress. Remarkably, we found that CDA
expression decreases the number of RPA foci (�67%� 8%, P< 0.0001)
in PDAC cells (Supplementary Fig. S3H). The p53-binding protein 1
(53BP1) is a DDR factor recruited to the site of DNA damages
following DNA double-strand breaks (DSB). We found that phos-
pho-53BP1 (P-53BP1 and S1778) foci, that mark DSBs, are reduced in
MIA PaCa-2 CDA-high cells (�56% � 5%, P < 0.0001) as compared
with control cells (Supplementary Fig. S3I and S3J). Collectively, these
results indicate thatCDA is involved in the regulation replication stress
levels in PDAC cells.

CDA is involved in the control of genome stability of PDAC cells
Residual and unsolved replication stress is a source of genetic

instability. For instance, in Bloom syndrome, the loss of CDA expres-
sion contributes to alterations of DNA repair, resulting in a high
number of chromosome breaks and rearrangements that are respon-

sible for the increased risk for cancer (11). Common fragile sites (CFS)
are large chromosomal regions that are preferentially subject tomitotic
breakage upon replication stress. They become unstable at the early-
stage of cancer development and are hotspots of chromosomal rear-
rangements in cancer (36). FANCD2 facilitates replication across CFS
and can be used as a marker of unstable CSFs in cells with replication
stress (37). Hence, under-replicated DNA at CFSs persisting into late
mitosis can lead to the formation of ultrafine anaphase bridges (UFB),
chromosome nondisjunction, and mitotic catastrophe (38). Here,
FANCD2 forms symmetric foci at each end of UFBs and has a role
in the resolution of these DNA bridges in mitosis. As shown in Fig. 4A
and B, MIA PaCa-2 cells overexpressing CDA show significantly less
FANCD2 foci in early mitosis (�56%� 14%, P < 0.0001). In addition,
CDA expression inhibits FANCD2 formation following the treatment
of cells with aphidicolin (�21% � 3%, P < 0.05, Supplementary
Fig. S4A). On the contrary, CDA depletion strongly increases the
number of damaged CFSs (þ76% � 7%, P < 0.0001, Fig. 4C and D).
These results suggest that CDA limits the presence of under-replicated
DNA in mitotic PDAC cells. Micronuclei are small sized nuclei that
form from one or a few chromosomes or chromatin fragments that are
not incorporated into the daughter nuclei during cell division (39).

Micronuclei formation usually serves as an index of genotoxic
effects and chromosomal instability. We found that CDA overexpres-
sion significantly reduces the number of DAPI-positive micronuclei
(�60% � 13%, P < 0.05) in MIA PaCa-2 cells (Fig. 4E), whereas the
overexpression of a catalytically inactive mutant is ineffective. More-
over, targeting CDA increases micronuclei formation in Bx-PC3
(þ110% � 7%, P < 0.05, Fig. 4F–H) and in Capan-1 (Supplementary
Fig. S4B) and MIA PaCa-2 (Supplementary Fig. S4C) cells. Recent
reports demonstrate that markers of genomic stress, such as remnants
of incomplete replication, are inherited by daughter G1 cells and are
sequestered in specific G1 nuclear sub-compartments called 53BP1
nuclear bodies (40). We explored this possibility and found that CDA
silencing inCapan-1 cells significantly increases the number of G1 cells
with 53BP1 bodies (EdU-negative cells, low DAPI intensity; 2.4� 0.1-
fold,P< 0.0001;Fig. 4G andH). Collectively, these results indicate that
CDA controls genomic stability in PDAC cells.

We next measured the consequence of CDA expression on the
genome of PDAC cells. Thus, we analyzed genomic DNA from MIA
PaCa-2 cells overexpressing or not CDA after 5 (early) and 55 days
(late) of culture (Supplementary Fig. S5A). WGS revealed that control
cells and cells overexpressing the CDAE67Qmutant show an increase
with time in culture in structural variants such as tandem duplication
(þ16% andþ11%, respectively), inversions (þ15% andþ7%, respec-
tively), translocation (þ29% andþ16%, respectively), deletions (þ8%
and þ3%, respectively) and insertions (þ16% and þ5%, respectively,
Fig. 5A; Supplementary Fig. S5B and Supplementary Table S4). These
cells also show increased number of indels (þ3% and þ2%, respec-
tively) and of single-nucleotide variants (þ1.54% and þ1.56%,
respectively, Fig. 5B; Supplementary Fig. S5B and Supplementary
Table S4) as time in culture increases. Remarkably, we demonstrate
that CDA expression significantly decreases the percentage of tandem
duplications, inversions, translocations, insertions, and indels, when
number of deletions and SNV remained unchanged (Fig. 5A and B;
Supplementary Table S5, Supplementary Fig. S5B). This result suggests
that CDA expression regulates genetic events in PDAC cells in long-
term culture. We next found that tumors with a high level of CDA
display a significant enrichment of “activation in the ATR in response
to replicative stress” gene set (NES ¼ 1.72, P ¼ 0.01) and in the
CINSARC signature of chromosome instability (NES¼ 2.83, P¼ 0.01;
Fig. 5C and D; ref. 26). We also explored the aneuploidy score and
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Figure 3.

CDA controls replication stress levels in PDAC cells. A, Immunofluorescence detection of IdU (green) and CldU (red) DNA tracks after DNA stretching of Capan-1 cells
expressing or not CDA siRNA.White arrows show themeasured red tracks. Twenty-four hours treatment of 0.2 mmol/L aphidicolinwas used as a positive control of DNA
elongation inhibition, IdU, iododeoxyuridine; CldU, chloro-deoxyuridine. B, Quantification of the length of DNA tracks (mm); at least 150 fibers were measured per
condition. Results representative of three independent experiments. ���� , P < 0.0001 (Mann–Whitney test). C, Cell-cycle analysis of Mia Paca-2 cells depleted or not of
CDA (CDA siRNA). Results aremean of three independent experiments performed in triplicates. �� , P < 0.01; ��� , P < 0.005; ���� , P < 0.0001.D,Cell-cycle analysis of Mia
Paca-2 cells depleted of CDA (CDA siRNA), supplemented or not with exogenous uridine (25 mg/mL). Results aremean of three independent experiments performed in
triplicates. E, Enrichment plot of Reactome activation of ATR in response to replication stress pathway in MIA PaCa-2 cells depleted of CDA (CDA siRNA; NES ¼ 1.76;
P < 0.01). Results are representative of three independent transductions. F, Western blotting for P-CHK1 (S345) and CHK1 in MIA PaCa-2 cells depleted for CDA or
expressing control siRNA. B-ACTIN protein level was used as loading control. Results represent three independent pools of transduction. G, Immunofluorescence
detection of P-H2AX foci (S139; green, gH2AX), DAPI (blue) and EdU (red) in MIA PACA-2 cells overexpressing or not CDA or CDAE67Q.H,Quantification of gH2AX foci
in S-phase cells (EdUþ) in at least 500 control cells or MIA PACA-2 cells overexpressing or not CDA or CDAE67Q. ��� , P < 0.005 (Wilcoxon–Mann–Whitney test).
I, Immunofluorescence detection of P-H2AX foci (S139; green, gH2AX), DAPI (blue), and EdU (red) in BxPC3 cells overexpressing or not control siRNA or siRNA-targeting
CDA. J, Quantification of gH2AX foci in S-phase cells (EdUþ) in at least 500 BxPC3 cells overexpressing or not control siRNA or siRNA-targeting CDA.
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Figure 4.

CDA participates to the control of genomic stability of PDAC cells. A, Immunofluorescence detection of FANCD2 foci (green), DAPI (blue) in MIA PaCa-2
control cells or MIA PaCa-2 cells overexpressing CDA. B, Quantification of the number of FANCD2 foci in early mitotic cells (prophase, metaphase) in at least
100 MIA PaCa-2 control cells or MIA PaCa-2 cells overexpressing CDA. C, Immunofluorescence detection of FANCD2 foci (green), DAPI (blue) in Capan-1 cells
expressing control siRNAs or siRNAs targeting CDA. D, Quantification of the number of FANCD2 foci in early mitotic cells (prophase, metaphase) in at least
100 Capan-1 cells expressing control siRNA or siRNA-targeting CDA. E, Representative captions and percentage of MIA PaCa-2 control cells or MIA PaCa-2
cells overexpressing CDA with at least one micronucleus. Results are expressed as mean � SEM of three independent experiments. F, Representative captions
and percentage of BxPC3 cells expressing control siRNA or siRNA-targeting CDA with at least one micronucleus. Results are expressed as mean � SEM
of three independent experiments. G and H, Immunofluorescence detection (G) and quantification (H) of the number of 53BP1 bodies in G1 cells in at
least 1,000 Capan-1 control cells and cells expressing CDA siRNA. Results are expressed as mean � SEM of four independent experiments. ns, nonsignificant;
� , P < 0.05; ���� , P < 0.0001, Wilcoxon–Mann–Whitney test.
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the number of non-silent mutations per megabase of genomic DNA in
these tumors. Remarkably, PDAC tumors with high levels of CDA
have significantly higher aneuploidy scores (þ69% � 10%, P ¼ 0.01,
Fig. 5E) andnon-silentmutationspermegabase (þ43%� 7%,P< 0.001,
Fig. 5F), as compared with tumors with lower CDA expression.
Interestingly, the expression of DHODH from the de novo pyrimidine
production pathway is not associated with significant changes in tumor
genomic instability markers (Fig. 5E and F). In addition, we found that
these cells are sensitive to DHODH targeting using leflunomide (Sup-
plementary Fig. S5C). Thus, our results show that CDA influences
genetic events in PDAC cells, showing a potential positive association
with genetically unstable PDAC tumors.

CDA drives the resistance of PDAC cells against DNA-damaging
agents

Considering the new role of CDA in the control of DNA replication,
we aimed to investigate whether CDA expression could predict DNA-
damaging drug efficacy on PDAC cells. We analyzed 26 PDAC cell
lines from the cancer cell line encyclopedia database, and we found a

significant correlation between CDA expression and resistance to
oxaliplatin (R ¼ 0.47, P ¼ 0.014; Fig. 6A) or to the topoisomerase
I inhibitor irinotecan (R ¼ 0.41, P ¼ 0.039, Supplementary Fig. S6A).
From these 26 cell lines, we selected four cell lines expressing a low
(DAN-G, MIA PaCa-2, Capan-1, and KP-4) or a high level of CDA
(Capan-2, AsPC-1, BxPC3, and SU8686). As shown in Fig. 6B, PDAC
cells with a high level of CDA are 67 � 0.3 fold (P < 0.01) more
resistant to oxaliplatin than cells expressing a low level of the enzyme.
We extended this observation to drugs that inhibit the DNA topo-
isomerase I (SN38), that form DNA adducts (cisplatin), that deposit
methyl groups on DNA guanine bases (temozolomide), or cause
single- and double-stranded disruptions after intercalating with the
DNA molecule (mitoxantrone).

PDAC cells with a high expression of CDA are 5.9 � 0.3 to 39 �
0.15-fold (P< 0.05)more resistant to these drugs than cells expressing a
low level of the enzyme (Fig. 6B). To obtain direct evidence that CDA
protects PDAC cells from DNA-damaging drugs, we treated MIA
PaCa-2 cells overexpressing CDA or CDAE67Q catalytically inactive
mutant with camptothecin. As shown in Fig. 6C, camptothecin

Figure 5.

CDA expression is associated with genetic instability in PDAC tumors. A and B, Whole-genome sequencing was performed for the identification of structural
variants (A) or indels and single-nucleotide variants (B). DUP, duplication; INV, inversion; BND, translocation; DEL, deletion; INS, insertion; SNV, single-
nucleotide variants. The percentage of change in alteration numbers was quantified in late versus early control cells or cells overexpressing CDA or CDAE67Q.
�� , P < 0.01; ���� , P < 0.0001 (two-way ANOVA). C and D, Enrichment plots for activation of ATR in response to replicative stress (Reactome–GSEA; C) and
CINSARC signatures in TCGAPDAC samples expressing high or lowCDAmRNA levels (D).E,Quantification of aneuploidy score in TCGAPDACsampleswith high and
low level of CDA. Aneuploidy score is the total number of chromosome arms containing at least one variation of copy number in an arm, per sample (56). �� , P < 0.01
(Wilcoxon–Mann–Whitney test).F,Quantification of the number of non-silentmutations perMb inTCGAPDACsampleswith high and low levels of CDA. ��� ,P<0.001
(Wilcoxon–Mann–Whitney test; TCGA PDAC samples: n ¼ 39 high CDA; n ¼ 38 low CDA).
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treatment significantly inhibits the proliferation of control cells and
of cells overexpressing CDAE67Q (�56% � 5% and �57% � 6%,
respectively, P < 0.001; Fig. 6C). In contrast, MIA PaCa-2 cells
expressing CDA significantly resisted to chemotherapy-induced anti-
proliferative activity (P < 0.05 and P < 0.01 vs. control cells and cells
expressing CDAE67Q, respectively, Fig. 6C). These results demon-
strate that CDA expression can predict response to DNA-damaging
drug in PDAC cell lines.

We next investigated whether CDA targeting could partner with
DNA-damaging drugs to induce irreversible replication stress in
preclinical models of PDAC. We selected PDAC051T primary
cells (13) that express detectable levels of the enzyme (Supplementary
Fig. S6B). We silenced CDA expression using siRNA (Supplementary
Fig. S6B) and found that PDAC051T proliferation was significantly
inhibited by 1.7-fold (P < 0.0001, Fig. 6D), as compared with control
cells. These results were confirmed using PDAC015T primary cul-
tured cells, derived from another PDAC tumor with detectable CDA
expression (Supplementary Fig. S6C). These results further support
that CDA is important for PDAC cell proliferation. Next, PDAC051T
cells were treated with oxaliplatin, a component of FOLFIRINOX, a
multi-drug therapy routinely used for PDAC management. As
expected, oxaliplatin treatment significantly increases the level of
replication stress in primary cultured cells, as measured by the number
of gH2AX foci per cell in S-phase (6.3� 0.65 vs. 12.7� 1.5, P < 0.005,
Supplementary Fig. S6D). As shown in Fig. 6E; Supplementary
Fig. S6E, CDA silencing followed by oxaliplatin treatment significantly
sensitizes PDAC cells to therapy and inhibits cell proliferation, as
compared with control cells receiving chemotherapy only (�61% �
5%, P < 0.0001).

Furthermore, we asked whether targeting CDA may improve
response to drugs that induce replication stress in PDAC preclinical
models, in vivo. PDAC051T cells were implanted in nude mice and
transfected with siRNAs targeting CDA. Control tumors received
random siRNAs. Forty-eight hours later, mice were treated with
oxaliplatin as previously described (13). The combination treatment
was repeated 3 days later (Supplementary Fig. S6G). We found that
tumors receiving CDA-targeting siRNA and treated by oxaliplatin
showed a robust reduction in tumor growth as compared with control
tumors (�29% � 2%, P < 0.001; Fig. 6F and G; Supplementary
Fig. S6G), when tumor weight inhibition at endpoint nearly reached
statistical significance (Supplementary Fig. S6H). At the endpoint,
mice were sacrificed and tumors were sampled for single cell RNA-seq
studies to capture rare events and gene enrichment signatures were
analyzed using the Single-Cell Signature Explorer (29). As expected,
combining CDA silencing and oxaliplatin treatment reveals signatures
indicative of nucleotide metabolism inhibition and replicative stress
(Fig. 6H; Supplementary Table S6). This analysis also evidenced cell
proliferation inhibition, induction of cell death and autophagy, epi-

thelial differentiation, inflammation and metabolic alterations in
treated tumors (Fig. 6H; Supplementary Table S6). Together, our
findings suggest for the first time a potential link between CDA
expression and the therapeutic effectiveness of DNA-damaging drugs
in PDAC. In addition, targeting CDA sensitizes these tumors to drugs
that induce replication stress.

Discussion
Exploiting DNA replication stress has recently emerged as a

promising strategy for cancer therapy (41) and is starting to be
explored as an attractive target for the management of PDAC
(6, 42, 43). Notwithstanding the progress, the identification of the
molecular mechanisms involved in the dependency of tumor cells
on the replication stress response is key to devise future therapies
aimed to enhance both endogenous and drug-induced replication
stress (4).

In this work, we identify that CDA, a key protein in the pyrimidine
salvage pathway, is overexpressed in the most aggressive PDAC
tumors, and that CDA silencing provokes tumor cell death by apo-
ptosis and strongly inhibits experimental tumor growth. To our
knowledge, this is the first description that CDA is involved in PDAC
tumor growth, independently of its role in tumor resistance to
pyrimidine-based therapies (7). Others identified that PDAC cells
are dependent on a de novo pyrimidine production driven byDHODH
(44, 45). However, targetingDHODHwould not be selective for PDAC
cells, as we found that DHODH is expressed at high levels in normal
adjacent tissue.

Exploration of PDAC patient samples from TCGA indicates that
CDA expression is positively associated with a transcriptomic DNA
replication signature. In PDAC cell lines, we show that a CDA over-
expression correlates with efficient DNA replication fork speed and
reduces endogenous replication stress, independently of increased cell
proliferation. Conversely, the reduction of CDA level in PDAC cell
lines slows fork progression and increases DNA damage. These results
were recapitulated with CDA inhibitors but not following the over-
expression of a catalytically dead CDA mutant, demonstrating that
CDA controls replication stress by recycling pyrimidines from nucle-
otide degradation, through the salvage pathway. This hypothesis is
supported by our results showing that targeting CDA disrupts the
progression in the cell cycle of cancer cells, which can be rescued by
exogenous uridine supplementation. Our results echo with recent
findings demonstrating that the inhibition of methylenetetrahydro-
folate dehydrogenase/cyclohydrolase (MTHFD2) induces replication
stress in cancer cells by inhibiting thymidine production leading to
uracil misincorporation into DNA (46).

Our study could aid in revisiting the proposed mechanism of
action described in this study, as the control of the dUTP to dTTP

Figure 6.
CDA is associated with resistance to replication stress-inducing drugs in PDAC cells and targeting CDA in vivo sensitizes PDAC tumor to oxaliplatin with
molecular evidence of replication stress. A, Correlation plot of CDA expression and log10 IC50 for oxaliplatin in PDAC cell lines from the cancer cell line
encyclopedia. B, IC50 value of irinotecan, SN38, cisplatin, temozolomide, and mitoxantrone in PDAC cell lines from CCLE with high and low CDA expressions
(n¼ 4 for each). C, Confluence analysis of MIA PaCa-2 cells expressing or not CDA or CDAE67Q and treated for 72 hours with 10 mmol/L camptothecin. Results
are expressed as mean � SEM of at least three independent experiments. D, Confluence of PDAC051T cells depleted of CDA using siRNA 72 hours after
transfection. Results are expressed as mean � SEM of 20 to 28 individual replicates, respectively. E, Long-term confluence follow-up of PDAC051T cells
transfected with control or CDA siRNA, then treated with 10 mmol/L oxaliplatin. F and G, Individual (F) and endpoint (G) tumor growth of PDAC051T
experimental tumors treated with control siRNA or siRNA-targeting CDA (red arrow) and receiving oxaliplatin (gray arrow; n ¼ 7). Control tumors received
control siRNA and oxaliplatin (n ¼ 6). H, Single-cell signature enrichment of PDAC051T experimental tumors treated with control siRNA or siRNA-targeting
CDA and receiving oxaliplatin at endpoint. � , P < 0.05; �� , P < 0.01, ��� , P < 0.001; ���� , P < 0.0001, unpaired t test.
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balance, in which CDA is involved, is essential in the therapeutic
efficacy of the MTHFD2 inhibitor. Importantly, CDA activity
occurs upstream of the reduction of ribonucleoside diphosphates
to deoxyribonucleoside diphosphates by RNR. Thus, our results
might facilitate re-examination of the central position of RNR in
controlling DNA replication in PDAC cells (47). Notably, we
found that CDA, which is generally considered as a cytoplasmic
enzyme (7), can also be nuclear and associated with the replication
fork through a yet unclear mechanism. In protein interaction
databases, CDA is shown to interact with MCM2 in a high-
throughput affinity Capture MS experiment (7), but we failed to
demonstrate such association by coimmunoprecipitation assays in
our models. Nevertheless, our findings may revive the “dNTP-
channeling hypothesis” according to which a functional complex,
known as “replitase” (48), could concentrate dNTP in close
proximity with replication forks for maximal efficacy. Replitase
is thought to contain enzymes that are involved in nucleotide
precursor synthesis and DNA replication, such as RNR (49), NDP-
kinase and DNA polymerase a (50). Interestingly, as deoxyribo-
nucleotides are detected in newly synthesized DNA much faster
than in the dNTP pool (51), this strongly suggests that the salvage
pathway may also actively participate to channel dNTPs to the fork
environment.

Replicative stress and genomic instability can provide multiple
variants upon which selection could act, constitutes a driving force
of cancer development and heterogeneity, and is generally associated
with poor prognosis. In contrast, excessive replication stress and
genomic instability are obviously deleterious for cell fitness and have
been demonstrated to correlate with bad outcome for cancer cells (52).
This suggests that an appropriate threshold of replicative stress and
genetic instability is required for tumor viability and that any mech-
anism that prevents such excessive genome instability is a potential
therapeutic target. Here, we found that CDA is involved in reducing
the endogenous replication stress that ultimately limits genetic altera-
tions in PDAC cells in long-term culture conditions. Furthermore, we
observed that CDA is increased in genetically unstable tumors, par-
ticularly in primary cultured cells from the basal-like molecular
subtype, which is closely linked to replication stress (5). This suggests
a potential role for CDA in potentially participating in managing
replicative stress in PDAC.

Another crucial question raised by our study is why CDA from
the pyrimidine salvage pathway is essential to DNA replication in
PDAC cells, when the de novo pyrimidine synthesis is fully func-
tional. Many tumors, including PDAC, have very poor blood
supply, so that cancer cells must get the nutrients they need to
grow from other sources. One option for tumor cells is to find new
ways to use what they already have. One example is the ability of
PDAC cells to face glutamine shortage by inducing the expression of
NAGK (N-acetylglucosamine kinase), to salvage N-acetylglucosamine
to generate UDP-N-acetylglucosamine (53).

Thus, it is tempting to speculate that PDAC cells favor the CDA
salvage pathway to recover nucleosides or bases formed during DNA
or RNA degradation when resources are scarce. This could be more
efficient than soliciting the de novo pathway that comes with a higher
energetic cost. As the pyrimidine salvage pathway is not essential in
normal cells, targeting CDA may create a synthetic lethality situation
for PDAC tumors when cotreated with chemotherapies such as
oxaliplatin, which may benefit to a large number of patients diagnosed
with this cancer.

Finally, our work may have important implications for the
treatment of patients, as it could influence future clinical studies.

With only a handful of mechanism-based therapies, the future of
PDAC treatment lies in carefully chosen therapy combinations for
durable tumor control in patients. Our study presents a compel-
ling scientific basis to consider using CDA expression as a
potential marker for resistance to DNA-damaging drugs like SN38
and oxaliplatin, commonly used in routine clinical practice as part
of FOLFIRINOX chemotherapy. In addition, our findings indicate
that targeting CDA may potentially increase replicative stress in
tumors and enhance sensitivity to oxaliplatin treatment, observed
both in vitro and in vivo. This is evident through signs of
senescence, checkpoint activation, DNA repair, and a potential
inhibition of replication initiation in experimental tumors post-
treatment. Importantly, this strategy may reveal to be safe as CDA
is not essential to mice development or fertility (54), and because
CDA is poorly expressed in normal pancreas (55). Interestingly,
Dreyer and colleagues (5) proposed an elegant matrix for thera-
peutic decision using inhibitors of the DDR pathway and/or cell-
cycle checkpoint, based on DDR deficiency and on the level of
replication stress in PDAC cells. Unfortunately, half of the sam-
ples that are DDR-proficient, but with low levels of replication
stress, do not respond to any of these molecules. During this
study, we found that CDA effectively induced replication stress in
DDR-proficient (Mia PACA-2) and DDR-deficient (BxPC3,
Capan-1) PDAC models, respectively (4). According to our find-
ings, it could be valuable to consider assessing CDA expression in
the majority of PDAC tumors that presently evade DDR-based
targeted therapies, as a potential step toward further interven-
tional studies aimed at enhancing replication stress in cancer cells.
Following eligibility criteria, these tumors might be subsequently
treated with ATR inhibitors, especially considering our observa-
tion that CDA invalidation is linked to an increased ATR response
to replicative stress both in vitro and in vivo. In the case of DDR-
deficient tumors, the concurrent use of PARP inhibitors might
present a promising molecular-based therapeutic approach for
patients with PDAC.
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