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Abstract 

Background  Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive cancer with limited treatment options 
and a poor prognosis. The critical role of epigenetic alterations such as changes in DNA methylation, histones modi‑
fications, and chromatin remodeling, in pancreatic tumors progression is becoming increasingly recognized. Moreo‑
ver, in PDAC these aberrant epigenetic mechanisms can also limit therapy efficacy. This study aimed to investigate 
the expression and prognostic significance of a key epigenetic complex encompassing DNA methyltransferase-1 
(DNMT1), the histone methyltransferase G9a, and the scaffold protein UHRF1 in PDAC. We also evaluated the thera‑
peutic potential of an innovative inhibitor targeting these epigenetic effectors.

Methods  Immunohistochemical analysis of DNMT1, G9a, and UHRF1 expression was conducted in human PDAC 
tissue samples. Staining was semi-quantitatively scored, and overexpression was defined as moderate to strong 
positivity. The prognostic impact was assessed by correlating protein expression with patient survival. The antitumoral 
effects of the dual DNMT1-G9a inhibitor CM272 were tested in PDAC cell lines, followed by transcriptomic analyses 
to identify underlying mechanisms. The in vivo antitumoral efficacy of CM272 was evaluated in PDAC xenograft 
and syngeneic mouse models, both alone and in combination with anti-PD1 immunotherapy.

Results  DNMT1, G9a, and UHRF1 were significantly overexpressed in PDAC cells and stroma compared to normal 
pancreatic tissues. Simultaneous overexpression of the three proteins was associated with significantly reduced 
survival in resected PDAC patients. CM272 exhibited potent antiproliferative activity in PDAC cell lines, inducing 
apoptosis and altering key metabolic and cell cycle-related genes. CM272 also enhanced chemotherapy sensitivity 
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and significantly inhibited tumor growth in vivo without detectable toxicity. Combination of CM272 with anti-PD1 
therapy further improved antitumor responses and immune cell infiltration, particularly CD4 + and CD8 + T cells.

Conclusions  The combined overexpression of DNMT1, G9a, and UHRF1 in PDAC is a strong predictor of poor prog‑
nosis. CM272, by targeting this epigenetic complex, shows promising therapeutic potential by inducing apoptosis, 
reprogramming metabolic pathways, and enhancing immune responses. The combination of CM272 with immuno‑
therapy offers a novel, effective treatment strategy for PDAC.

Keywords  Pancreatic ductal adenocarcinoma, Epigenetic mechanisms, DNMT1, G9a, UHRF1, CM272, Apoptosis, 
Metabolic reprogramming, Chemotherapy sensitivity, Immunotherapy

Background
Pancreatic ductal adenocarcinoma (PDAC) is among 
the most lethal cancers, currently ranking 7th in global 
cancer-related mortality and expected to become the 2nd 
leading cause of cancer deaths by 2030 [1, 2]. Despite 
significant research efforts, its occurrence continues to 
increase each year [1]. PDAC patients have a very poor 
prognosis, with a 5-year survival rate of only 12%, making 
early detection vital for improving outcomes [2, 3]. The 
likelihood of developing PDAC is affected by unchange-
able risk factors such as age, ethnicity, type II diabetes, 
genetic cancer syndromes, chronic pancreatitis or the 
development of intraductal papillary mucinous neo-
plasms, as well as by modifiable lifestyle factors [2]. Over 
80–90% of patients are diagnosed with either inoperable 
or metastatic disease or experience recurrence or metas-
tasis after surgery, necessitating palliative care. Depend-
ing on the patient’s performance status, current standard 
chemotherapy protocols for PDAC include combination 
therapies like 5-fluorouracil, irinotecan, and oxaliplatin 
(FOLFIRINOX) or gemcitabine and nab-paclitaxel, or 
monotherapy with gemcitabine. However, despite pro-
gress, these treatments yield only modest improvements 
in overall survival (OS) presenting a significant risk of 
toxicity [3, 4]. So far, therapy with immune checkpoint 
inhibitors (ICIs) or in combination with chemother-
apy has shown limited to no efficacy in treating PDAC 
[5]. Pembrolizumab (PD-1 inhibitor) is the only FDA-
approved ICI in metastatic microsatellite instability-high 
(MSI-H) PDAC tumors. However, MSI-H status is pre-
sent only in about 2% of patients [6]. Therefore, effective 
systemic therapies for PDAC patients are much needed.

Genetic alterations in PDAC have been very well char-
acterized, with over 90% of PDAC cases harboring gain of 
function KRAS mutations [7]. Noteworthy is the occur-
rence of subsequent deletions or loss-of-function muta-
tions in tumor suppressor genes such as TP53, CDKN2A 
and SMAD4 which further exacerbate the disease [8]. 
Many other germline mutations have been identified, 
including APC, ATM, BRCA1, BRCA2, and MLH1, 
among others [9]. While the genetic bases of this tumor 
have been well appreciated, epigenetic alterations are 

increasingly recognized as relevant contributors to vari-
ous stages of PDAC tumor development and malignancy 
[10–13]. Epigenetic mechanisms control gene expression 
patterns without altering the DNA sequence by modulat-
ing the accessibility of the transcriptional machinery to 
target genes, a process critical for cellular identity devel-
opment. Changes in these mechanisms can contribute 
to tumor evolution by increasing cancer cell prolifera-
tion and metastasis through the silencing of tumor sup-
pressor genes or the activation of oncogenes. Genetic, 
environmental, and tumor-intrinsic factors, such as the 
tumor microenvironment (TME), likely interact to cre-
ate distinct epigenetic landscapes that contribute to 
PDAC heterogeneity [12]. The uniformity of driver gene 
mutations between primary tumors and metastatic sites 
in PDAC patients also underscores the importance of 
epigenetic reprogramming in clonal fitness and tumor 
evolution essential for PDAC expansion and metastatic 
spread [14–16]. Genome-wide analysis of PDAC sam-
ples has linked the evolution of malignant traits leading 
to distant metastasis to extensive epigenetic changes, 
including global reprogramming of histone H3K9 and 
DNA methylation within large heterochromatin domains 
[17]. Actually, abnormal DNA methylation and post-
translational histone modifications are among the key 
epigenetic changes contributing to PDAC heterogene-
ity and progression [12, 18, 19]. Additionally, it has been 
observed how mutational alterations in oncogenes, such 
as KRAS, lead to downstream signaling events that stim-
ulate cell growth in part by modulating histone and DNA 
modifying enzymes [18]. PDACs with mutations in chro-
matin modifiers like ARID1A, KMT2C, and KMT2D are 
more likely to develop aggressive squamoid/squamous 
morphology and metastasis [16]. Consequently, current 
efforts are focused on developing diagnostic and thera-
peutic strategies for PDAC based on the dysregulated 
epigenetic state of the tumor. A great advantage from a 
pharmacological standpoint is that epigenetic changes, 
unlike genetic mutations, are a reversible phenomenon. 
Thus, the development of the so-called “epi-drugs” that 
modify aberrant epigenetic states represents a real 
opportunity to overcome PDAC. In fact, various clinical 
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trials are currently testing epigenetic inhibitors alone or 
in combination with standard-of-care chemotherapy or 
with immunotherapy [20]. While the outcomes of these 
trials are eagerly awaited, the dismal prognosis faced by 
most PDAC patients warrants the identification of novel 
and more effective therapeutic avenues.

In this work, we have examined the expression of the 
epigenetic complex formed by G9a, DNMT1 and UHRF1 
in PDAC tissues, and experimentally evaluated the anti-
tumoral efficacy of its pharmacological targeting. G9a 
(EHMT2) is an euchromatic histone-lysine methyl-
transferase that in specific situations physically interacts 
with DNA methyltransferase 1 (DNMT1) and the adap-
tor molecule, ubiquitin-like with PHD and RING finger 
domains 1 (UHRF1), contributing to DNA methylation, 
epigenetic tumor-suppressor gene silencing, and cancer 
cell proliferation [21–23]. We have found how the com-
bined overexpression of these epigenetic effectors is sig-
nificantly associated with PDAC patients’ survival. We 
also tested a potent, first-in-class, selective, and revers-
ible dual small-molecule inhibitor, CM272 [23–27], tar-
geting G9a and DNMT1 activity and also disrupting 
UHRF1 in PDAC cell lines. In this study, we demonstrate 
a remarkable antitumor potential of CM272 in PDAC 
cells and in clinically-relevant in vivo experimental mod-
els, sensitizing cancer cells to different chemotherapeutic 
agents, and showing a promising efficacy in combination 
with immune checkpoint inhibition.

Methods
Human PDAC specimen collection
This study was conducted on a first cohort of 42 patients 
diagnosed with PDAC and treated at the University Hos-
pital of Modena, Italy, and a second cohort of 49 patients 
diagnosed and treated at Hospital Universitario de Nav-
arra, Spain, from January 2000 to February 2019.

Patients with histologically proven PDAC, diagnosed at 
early/surgical stage without previous neoadyuvant ther-
apy, with available formalin-fixed, paraffin-embedded 
(FFPE) histological samples were eligible for our analyses. 
Study population included patients either with ab  ini-
tio surgically resected tumor. Patients who had received 
systemic therapies or radiotherapy prior to histologi-
cal sample collection were excluded. Written informed 
consent was provided by all patients, and the study pro-
tocol was approved by the medical ethics committee of 
each hospital. University Hospital of Modena (Comi-
tato Etico dell’Area Vasta Emilia Nord- Protocol Num-
ber: 0013043/19—Pratica 299/2019/OSS/AOUMO) and 
Clinical Research Ethical Committee of Navarra (Pro-
ject 2015/120). All patients provided written informed 
consent.

Cell culture and treatments
Human PDAC cell lines (MIA PaCa-2, PANC-1, 
Panc8902) and murine PDAC cell lines (DT6606 and 
PAN02) were maintained in Dulbecco’s Modified Eagle 
Medium (DMEM) that was enriched with 10% heat-
inactivated Fetal Bovine Serum (FBS), penicillin (100 
U/mL), and streptomycin (100 mg/mL). Another set 
of human PDAC cell lines (ASPC-1, NP18, and HPAF-
II) and murine PDAC cell lines (511,950, PDAC80, 
PM12167) were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 medium, also supplemented with 
10% heat-inactivated FBS, penicillin (100 U/mL), and 
streptomycin (100 mg/mL), all from Gibco-Life Technol-
ogy (Waltham, MA, USA). The human Pancreatic Duct 
Epithelial Cell Line (H6c7) was cultured in Keratinocyte 
SFM, + EGF + bovine pituitary extract (Invitrogen) sup-
plemented with 1 × antibiotic‐antimycotic (Gibco-Life 
Technology).

PDAC cancer cell lines (MIA PaCa-2, PANC-1, AsPC-
1, HPAF-II) were acquired from the American Type 
Culture Collection (ATCC). NP18 and DT6606 were 
provided by Dr. Ruben Hernandez, PAN02 cells were 
provided by Dr Pedro Berraondo and Panc8902, 511,950, 
PDAC80, PM12167 and H6c7 cells were provided by Dr. 
Silvestre Vicent, all three researchers from CIMA-Uni-
versity of Navarra, Pamplona, Spain.

Treatment times and dosages in the experiments are 
specified throughout the manuscript, with controls 
receiving equivalent concentrations of dimethyl sul-
foxide (DMSO) (always < 0.1% of the final volume). For 
cell viability assays, 2,000–4,000 cells were plated into 
each well of a 96-well plate with the appropriate culture 
media. After 24 h, the media/drug was added and cells 
were incubated for an additional 72 h. Following this 
period, 20 µL of CellTiter 96 Aqueous One Solution Cell 
Proliferation Assay (Promega, Madison, WI, USA) was 
introduced. After three hours, absorbance at 490 nm was 
measured using a plate reader. The drug concentration 
required to inhibit cell growth by 50% compared to the 
untreated control (GI50) was determined through curve 
fitting using GraphPad Prism-v10.2.0 software as pre-
viously described [23]. The combination index (CI) for 
UNC0642 and AZA (5-azacytidine) was calculated as 
detailed [25]. For apoptosis detection, cells were plated 
and treated following the same indications as for viabil-
ity determinations, and Caspase-Glo® 3/7 Assay (Pro-
mega, Madison, WI, USA) was employed according to 
manufacture´s instructions.

Chemotherapeutic agents’ preparation: Irinotecan, 
5-FU, oxaliplatin, leucovorin and cisplatin were obtained 
from Selleckchem (Houston, TX, USA). Gemcitabine, 
UNC0642 and AZA were from Sigma-Aldrich (St. 
Louis, MO, USA). The drugs were dissolved in DMSO 
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or nuclease-free water and stored at − 80˚C. Drugs con-
stituting FOLFIRINOX were combined in the following 
molar ratios analogous to those used in patients: 1.00 
irinotecan, 80.95 5-FU, 0.80 oxaliplatin, 1.07 leucovorin. 
CM272 was produced by WuXi AppTech (Shanghai, 
China).

Histones extraction
Histones were isolated as described [23]. In brief, cells 
were lysed using a buffer composed of 10 mM Tris–HCl 
(pH 7.4), 10 mM NaCl, and 3 mM MgCl2. After centrifu-
gation at 2,500 rpm for 10 min at 4 °C, the supernatant 
was discarded, and the pellets were re-lysed in the same 
buffer with the addition of 0.5% NP40 on ice for 10 min 
with gentle agitation. The nuclei were then pelleted by 
centrifugation at 2,500 rpm for 10 min at 4 °C and resus-
pended in a solution of 5 mM MgCl2 and 0.8 M HCl. This 
suspension was incubated on ice for 30 min to facilitate 
histone extraction. Following incubation, the samples 
were centrifuged at 14,000 rpm for 10 min at 4 °C to 
remove debris, and the supernatants were transferred to 
a clean tube. To precipitate the histones, 50% trichloro-
acetic acid was added. The resulting pellets were washed 
with acetone, air-dried, and then resuspended in a solu-
tion of 100 mM Tris–HCl (pH 7.5), 1 mM EDTA, and 1% 
sodium dodecyl sulfate (SDS). The concentration of his-
tones in the extract was determined using the BCA assay 
(Pierce Technologies, Rockford, IL) according to the 
manufacturer’s instructions.

Immunoprecipitation
For immunoprecipitation (IP) experiments, cells were 
lysed using an IP buffer containing protease and phos-
phatase inhibitors (20 mM Tris–HCl at pH 8, 137 mM 
NaCl, 1% NP-40, and 2 mM EDTA) at 4 °C for 30 min 
with continuous rotation. The cell lysates were clarified 
by centrifuging at 12,000 rpm for 20 min at 4 °C. After-
ward, protein concentration was measured, and 800 µg 
of protein were pre-cleared by incubating with 25 µl of 
Dynabeads G (Invitrogen) for 2 h with constant rotation 
at 4 °C. Simultaneously, 5 µg of the primary antibody and 
an equivalent amount of control IgG were incubated with 
20 µl of Dynabeads G for 2 h at room temperature with 
continuous rotation. The antibody-bound Dynabeads 
were washed three times with citrate phosphate buffer 
(pH 5) containing 0.01% Tween-20 and then incubated 
overnight at 4 °C with the pre-cleared protein samples 
under constant rotation. The next day, the samples were 
washed three times using PBS (Gibco-Life Technology) 
with protease and phosphatase inhibitors, then boiled in 
Laemmli buffer at 95 °C for 5 min. The beads were sepa-
rated using a magnetic rack, and the supernatant was col-
lected for Western blot analysis. Antibodies used for IP 

were: G9a (435,200, Invitrogen) and IgG mouse (SC2025, 
Santa Cruz Biotechnology, Dallas, TX, USA).

Immunoblot analyses
Cells were lysed in RIPA buffer as described previ-
ously [28]. Histone extracts, as well as IP products and 
homogenates from cells, were subjected to immunoblot 
(Western blot) analysis as reported [23]. Total protein 
was separated via sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), and electrotrans-
ferred onto PVDF membranes (Millipore, Burlington, 
MA, USA). The following primary antibodies were used 
for protein detection: anti-H3K9me2 (1:1000, 07–212, 
Millipore), anti-Total H3 (1:2000, 05–928, Millipore), 
anti-ATF3 (1:1000, sc-188, Santa Cruz Biotechnology), 
anti-CDK1A (1:1000, ab188224, Abcam, Cambridge, 
UK), anti-EGFR (1:1000, 06–847, Millipore), anti-alpha-
TUBULIN (1:1000, 2144, Cell Signaling, Danvers, MA, 
USA), anti-G9a (1:1000, 33,065, Cell Signaling), anti-
DNMT1 (1:1000 5032, Cell Signaling) and anti-UHRF1 
(1:500, ab57083, Abcam). Secondary HRP-conjugated 
goat anti-mouse IgG (1:5000, 68,860, Cell Signaling) or 
anti-rabbit IgG (1:5000, 2729, Cell Signaling) were also 
used. Target antigens were visualized using SuperSignal™ 
West Pico PLUS chemiluminescent substrate (Thermo 
Fisher Scientific, Waltham, MA, USA). Images were 
scanned with a ChemiDoc Imaging System (Bio-Rad, 
Hercules, CA, USA).

5meC Immunofluorescence
For immunofluorescence staining, cells were grown on 
coverslips and treated with either vehicle or CM272 for 
72 h. They were then fixed using ice-cold methanol for 
15 min at room temperature and subsequently washed 
twice with PBS. To quench, cells were exposed to 50 
mM NH4Cl in PBS for 10 min. Following three washes 
with PBS, cells were permeabilized with 0.2% Triton 
X-100 for 5 min at 4 °C, and DNA was denatured using 
4 M HCl for 15 min, followed by treatment with 100 mM 
Tris–HCl (pH 8.5) for 10 min. After washing, coverslips 
were blocked with Superblocking buffer (Thermo Fisher 
Scientific) for 1 h at room temperature. They were then 
incubated overnight at 4 °C with anti-5-methylCytosine 
antibody (Eurogentec, Seraing, Belgium, BI-MECY 
0100), diluted in 1% BSA in PBS. After washing, cells 
were treated with fluorophore-conjugated secondary 
antibodies in 1% BSA in PBS for 1 h at room tempera-
ture, washed again, and then stained with Vectashield 
(Vector Laboratories, Burlingame, CA, USA) containing 
DAPI. Images were captured using a Zeiss Axio Imager.
M1 microscope (Zeiss, Oberkochen, Germany).
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Colony formation assays
Colony formation assays were conducted using MIA 
PaCa-2, PANC-1, AsPC-1, and NP18 cells following the 
protocol outlined previously [23]. In brief, 3,000 cells 
were plated in complete medium in six-well plates and 
treated with CM-272 the following day. The medium was 
replaced every two days, and cultures were maintained 
until observable differences between treatment condi-
tions emerged (approximately 4 weeks). After the incu-
bation period, plates were washed with PBS, fixed with 
4% formaldehyde (Sigma) in PBS for 10 min, and stained 
with crystal violet. Representative images were captured.

siRNAs
Human-specific siRNAs targeting G9a, DNMT1, and 
UHRF1, along with control siRNA (siC), were sourced 
from Santa Cruz Biotechnology (Santa Cruz, CA). Trans-
fections were carried out using 75 nM of each siRNA 
with Lipofectamine RNAiMAX reagent (Invitrogen, 
Grand Island, NY, USA), following the protocol detailed 
previously [28] and according to the manufacturer’s 
guidelines. When multiple siRNAs were used simulta-
neously, each specific siRNA was applied at 32.5 nM for 
combinations of two siRNAs or 25 nM for combinations 
of three siRNAs. Cells were collected 48 h post-silencing, 
and gene expression was assessed by qPCR following the 
transfections.

RNA isolation and quantitative real‑time RT‑qPCR
Total RNA from cell lines was extracted using the auto-
mated Maxwell system from Promega (Madison, WI, 
USA). For reverse transcription, RNA samples were ini-
tially heated at 90 °C for 1 min to denature, followed by 
incubation at 37 °C for 1 h. The reverse transcription 
mix contained 50 mM Tris–HCl (pH 8.3), 75 mM KCl, 
3 mM MgCl2, 10 ng/μL of random primers, 0.5 mM of 
each deoxyribonucleic triphosphate (dNTP), 5 mM dithi-
othreitol (DTT), 1.2 U/μL RNase inhibitors (RNase Out), 
and 6 U/μL M-MLV reverse transcriptase enzyme. All 
reagents were sourced from Invitrogen (Carlsbad, CA, 
USA), except for dNTPs, which were obtained from 
Roche Diagnostics (Mannheim, Germany). Quantitative 
reverse transcription PCR (qRT-PCR) was conducted as 
described, with gene expression levels normalized to the 
housekeeping gene H3F3A as previously outlined [23]. 
Primer sequences are available upon request.

RNA sequencing (RNAseq)
RNA was assessed for quantity and quality using the 
Qubit HS RNA Assay Kit (Thermo Fisher Scientific) and 
the 4200 Tapestation with High Sensitivity RNA Screen-
Tape (Agilent Technologies, Santa Clara, CA, USA). 
All RNA samples met high-quality standards, with RIN 

values above 8. Library preparation was carried out with 
the Illumina Stranded mRNA Prep Ligation kit (Illumina, 
San Diego, CA, USA) according to the manufacturer’s 
instructions. Sequencing libraries were prepared from 
100 ng of total RNA. The process involved selecting and 
purifying poly(A)-containing RNA molecules with mag-
netic beads coated with poly(T) oligos. These poly(A)-
RNAs were then fragmented and reverse transcribed into 
the first cDNA strand using random primers. The second 
cDNA strand was synthesized with dUTP to maintain 
strand specificity. The resulting cDNA fragments were 
purified with AMPure XP beads (Beckman Coulter, Brea, 
CA, USA), adenylated at the 3′ ends, and ligated with 
uniquely indexed sequencing adapters. After purifica-
tion, the fragments were PCR amplified to generate the 
final libraries. The quality and quantity of these libraries 
were confirmed using the Qubit dsDNA HS Assay Kit 
(Thermo Fisher Scientific) and the 4200 Tapestation with 
High Sensitivity D1000 ScreenTape (Agilent Technolo-
gies). The libraries were sequenced on a NextSeq2000 
sequencer (Illumina), yielding 30–40 million paired-end 
reads per sample. The data were demultiplexed using 
Cutadapt. RNAseq was performed at the Genomics Unit 
of the Center for Applied Medical Research (CIMA), 
Universidad de Navarra, Pamplona, Spain.

Immunohistochemical analyses
Three-micrometer-thick sections were prepared from 
formalin-fixed paraffin-embedded pancreatic tissues. The 
sections were deparaffinized using xylene, dehydrated 
with ethanol, and treated with 3% hydrogen peroxide to 
inhibit endogenous peroxidase activity. Antigen retrieval 
was achieved by heating the sections in a 10 mM Tris–
EDTA buffer at pH 9 before incubating with primary 
antibodies for G9a (1:200, ab185050, Abcam), DNMT1 
(1:100, ab188453, Abcam), UHRF1 (1:100, ab194236, 
Abcam), CD8 (1:100, 98941 T, Cell Signalling), CD4 
(1:100, ab183685, Abcam), CDKN1A (1:100, ab188224, 
Abcam), and anti-H3K9me2 (1:100, 07–212, Millipore). 
For detection, an HRP-conjugated Envision secondary 
antibody (K4003, Dako, Santa Clara, CA, USA) was used, 
followed by DAB reagent (K3468, Dako). Signal quanti-
fication was performed using QuPath software v0.3.217. 
The tissue sections were counterstained with Hematoxy-
lin (Sigma-Aldrich) and dehydrated. Negative controls 
were included by omitting the primary antibodies.

In vivo experiments
For the patient-derived xenograft (PDX) model, experi-
ments performed at Vall d’Hebron Institute of Oncol-
ogy (Barcelona, Spain) were approved by the institution’s 
Ethical Committee and the Catalan Regional Govern-
ment. PDX92 was created by implanting 3–4 mm tumor 
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fragments from a metastatic liver biopsy of a PDAC 
patient into the flanks of 6-week-old female NOD.CB-
17-Prkdc scid/Rj mice (Janvier Labs, Saint-Berthevin, 
France, RRID:MGI:3,760,616). When tumors reached 
100–150 mm3, mice were divided into two groups for 
daily intraperitoneal treatment (i.p.) with either vehicle 
(PBS) or CM272 (5 mg/kg) for 28 days. Tumor growth 
and animal weight were monitored bi-weekly. Mice were 
euthanized when tumors reached 1–1.5 cm3 or if sig-
nificant weight loss occurred. Mice were kept in filtered 
cages with a 12-h light/dark cycle and had ad  libitum 
access to food and water.

For the orthotopic PDAC model, 8-week-old male C57/
BL6 mice (Jackson Laboratories, Bar Harbor, ME, USA) 
were housed four per cage with standard chow and water 
at 22 °C on a 12-h light/dark cycle. A 1.5-cm midline lap-
arotomy was performed under anesthesia, and DT6606 
cells (5 × 105 cells) were injected into the pancreas. The 
abdominal wall was closed with 5–0 Vicryl suture (Ethi-
con, Raritan, NJ, USA). Mice were randomly assigned 
to two different treatment groups: (1) saline, (2) CM272 
(5 mg/kg, i.p., 5 times/week). After 4 weeks, mice were 
euthanized, and tumors were excised, weighed, and pro-
cessed for histology and immunohistochemistry.

In a combination treatment model, 1 × 106 PAN02 
cells were injected subcutaneously into the right flank 
of 8-week-old male C57/BL6 mice. When tumors 
reached ~ 100 mm3, mice (n = 6) were divided into four 
treatment groups: (1) saline; (2) CM272 (5 mg/kg, i.p., 5 
times/week); (3) anti-PD1 (10 mg/kg, i.p., twice a week); 
and (4) combination (CM272 and anti-PD1, using the 
same dosis and times). After 4 weeks, mice were eutha-
nized, tumors excised, weighed, and analyzed for his-
tology and immunohistochemistry. These procedures 
were also approved by the University of Navarra’s Ani-
mal Care Committee (ethical committee approval 
#R-CP001-15GN).

Biochemical parameters
Serum levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), lipase (LIPC), and amylase 
(AMYL) were measured using a C311 Cobas Analyzer 
(Roche Diagnostics GmbH, Mannheim, Germany) fol-
lowing manufacturer’s instructions.

Statistical analyses
Association between IHC expression of DNMT1, G9a 
and UHRF1 was tested using Fisher exact test. Dis-
ease-free survival (DFS), overall survival (OS) and 
their two-sided 95% CI were estimated by the Kaplan–
Meier method and curves were compared by the log-
rank test (at a significance level of 5%). Estimated HRs 
and their two-sided 95% CI were calculated using the 

Cox-proportional hazard model. Other statistical analy-
ses were conducted using GraphPad Prism 10.2.0 soft-
ware. Comparisons between two groups were made 
using either the paired two-tailed Student’s t-test or the 
Kruskal–Wallis ANOVA test, depending on the data 
distribution. Survival rates were evaluated with Kaplan–
Meier curves, and differences were tested using the log-
rank test. All p-values were two-tailed, and significance 
was defined as p < 0.05.

Results
Analysis of DNMT1, G9a, and UHRF1 expression in PDAC
Immunohistochemical (IHC) staining for DNMT1, G9a, 
and UHRF1 was performed in an initial cohort of 42 
PDAC patients treated at Modena University Hospital, 
Italy (Suppl Table  1). All PDAC tissues expressed G9a 
and UHRF1, and most (73.8%) were positive for DNMT1. 
The expression of all three proteins was confined to the 
nucleus, with no staining observed in the cytoplasm or 
plasma membrane, in agreement with previous reports 
[25, 29–31]. Using a semi-quantitative scoring sys-
tem (Fig.  1A), most cases showed strong positivity for 
G9a (88%) and UHRF1 (76,1%), indicated as score 3 + . 
The intensity levels of DNMT1 staining varied among 
samples (Suppl Table  2). Whenever possible, the stain-
ing of other tissue components (stroma, normal ducts, 
PanIN) within histological specimens was also evalu-
ated. DNMT1-negative stroma was reported in 6% (2/36) 
of patients. Most cases showed weak (58%, 21/36) or 
moderate (22%, 8/36) DNMT1 positivity in stroma, with 
only 14% (5/36) showing score 3 + stroma. G9a stain-
ing in stroma was weak (1 +) or moderate (2 +) in 40.5% 
(15/37) and 46% (17/37) of cases, respectively, with 13.5% 
(5/37) scoring 3 + . For UHRF1, stroma was 1 + or 2 + in 
58.5% (24/41) and 34% (14/41) of cases, respectively, with 
7.5% (3/41) scoring 3 + . Normal pancreatic ducts mostly 
stained either negative or weakly positive for the three 
proteins. To assess the differential expression of DNMT1, 
G9a, and UHRF1 in tumor tissue and normal pancre-
atic ducts, we compared the highest level of expression 
(score 3 +) versus lower levels (score 0, 1 + , and 2 +). G9a 
and UHRF1 were significantly overexpressed in cancer 
compared to normal ducts (p < 0.001 for both), although 
DNMT1 was not significantly overexpressed in this com-
parison (Suppl Table 3).

To validate these results and give robustness to our 
analysis, we expanded the number of cases performing 
similar analyses in a different cohort including 49 PDAC 
patients from the University Hospital of Navarra, Spain 
(Clinical characteristics described in Suppl Table  1). 
Here, we directly analyzed the expression of the three 
proteins in tumor and normal pancreatic ducts com-
paring the highest level of expression (score 3 +) versus 
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lower levels (score 2 + , 1 + , and 0) (Suppl Table 3). When 
both cohorts were analyzed together, we confirmed the 
prevalence of higher DNMT1, G9a, and UHRF1 immu-
nostaining scores (score 3 +) in cancer cells compared 
to normal ducts, in which lower levels (score 0, 1 + , and 
2 +) were more prevalent. (Fig. 1B, Suppl Table 3).

Correlation of DNMT1, G9a, and UHRF1 expression 
with clinicopathological variables
The expression of DNMT1, G9a, and UHRF1 (scores 
3 + versus 2 + , 1 + and 0) in tumor was correlated with 
various clinicopathological variables: sex, tumor site 
(pancreatic head vs. body/tail), pT stage (pT1, pT2, pT3), 
pN stage (pN0, pN1, pN2), vascular invasion, perineural 
invasion, tumor grade (G3 vs. G1/G2) and need of adju-
vant therapy. Patients who had a more advanced tumor 
stage (pT) more frequently exhibited an overexpression 
of DNMT1 and G9a. Similarly, patients with greater 
lymph node involvement (pN) showed an overexpres-
sion of DNMT1 and UHRF1. Additionally, microvascu-
lar invasion in the surgical specimen was associated with 
an overexpression of G9a and UHRF1, and perineural 
invasion was associated with the overexpression of G9a 

(Suppl Table 4). Interestingly, analyzing the three epige-
netic modifiers together, we found that the simultaneous 
overexpression (3 +) of at least two of the three proteins 
(DNMT1, G9a, and UHRF1) in cancer cells resulted in a 
significant shorter DFS and OS when all PDAC patients 
were analyzed together (Fig. 1C).

These results corroborate the overexpression of the 
three proteins in PDAC tumors and demonstrate that, 
although the independent overexpression of these three 
epigenetic modifiers can be associated with specific clin-
icopathological characteristics in PDAC patients, the 
simultaneous elevation of G9a, DNMT1, and UHRF1 
levels in tumor tissues is linked to a significantly poor 
prognosis.

Expression and protumorigenic role of G9a, DNMT1 
and UHRF1 in PDAC cells
To further evaluate the relevance of this epigenetic 
complex in PDAC, we examined G9a, DNMT1, and 
UHRF1 mRNA expression levels in publicly available 
datasets obtained from a broad panel of human PDAC 
cell lines [32]. Interestingly, significantly higher expres-
sion levels of the three epigenetic effectors were found 

Fig. 1  Expression of G9a, DNMT1, and UHRF1 mRNA in human PDAC. A Scoring of G9a, DNMT1 and UHRF1 expression in pancreatic tissues 
from PDAC patients. Each image shows the representative IHC staining of the three proteins according to each score assigned. B Differential G9a, 
DNMT1 and UHRF1 expression (3 +) versus (2 + /1 + /0) in tumor tissue and normal pancreatic ducts. C DFS and (D) OS in PDAC patients according 
a combined high expression (3 +) or low expression (2 + /1 + /0) of DNMT1/G9a/UHRF1. *p < 0.05 
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in PDAC cell lines belonging to the “basal” subtype 
compared with those conforming the “classical” group 
(Fig. 2A). These data align with previous observations, 
where specific epigenetic events consistently distin-
guished these two major PDAC subtypes, the basal-like 
type associated with a more mesenchymal gene expres-
sion profile, higher tumor grade, chemoresistance, and 
poor prognosis; and the classical subtype, characterized 
by an epithelial-like gene signature, lower tumor grade, 
and better prognosis [7, 12, 32]. Through co-immuno-
precipitation assays, we observed that these three epi-
genetic modifiers indeed appeared in the same complex 
in MIA PaCa-2 cells (Fig. 2B). To demonstrate that the 
simultaneous inhibition of the G9a/DNMT1/UHRF 
epigenetic complex could be an improved strategy to 
quell PDAC cells growth, we treated MIA PaCa-2 and 
PANC-1 cells with the G9a specific inhibitor UNC0642 
and the DNMT inhibitor 5’-azacytidine (AZA) simul-
taneously at different concentrations. Initially, the sin-
gle administration of each epigenetic inhibitor resulted 
in relatively high GI50 values for both cell lines (in the 
micromolar range for UNC0642 and in the millimo-
lar range for AZA) (Fig. S1A). However, the combined 
treatment showed a synergistic growth inhibitory effect 
in both PDAC cell lines at several concentrations tested 
(Fig. 2C). We then evaluated the effect of CM272, our 
lead G9a/DNMT/UHRF1 inhibitory compound, on 
PDAC cell viability. We observed very potent effects, 
with GI50 values in the nM range for most human and 
mouse PDAC cell lines tested (Fig.  2D). Interestingly, 
we found a significantly superior GI50 value when we 
tested H6c7 cells, an epithelial non tumoral pancreatic 
cell line (Fig. S1B).

Next, we evaluated the on-target effects resulting 
from the inhibition of G9a and DNMT1 epigenetic 
activities. As expected, CM272 decreased the total cel-
lular contents of H3K9me2 (Fig.  2E) and DNA meth-
ylation (5-methyl-cytosine [5meC]) levels (Fig.  2F). 
Noteworthy, CM272 markedly impaired the clonogenic 
capacity of PDAC cells even when tested at half its GI50 
concentrations (Fig.  2G). Taken together, these obser-
vations indicate that the epigenetic inhibitor CM272 is 
very effective against PDAC cells.

Mechanisms of CM272 antitumoral activity in PDAC cells
To characterize the molecular mechanisms that underlie 
the antitumoral effects of CM272, we performed tran-
scriptomic studies in control and CM272-treated MIA 
PaCa-2 and PANC-1 PDAC cells. In the case of MIA 
PaCa-2 we detected 5048 upregulated and 3431 down-
regulated genes compared with controls (p < 0.01) from 
12,655 genes analyzed, while PANC-1 cells showed 
3050 upregulated and 2102 downregulated genes after 
CM272 treatment (p < 0.01) from 10,266 genes analyzed. 
(Fig.  3A). Gene ontology (GO) functional classifica-
tion of differentially expressed genes revealed general 
categories that were very conserved between the two 
PDAC cell lines (Fig. 3B and Fig. S2A). Many of the pro-
cesses identified were linked to apoptosis signaling path-
ways, oxidative stress, endoplasmic reticulum stress and 
unfolded protein responses, and to the negative regula-
tion of intracellular signal transduction pathways, such 
as ERK1/2 cascade and ERBB signaling. (Fig. 3B). These 
observations are consistent with previous transcriptomic 
analyses in which G9a was genetically depleted in PDAC 
models [33]. Interestingly, antigen processing and presen-
tation via major histocompatibility complex (MHC) Class 
I, type I interferon signaling, and processes related to T 
cell mediated immunity were among the most enriched 
categories elicited by CM272 treatment in both cell lines. 
Besides “antigen presentation” and “apoptosis-related” 
pathways, more detailed scrutiny of transcriptomic data 
using gene-set enrichment analysis (GSEA) also revealed 
additional categories linked to the inhibition of cell cycle, 
amino acid metabolism and cholesterol biosynthetic pro-
cesses (Fig. 3C and Fig. S2B).

In agreement with transcriptomic analyses, we found 
that treatment of MIA PaCa-2 and PANC-1 cells with 
CM272 resulted in the upregulation of important 
immune response genes, such as those belonging to the 
HLA family or TAP1 and B2M, key components of the 
antigen presentation machinery responsible for neoanti-
gen presentation to CD8 + and CD4 + T cells [34]. Simi-
larly, the expression of the transcription factor ATF3 and 
that of BCL2L1, involved in the cellular stress response 
and cell death respectively, were also induced (Fig.  3C 
and Fig. S2B). Important genes required for progression 

(See figure on next page.)
Fig. 2  Expression and simultaneous targeting of G9a, DNMT1 and UHRF1 in human PDAC cell lines. A G9a, DNMT1 and UHRF1 mRNA levels 
in PDAC cell lines according to their classification as classical (n = 9) or quasimesenchymal, QM (basal) (n = 36) categories extracted from Collisson 
dataset. B Immunoprecipitation of endogenous G9a in MIA PaCa-2 cells. Immunoprecipitates were probed with anti-G9a, anti-DNMT1 
and anti-UHRF1 antibodies. Pre-immune IgG immunoprecipitates and Inputs are shown as controls. C Combination study of the growth inhibitory 
effects of G9a (UNC0642, UNC) and DNMT1 (AZA) inhibitors in MIA PaCa-2 and PANC-1 cells. D GI50 values for CM272 in the indicated human 
and mouse PDAC cell lines. E Effect of CM272 treatment (72 h) on the levels of H3K9me2 in MIA PaCa-2 and PANC-1 cells. H3 total (H3T) levels 
and isolated histones (Ponceau) are also shown. F Effect of CM272 treatment (72 h) on the global levels of DNA CpG methylation in MIA PaCa-2 
and PANC-1 cells. G Colony formation assays in MIA PaCa-2 and PANC-1 cells treated with CM272 at half of their respective GI50. *p < 0.05; **p < 0.01 
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Fig. 2  (See legend on previous page.)
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through the cell cycle, such as E2F8, PCNA or MCM2 
were downregulated after CM272 treatment. Also con-
sistent with our transcriptional analyses, the expression 
of genes implicated in sterol biosynthetic processes such 
as SQLE, HMGCS1 and DHCR24, or those involved in 
amino acid biosynthetic process, such as PYCR1, BCAT2 
or PHGDH were significantly repressed.

We validated some of the key transcriptomic effects 
of G9a/DNMT1/UHRF1 inhibition by demonstrating 
increased levels of apoptosis in PDAC cells treated with 
CM272 (Fig.  3D), as well as by confirming the upregu-
lation of ATF3 and CDKN1A-p21 proteins, involved in 
oxidative stress response and cellular senescence, respec-
tively (Fig. 3E). Interestingly, we also observed decreased 
levels of epidermal growth factor receptor (EGFR or 
ERBB1) protein (Fig. 3E). The dysregulation of these pro-
teins is known to play very relevant roles in PDAC devel-
opment [33, 35–37].

CM272 enhances the response of PDAC cells 
to chemotherapy
Epigenetic mechanisms alterations appear to play a piv-
otal role not only in cancer initiation and progression, 
but also in chemoresistance. This evidence is paving the 
way for new treatment strategies, involving the use of 
epi-drugs in combination with conventional anti-cancer 
therapies [38, 39]. In view of this, we wanted to evalu-
ate whether CM272 was able to increase the susceptibil-
ity of PDAC cells to chemotherapeutic agents currently 
used in PDAC patients. To test this notion, we treated 
MIA PaCa-2 cells with CM272 and gemcitabine and 
found that such combination therapy resulted in a more 
pronounced decrease in cell viability than did either 
drug alone. Moreover, we observed a similar effect in 
cells treated with CM272 in combination with cisplatin, 
and also in PDAC cells treated with CM272 together 
with FOLFIRINOX, a combination of 5-fluorouracil 
(5-FU), oxaliplatin (Oxa), irinotecan and leucovorin [40] 
(Fig.  4A). Together, our findings demonstrate that the 
pharmacological inhibition of the G9a/DNMT1/UHRF1 
complex enhances the cytotoxic response to conventional 
chemotherapeutic agents in pancreatic cancer cells.

According to our transcriptomic analyses, one pathway 
that was markedly inhibited in PDAC cells upon CM272 
treatment was the sterol biosynthetic process (Fig.  3C). 
Metabolic reprogramming is a hallmark of cancer cells 
[41], and among various metabolic pathways, alterations 
in cholesterol metabolism have been related to PDAC 
development [42]. Cholesterol is an essential molecule 
for membranes formation and cell proliferation, and 
cancer cells need to synthesize large amounts of cho-
lesterol to meet the energetic demands associated with 
rapid growth [43, 44]. In this context, treatment of PDAC 
cells with lovastatin, an inhibitor of 3-hydroxy-3-meth-
ylglutaryl-CoA (HMG-CoA) reductase, the rate-limiting 
enzyme in cholesterol synthesis, has been demonstrated 
to promote apoptosis [45]. This knowledge led us to eval-
uate if CM272 treatment could also enhance the effect 
of lovastatin on the viability of PDAC cells. As shown in 
Fig.  4B, we observed that the inhibitory effects of lov-
astatin on MIA PaCa-2 cells growth was significantly 
enhanced by the concomitant treatment with CM272. 
Interestingly, we confirmed the specificity of this effect 
on PDAC tumor cells, as when we performed these treat-
ments combining CM272 with chemotherapeutic agents 
on the H6c7 cell line, we did not observe any further 
decrease in viability or increase in apoptosis. (Fig S3).

Inhibition of the G9a/DNMT1/UHRF1 complex potentiates 
the immunogenicity of PDAC cells
In our GSEA of the transcriptome of CM272-treated 
PDAC cells “antigen processing and presentation” was 
one of the pathways most significantly upregulated 
(Fig. 3C). Given the potential relevance of this response 
regarding tumor immunogenicity, and eventually for lev-
eraging the efficacy of ICI-based therapies, we validated 
the effect of CM272 on the expression of chemokine 
CCL5 and different MHC genes such as HLA-A, HLA-B 
and HLA-C (Fig. 5A and Fig. S4A). Remarkably, pre-incu-
bation of PDAC cells with CM272 significantly enhanced 
the response of these and other immune response-related 
genes such as CXCL10, TAP1 and B2M, to IFNγ, the key 
immune effector cytokine (Fig. 5A and Fig. S4A and S4B). 
We also examined in more detail the contribution of 
each component of the G9a/DNMT1/UHRF1 epigenetic 

Fig. 3  Mechanisms of CM272 antitumoral activity in PDAC cells. A Volcano plot of the genes differentially expressed in MIA PaCa-2 (left panel) 
and PANC-1 (right panel) cells treated with CM272 (GI50, 72 h). Selected functionally relevant genes are indicated. B Most relevant GO functional 
categories of genes undergoing changes in expression identified by RNA-sequencing in MIA PaCa-2 cells treated with CM272 (GI50, 72 h). C GSEA 
analysis of specific categories including heatmaps with a ranked list of genes modulated by CM272 from the RNA-seq data. D Apoptosis vs Viability 
determination in PDAC cells treated with vehicle (Control) or CM272 at their GI50 during 72 h. E Representative western blots of the indicated 
proteins in Control and CM-272-treated MIA PaCa-2 and PANC-1 cells. Blots were probed for α-TUBULIN to show equivalent loading. **p < 0.01; 
***p < 0.001 

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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complex in this response. To this end, we used specific 
siRNAs to knockdown the expression of G9a, DNMT1 
and UHRF1 individually or in combination. Interestingly, 
the simultaneous inhibition of the three components 
(Fig. S5A) caused the highest induction in the mRNA lev-
els of the chemokine CCL5 and the HLA genes HLA-A, 
HLA-B and HLA-C (Fig. 5B and Fig. S5B). These results 
were pharmacologically validated when MIA PaCa-2 cells 
were treated with specific inhibitors of G9a (UNC0642) 
and DNMT1 (AZA), with the combined treatments 
resulting in the highest induction of the expression of 
these immune response-related genes (Fig.  5C and Fig. 
S6). All these data align with previous evidence showing 
how cancer cells downregulate immune sensing via epi-
genetic silencing of antitumor cytokines, chemokines, 
or components of Class I MHC [11, 46]. In view of our 
findings the G9a/DNMT1/UHRF1 complex would play 
such a key role in PDAC cells. Therefore, these results 
strongly argue for a therapeutic strategy in which the 
simultaneous inhibition of the epigenetic complex G9a/
DNMT1/UHRF1 could be leveraged to prime the PDAC 
tumor and its microenvironment for a better response to 
immune therapies.

In vivo antitumor activity of CM272
To further examine the antitumoral properties of CM272 
we next employed a human PDAC patient-derived tumor 
xenograft (PDX) mouse model which clinical relevance 
has been recently reported [47]. When tumors reached 
80 mm3, mice were randomized and treated with CM272 
or the corresponding vehicle as described in Fig.  6A. 
We could observe how tumor growth was significantly 
reduced from early times after the onset of the treat-
ment, and tumor weights were significantly reduced at 
the end of treatment (Fig.  6A). A dramatic decrease in 

cell proliferation was observed in CM272-treated mice, 
as detected by immunohistochemical staining for Ki67 
(Fig. 6B).

Although PDX models retain the three-dimensional 
architecture of the original tumor, as well as genetic 
characteristics and metastatic potential [17] facilitating 
the implementation of pharmacological studies [16, 18, 
19], the microenvironmental characteristics of PDAC 
(i.e. stroma, extracellular matrix or immune system) are 
lacking. Therefore, we also implemented a syngeneic allo-
graft model in fully immunocompetent C57BL/6 mice by 
orthotopic injection of mouse PDAC cells directly into 
the pancreas. The selected cell line, DT6606 cells, has 
been derived from LSL-KrasG12D/ + ; Pdx-1-Cre (KC) 
mice in a C57BL/6 background [48]. As shown in Fig. 6C, 
CM272 administration started 7 days after DT6606 cells 
implantation, and after four weeks of treatment the size 
of tumors in animals receiving the drug was significantly 
lower than in controls. In agreement with our previous 
studies [23, 25, 26, 28], we did not observe any signs of 
toxicity in CM272-treated animals, and mice weights 
were normal at the end of treatment. No changes were 
observed in transaminases (ALT and ASL), lipase, or 
amylase serum levels between the groups, indicating 
the absence of hepatic and pancreatic injury (Fig. S7A). 
Consistently with our in  vitro findings on the abil-
ity of CM272 to enhance PDAC cells immunogenicity 
(Fig. 4A), we observed a marked infiltration of CD4 + and 
CD8 T + cells in the tumour tissues of CM272-treated 
animals (Fig. 6D).

In view of these findings, we decided to implement a 
second orthotopic syngeneic allograft model in immu-
nocompetent mice, this time using the murine PDAC 
PAN02 cell line, known to be highly immunosuppressive 
and resistant to ICI-based therapy [49, 50]. In this model, 
CM272 treatment resulted in a moderate antitumoral 

Fig. 4  CM272 synergizes with antitumor drugs in the inhibition of PDAC cells growth. A Combination study of the growth inhibitory effects 
of CM272 and gemcitabine (GEM), cisplatin (CDDP) and FOLFIRINOX (FOLFX) in MIA PaCa-2 cells. B Combination study of the growth inhibitory 
effects of CM272 and lovastatin (LVT) in MIA PaCa-2 cells. *p < 0.05; **p < 0.01; ***p < 0.001 
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effect, while anti-PD1 monoclonal antibody administra-
tion caused a minor decrease in tumour weight with-
out statistical significance (Fig.  7A). As in the previous 
experimental model, transaminases, lipase, and amylase 
serum levels did not change between the groups (Fig. 
S7B). We confirmed the on-target effects of CM272 by 
the observation of a significant decrease in H3K9me2 
staining in tumor tissues from mice treated with the 

inhibitor (Fig. S7C). Remarkably, the combination treat-
ment including CM272 and anti-PD1 antibodies led to a 
significant tumour regression (Fig. 7B). Gene expression 
analyses in tumor tissues showed significantly increased 
mRNA levels of Cxcl10 and Cdkn1a in the combina-
tion treatment group (Fig.  7C), in line with the in  vitro 
responses to CM272 in cultured PDAC cells. Moreover, 
we also observed a significant elevation in the numbers of 

Fig. 5  The simultaneous inhibition of the epigenetic complex G9a/DNMT1/UHRF1 activates the expression of immune response-related genes 
in PDAC cells. A qPCR analysis of CCL5, HLA-A, HLA-B and HLA-C expression in MIA PaCa-2 cells pretreated with CM-272 for 24 h and then induced 
with IFNγ (100U/mL) for another 24 h. B qPCR analysis of CCL5, HLA-A, HLA-B and HLA-C expression in MIA PaCa-2 cells transfected with G9a, DNMT1 
or UHRF1-specific siRNAs, specific siRNAs combinations (siG9a + siDNMT1 and siG9a + SiDNMT1 + siUHRF1) and control siRNAs (siC) for 48 h. C qPCR 
analysis of CCL5, HLA-A, HLA-B and HLA-C expression in MIA PaCa-2 cells treated with UNC, AZA, and the combination (UNC + AZA) at their GI50 
during 72 h. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant 
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tumor-infiltrating CD4 + and CD8 + T cells in the com-
bination group (Fig. 7D). Together, these results suggest 
that targeting the G9a/DNMT1/UHRF1 complex may be 
a new strategy to increase the response to immunother-
apy in PDAC.

Discussion
PDAC is an exceptionally aggressive cancer with a nota-
bly poor prognosis and a rising incidence. The disease’s 
aggressive nature, combined with the fact that the major-
ity of patients are diagnosed at advanced or metastatic 
stages, makes the development of new therapeutic strat-
egies for PDAC one of the most critical challenges in 
modern oncology. Despite numerous advancements in 
pharmacology and the introduction of new drugs, PDAC 
remains particularly resistant to current oncological 
treatments. While targeted therapies have become stand-
ard treatments for other cancers such as breast, lung, and 

colorectal cancer, PDAC continues to primarily depend 
on chemotherapy as its main treatment option. Due to 
the aggressive nature of PDAC, which often results in a 
rapid decline in the patient’s health, there is an urgent 
need for more effective and better-tolerated therapeu-
tic options. The major barriers to effective treatment of 
PDAC include its intra-tumoral heterogeneity, dense des-
moplastic stroma, and immunosuppressive tumor micro-
environment [51].

Recent research has highlighted the significant role that 
dysregulated epigenetic mechanisms play in the biology 
and heterogeneity of PDAC, contributing to disease pro-
gression, metastasis, and resistance to chemotherapy [10, 
12, 18]. As a result, clinical trials have been initiated to 
assess the safety and efficacy of epigenetic therapies in 
PDAC patients [20]. However, the results observed so 
far suggest that, similar to chemotherapy, targeting epi-
genetic alterations as a monotherapy has not yet shown 

Fig. 6  In vivo antitumoral effects of CM272. A Diagram of the experimental protocol. Effect of CM272 treatment on the growth of PDAC PDX 
mice. B Representative images of the immunohistochemical analysis of Ki67 protein in mouse PDX tumor samples and quantification. C Diagram 
of the experimental protocol. Representative tumor images of tumors in the PDAC orthotopic model and tumor size in Vehicle and CM272-treated 
groups. D Representative images of the immunohistochemical analysis of CD4 and CD8 proteins in the orthotopic tumor tissue samples and their 
quantification. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant 
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significant benefits in PDAC. If epigenetic drugs could 
show efficacy in selected patient subgroups and if their 
underlying mechanisms are able to confer tumor cell 
selectivity to these inhibitors, remain largely unclear.

In this study, we aimed to explore the roles of DNMT1, 
G9a, and UHRF1 proteins in this tumor by evaluating 
their expression in human PDAC tissue specimens. To 
this end, we employed a semi-quantitative scoring sys-
tem similar to the one described by Abu-Alainin et  al. 
for UHRF1 assessment in pancreatic cancer [31]. This 
approach allowed us to discern varying levels of staining 

corresponding to different degrees of protein expres-
sion. Notably, positivity for these three proteins was also 
observed in stromal tissue and normal pancreatic ducts 
in most cases, indicating a baseline expression level. To 
stratify tissue samples according to protein expression 
in the different cellular compartments, we categorized 
nuclear staining for DNMT1, G9a, and UHRF1 into neg-
ative-moderate weak (scores 0, 1 + , 2 +) or strong positiv-
ity (scores 3 +). Proteins were classified as over-expressed 
if their immunohistochemical staining was scored as 3 + . 
Using this method, we demonstrated the over-expression 

Fig. 7  In vivo antitumoral effects of CM272 and its combination with immunotherapies. A Diagram of the experimental protocol. 
Representative tumor images and tumor weights of the subcutaneous PDAC model in which mice were treated with vehicle, CM272, anti-PD-1 
and the combination of CM272 and anti-PD-1. B qPCR analysis of the expression of Cxcl10 and Cdk1a genes in in tumor tissues from mice treated 
with vehicle, CM272, α-PD1 and the combination of CM272 and α-PD1. C Representative images showing the immunohistochemical detection 
of CD4, CD8 and CDKN1A and their quantification in tumors from mice treated with vehicle, CM272, α-PD1 and the combination of CM272 
and α-PD-1. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant 
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of DNMT1, G9a, and UHRF1 in PDAC cells compared 
to normal ducts. Importantly, a significant proportion of 
PDAC cases exhibited moderate staining for DNMT1, 
G9a, and UHRF1 within the stroma as well. The individual 
correlation of DNMT1, G9a and UHRF1 tumor expres-
sion with clinical-pathological variables revealed signifi-
cant association with specific events, such as tumor stage 
or microvascular invasion. Furthermore, we demonstrated 
a strong and significant association between the concomi-
tant over-expression of DNMT1, G9a and UHRF1 and the 
survival of the resected patients in two different cohorts 
of PDAC patients. The individual expression and poten-
tial role of DNMT1, UHRF1 and G9a in PDAC has been 
partially explored in previous studies [29–31, 33, 52, 53]. 
However, limited evidence is available on their prognostic 
significance. Given the functional and physical interac-
tion of DNMT1 and G9a in DNA and histone methylation 
in numerous cancer-related cellular processes, as well as 
their binding with the regulator UHRF1, assessing their 
role as part of a functional complex, instead of as sepa-
rated effectors, is clearly relevant. Our findings not only 
suggest that the simultaneous up-regulation of the three 
proteins retains a negative prognostic impact and is cor-
related with a more aggressive disease, but also that the 
concomitant pharmacological targeting of the epigenetic 
modifiers within this functional complex could represent 
a more effective therapeutic approach.

The rationale for the simultaneous inhibition of G9a 
and DNMT1 in PDAC was initially established by the 
synergistic antiproliferative action of combined G9a- and 
DNMT1-specific inhibitors, UNC0642 and AZA, respec-
tively, in PDAC cells. We then tested a new class of small 
molecules designed to encompass both inhibitory activi-
ties, the dual inhibitor CM272. CM272 exerted a very 
potent antiproliferative effect in a wide panel of both 
human and mouse PDAC cell lines, as well as a reduction 
in their oncogenic capabilities. Interestingly, the com-
pound was devoid of toxicity in non-tumoral pancreatic 
cells, both in  vitro and in  vivo. To elucidate the mecha-
nisms underlying its activity, we performed transcrip-
tomic studies in PDAC cells treated with the epigenetic 
compound. Changes in expression of apoptotic, oxidative 
stress and antiproliferative genes were the most outstand-
ing. Potent induction of genes such as ATF3, CDKN1A 
or BCL2L1, was observed in PDAC cells treated with 
CM272, consistently leading to higher apoptosis levels. 
These observations align with previous studies show-
ing that the independent pharmacological inhibition of 
G9a or DNMT1 in PDAC cell lines triggers senescence 
and autophagy [30, 33, 54–58]. Interestingly, it has been 
reported that G9a inactivation results in a transcriptional 
profile that is functionally antagonistic to that driven by 
oncogenic KRAS. Indeed, loss of G9a expression in the 

context of mutant KRAS led to increased levels of cell 
cycle regulatory molecules known to function as check-
points to arrest cell growth in response to replication 
stress and to impair the EGFR-KRAS pathway [33]. The 
potent downregulation of EGFR protein levels in PDAC 
cells upon CM272 treatment confirms this observation. 
This effect may have important implications, considering 
the critical role that EGFR and its downstream pathways 
play in the initiation of pancreatic cancer [36, 37].

Epigenetic mechanisms, including DNA methylation and 
histone modifications, have also been involved in chem-
oresistance of pancreatic cancer cells via modulation of cell 
cycle- and apoptosis-related genes [59]. Consistent with 
these notions, and with our observations in CM272-treated 
cells, we found that this epigenetic inhibitor significantly 
increased the sensitivity to gemcitabine, as well as to cis-
platin and FOLFIRINOX. These findings suggest that the 
simultaneous inhibition of the G9a/DNMT1 epigenetic 
complex can potentiate the efficacy of chemotherapy and 
could be considered for the design of more effective combi-
nation strategies with reduced systemic toxicity. While the 
detailed mechanisms of CM272-mediated “episensitization” 
to the effects of chemotherapy need to be further explored, 
the diverse pharmacological nature of the compounds 
tested together with CM272 suggest that fundamental pro-
cesses involved in cancer cell survival might be involved.

Our transcriptomic analysis also identified changes in 
expression of metabolism-related genes. PDAC cells exhibit 
an extensive metabolic reprogramming which is directly 
involved in their malignant phenotype and supports sus-
tained proliferation [60]. Among these metabolic adap-
tations, PDAC cells exhibit significant differences in the 
uptake, metabolism and utilization of nutrients. Consistent 
with our recent findings in pediatric liver cancer [26], we 
also observed that CM272 markedly reduced the expres-
sion of amino acid metabolic enzymes (ASNS, PYCR1, 
BCAT2), as well as genes involved in the serine pathway 
(PHGDH, PSPH, PSAT1). These routes supply both nitro-
gen and carbon sources fueling diverse biosynthetic path-
ways and contributing to energy production in pancreatic 
cancers [61, 62]. Activation of these metabolic routes has 
been associated with increased risk of PDAC progression, 
underscoring the emerging interest in developing new 
approaches to target these metabolic networks as cancer 
therapeutics [63, 64]. CM272-induced epigenetic repro-
gramming may thus lead to unique metabolic dependen-
cies and vulnerabilities in tumor cells, suggesting that its 
combination with metabolism targeting drugs may offer 
new opportunities for a comprehensive treatment of pan-
creatic cancer. In this line, and according to the repression 
of sterol biosynthetic pathway elicited by CM272 in PDAC 
cells, the antiproliferative effect of lovastatin, an inhibi-
tor of the rate-limiting enzyme in cholesterol synthesis, 



Page 17 of 21Oyon et al. J Exp Clin Cancer Res           (2025) 44:13 	

HMG-CoA reductase, was significantly increased by this 
epigenetic inhibitor. These observations support the inter-
est of further exploring therapeutic combinations based 
on the ability of CM272 to counteract the pro-tumorigenic 
metabolic reprogramming of PDAC cells.

Interestingly, among the main transcriptomic responses 
to CM272 treatment in PDAC cells was a significant 
upregulation of genes involved in antigen processing and 

presentation pathways. Inhibition of the G9a/DNMT1 epi-
genetic complex resulted in the upregulation of HLA genes 
(HLA-A, HLA-B, HLA-C), as well as key genes involved 
in Class I MHC mediated antigen presentation such as 
TAP1 and B2M [34]. Moreover, the expression of inflam-
matory chemokines potentially involved in the recruit-
ment of cytotoxic T cells to the tumor microenvironment, 
like CCL5 and CCL10 [65], was also upregulated. Some of 

Fig. 8  Overview of the main conclusions of the study. The combined overexpression of DNMT1, G9a, and UHRF1 in PDAC is a strong predictor 
of poor prognosis. CM272, by targeting this epigenetic complex, shows promising therapeutic potential by inducing apoptosis, reprogramming 
metabolic pathways, and enhancing immune responses. The combination of CM272 with immunotherapy offers a novel, effective treatment 
strategy for PDAC
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these effects have been previously described upon inhibi-
tion of epigenetic effectors like DNMT1 [54, 66]. In our 
study we provide genetic and pharmacological evidence 
indicating that the simultaneous inhibition of the G9a/
DNMT1/UHRF epigenetic complex results in the strong-
est upregulation of these genes. These observations argue 
in favor of a beneficial combination of CM272 with ICI-
based therapies. With this notion in mind, we went on to 
examine the safety and anti-PDAC activity of CM272 in 
the in vivo setting. First, we found a strong growth inhibi-
tory effect of CM272 in an aggressive human PDAC PDX 
mouse model in the absence of signs of drug-related sys-
temic or hepatic toxicity. However, as PDX models require 
immunodeficient mice to prevent immune rejection of the 
human derived xenografts, the CM272 antitumoral effect 
was validated in a syngeneic orthotopic PDAC mouse 
model. Importantly, treatment of these immunocompetent 
mice with CM272 markedly increased the infiltration of 
CD4 + and CD8 + T cells in the tumoral tissues. These, and 
our previous in vitro observations, led us to test a combi-
nation treatment including CM272 and α–PD1 antibodies 
in a second syngeneic mouse model more resistant to ICI-
based therapies [50]. In this context, we clearly observed an 
enhanced antitumoral response in mice receiving the com-
bination therapy compared to those receiving the single 
agents. This enhanced therapeutic response was accompa-
nied by a robust immune infiltration of CD4 + and CD8 + T 
cell populations in the tumor tissues. These findings are in 
line with our previous observations in an immunocompe-
tent mouse model of bladder carcinoma [67]. Additionally, 
in this PDAC model we also found a significant increase in 
the expression of CDK1A, suggesting that besides increas-
ing tumor cells immunogenicity CM272 treatment could 
also induce cellular senescence [33]. This interesting double 
effect is being considered as a potential therapeutic strategy 
by recent studies, where delivery of innate immune ago-
nists combined with senescence-inducing agents promotes 
T cell control of pancreatic cancer [68].

Taken together, our findings indicate that the simultane-
ous expression of G9a, DNMT1 and UHRF1 proteins in 
PDAC tissues represents a strong predictor of poor prog-
nosis and survival. From a translational perspective, tar-
geting of this epigenetic complex with specific inhibitors 
such as CM272 can induce a potent apoptotic response, 
reprogram key pro-tumorigenic metabolic routes in PDAC 
cancer cells, and enhances T-cell trafficking into the tumor 
microenvironment resulting in reduced tumor growth. 
As occurs with other epigenetic drugs, the antitumoral 
mechanisms of action of CM272 are likely multifarious. 
In this regard, given the strong pro-tumorigenic effects of 
the tumor stroma in PDAC [69, 70], we cannot discard that 
the antifibrogenic activity of CM272 previously described 
in liver tissue [28] could also play a mechanistic role here. 

Nevertheless, it will be interesting to investigate the effects 
of CM272 on the intratumoral immune microenvironment 
in other relevant genetic models of PDAC such as the KPC 
model [71], as well as its combination with other ICIs like 
anti-CTLA-4 antibodies.

Conclusions
Taken together, our observations underscore the potential of 
epigenetic compounds like CM272 for the treatment of this 
devastating disease. In combination with chemotherapeu-
tic agents it may increase the limited efficacy of these con-
ventional drugs. On the other hand, our promising results 
also suggest that pancreatic tumors could be sensitized to 
immune checkpoint inhibition by this epigenetic mole-
cule. Given the lack of therapeutic options for patients with 
advanced disease, and the safety and efficacy demonstrated 
by CM272, we believe that additional preclinical studies in 
PDAC models should be pursued. In addition, the combined 
immunohistochemical analysis of G9a, DNMT1 and UHRF1 
in PDAC tissue samples may be of prognostic value, and 
together with other clinical parameters could help to predict 
treatment response and disease progression (Fig. 8).

Abbreviations
PDAC	� Pancreatic ductal adenocarcinoma
OS	� Overall survival
DFS	� Disease-free survival
ICI	� Immune checkpoint inhibitors
MSI-H	� Microsatellite instability-high
TME	� Tumor microenvironment
EHMT2	� Euchromatic histone-lysine methyltransferase-2
DNMT1	� DNA methyltransferase 1
UHRF1	� Ubiquitin-like with PHD and RING finger domains 1
FFPE	� Formalin-fixed, paraffin-embedded
DMEM	� Dulbecco’s Modified Eagle Medium
FBS	� Fetal Bovine Serum
RPMI	� Roswell Park Memorial Institute
ATCC​	� American Type Culture Collection
DMSO	� Dimethyl sulfoxide
CI	� Combination index
AZA	� 5-Azacytidine)
5-FU	� 5-Fluorouracil
dNTP	� Deoxyribonucleic triphosphate
DTT	� Dithiothreitol
PDX	� Patient-derived xenograft
IHQ	� Immunohistochemical
MHC	� Major histocompatibility complex
GSEA	� Gene-set enrichment analysis
EGFR	� Epidermal growth factor receptor
Oxa	� Oxaliplatin

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13046-​024-​03268-5.

Additional file 1: Supplementary Table 1. Supplementary Table 2. Supple‑
mentary Table 3. Supplementary Table 4.

Additional file 2: Supplementary Figure Legends.

Additional file 3: Figure S1. Figure S2. Figure S3. Figure S4. Figure S5. Figure 
S6. Figure S7.

https://doi.org/10.1186/s13046-024-03268-5
https://doi.org/10.1186/s13046-024-03268-5


Page 19 of 21Oyon et al. J Exp Clin Cancer Res           (2025) 44:13 	

Acknowledgements
We thank Mr. Roberto Barbero, Ms. Miriam Belzunce and Ms. Laura Alvarez for 
their expert technical assistance, and Drs. Rubén Hernandez and Pedro Ber‑
raondo for their scientific advice. We thank Mr. Eduardo Ávila for his generous 
support.

Authors’ contributions
Conception and design: AC-G, CB, JU, MAA, MGF-B. Development of meth‑
odology: DO, ALP, GO, JE, SL, EA-V, EV-G, AI-M, MUL, LAM-P, TVT. Acquisition 
of data: BC-U, IU, MP-S, SV, DR-C, AC-G, IA. Analysis and interpretation of data 
(statistical analysis, biostatistics, computational analysis): BC-U, LRB, IA, UAL, 
MA, CB, JU, MAA, MGF-B. Writing, review and/or revision of manuscript: JU, 
MAA, MGF-B. Administrative, technical or material support: FP, AP-L, BS. All 
authors read and approved the final manuscript.

Funding
This work was supported by: Grants from Biobizkaia Heath Research 
Institute: BBK-Biocruces Post-MIR (BC/I/PMIR/20/002) and Estancia Biocru‑
ces Bizkaia (BC/I/EST/21/001) (D.O). Grant PID2022-136616OB-I00 funded 
by MCIN/AEI /https://doi.org/10.13039/501100011033/ and by FEDER 
UE (M.A.A.) and PID2020-120387RB-I00 funded by MCIN/AEI /https://doi.
org/10.13039/501100011033/(M.G.F-B); grant ERA-NET TRANSCAN-3 TRANS‑
CAN2022-784–024 (M.A.A); grant from Scientific Foundation of the Spanish 
Association Against Cancer (AECC) LABAE20011GARC (M.G.F-B); grant from 
Fundación Eugenio Rodriguez Pascual 2022 (M.A.A and M.G.F-B); grant from 
Fundación M Torres (M.A.A and C.B); grant from Fundación Mario Losantos 
(M.A.A and C.B). M.G.F.-B receives a Ramón y Cajal Program contract RYC2018-
024475-I funded by MCIU/AEI/https://doi.org/10.13039/501100011033and ESF 
“Investing in your future”. A.L.-P. receives a Sara Borrell Contract CD22/00109 
from the Spanish Ministry of Health. M.A. receives a post-doctoral contract 
POSTD18014AREC from the Asociación Española Contra el Cancer (AECC). 
E. A-V receives a predoctoral AC-FIMA fellowship. E.V. receives a predoctoral 
fellowship PREP2022-000609, (PID2022-136616OB-I00) financiada por MICIU/
AEI /https://doi.org/10.13039/501100011033y por el FSE + . B.C-U receives a 
predoctoral Juan Serra fellowship.

Data availability
The data and material generated and analyzed during this study are included 
in the published article and its supplementary information files. Access to the 
data and material generated and analyzed during this study can be requested 
from the corresponding authors, who will consider all reasonable requests.

Declarations

Ethics approval and consent to participate
The collection of PDAC patient samples was performed at two different 
research institutions while adhering to ethical guidelines and informed 
consent procedures. The study protocol was reviewed and approved by the 
local Ethical Committee of the University Hospital of Modena (Comitato Etico 
dell’Area Vasta Emilia Nord- Protocol Number: 0013043/19—Pratica 299/2019/
OSS/AOUMO) and the Clinical Research Ethical Committee of Navarra 
(Pyto2015/120). All patients provided written informed consent.
All animal procedures involving mice were performed in compliance with 
regulations concerning animals used in scientific research. The animal 
procedures in the VHIO were approved by the institution’s Ethical Committee 
and the Catalan Regional Government., while the CIMA-University of Navarra 
approved the project under project approval #R-CP001-15GN.

Consent for publication
All authors read this manuscript and approve for publication.

Competing interests
The authors declare that they have no competing interest.

Author details
1 Department of Gastroenterology, Galdakao-Usansolo Hospital, Galdakao, 
Spain. 2 Biobizkaia Health Research Institute, Bizkaia, Spain. 3 Hepatology 
Laboratory, Solid Tumors Program, CIMA, CCUN, University of Navarra, Pam‑
plona, Spain. 4 Navarra Institute for Health Research, IdiSNA, Pamplona, Spain. 
5 CIBERehd, Instituto de Salud Carlos III, Madrid, Spain. 6 Oncology Department, 

University Hospital of Modena, Modena, Italy. 7 Department of Oncology, 
IRCCS San Raffaele Scientific Institute Hospital, Vita-Salute San Raffaele Univer‑
sity, Milan, Italy. 8 Preclinical and Translational Research Program, Vall d’Hebron 
Institute of Oncology (VHIO), Barcelona, Spain. 9 Universidad de Guadalajara 
Centro Universitario de Ciencias de La Salud, Guadalajara, Mexico. 10 Depart‑
ment of Medical and Surgical Sciences for Children and Adults, Division 
of Pathology University-Hospital of Modena and Reggio Emilia, Modena, Italy. 
11 Hemato‑Oncology Program, CIMA, CCUN, University of Navarra, Pamplona, 
Spain. 12 CIBERonc, Instituto de Salud Carlos III, Madrid, Spain. 13 Departments 
of Oncology and Immunology, Clinica Universidad de Navarra, Pamplona, 
Spain. 14 Oncogenes and Effector Targets Laboratory, Solid Tumors Program, 
CIMA, CCUN, University of Navarra, Pamplona, Spain. 15 Molecular Therapeutics 
Program, CIMA, CCUN, University of Navarra, Pamplona, Spain. 16 Department 
of Gastroenterology and Hepatology, Navarra University Hospital Com‑
plex, Pamplona, Spain. 17 Hepatology Unit, Clínica Universidad de Navarra, 
CCUN, Pamplona, Spain. 18 Research Unit, Osakidetza Basque Health Service, 
Barrualde-Galdakao Integrated Health Organisation, Galdakao-Usansolo Hos‑
pital, Galdakao, Spain. 19 Department of Pathology, Navarra University Hospital 
Complex, Pamplona, Spain. 

Received: 28 September 2024   Accepted: 24 December 2024

References
	1.	 Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin. 

2024;74:12–49. https://​doi.​org/​10.​3322/​CAAC.​21820.
	2.	 Mizrahi JD, Surana R, Valle JW, Shroff RT. Pancreatic cancer. Lancet. 

2020;395:2008–20. https://​doi.​org/​10.​1016/​S0140-​6736(20)​30974-0.
	3.	 Nevala-Plagemann C, Hidalgo M, Garrido-Laguna I. From state-of-

the-art treatments to novel therapies for advanced-stage pancreatic 
cancer. Nat Rev Clin Oncol. 2020;17:108–23. https://​doi.​org/​10.​1038/​
S41571-​019-​0281-6.

	4.	 Awais N, Satnarine T, Ahmed A, Haq A, Patel D, Hernandez GN, et al. A 
Systematic Review of Chemotherapeutic Regimens Used in Pancreatic 
Cancer. Cureus 2023;15. https://​doi.​org/​10.​7759/​CUREUS.​46630.

	5.	 Yu KH. Advances in Systemic Therapy in Pancreatic Cancer. Hematol 
Oncol Clin North Am. 2024;38:617–27. https://​doi.​org/​10.​1016/J.​HOC.​
2024.​03.​002.

	6.	 Ahmad-Nielsen SA, Bruun Nielsen MF, Mortensen MB, Detlefsen S. 
Frequency of mismatch repair deficiency in pancreatic ductal adenocar‑
cinoma. Pathol Res Pract 2020;216. https://​doi.​org/​10.​1016/J.​PRP.​2020.​
152985.

	7.	 Bailey P, Chang DK, Nones K, Johns AL, Patch AM, Gingras MC, et al. 
Genomic analyses identify molecular subtypes of pancreatic cancer. 
Nature. 2016;531:47–52. https://​doi.​org/​10.​1038/​NATUR​E16965.

	8.	 Waddell N, Pajic M, Patch AM, Chang DK, Kassahn KS, Bailey P, et al. Whole 
genomes redefine the mutational landscape of pancreatic cancer. Nature. 
2015;518:495–501. https://​doi.​org/​10.​1038/​NATUR​E14169.

	9.	 Roberts NJ, Norris AL, Petersen GM, Bondy ML, Brand R, Gallinger S, 
et al. Whole Genome Sequencing Defines the Genetic Heterogeneity of 
Familial Pancreatic Cancer. Cancer Discov. 2016;6:166–75. https://​doi.​org/​
10.​1158/​2159-​8290.​CD-​15-​0402.

	10.	 Toruner M, Fernandez-Zapico ME, Pin CL. New Aspects of the Epigenet‑
ics of Pancreatic Carcinogenesis. Epigenomes 2020;4. https://​doi.​org/​10.​
3390/​EPIGE​NOMES​40300​18.

	11.	 Vera R, Lamberti MJ, Gonzalez AL, Fernandez-Zapico ME. Epigenetic regu‑
lation of the tumor microenvironment: A leading force driving pancreatic 
cancer. Pancreatology. 2024. https://​doi.​org/​10.​1016/J.​PAN.​2024.​07.​005.

	12.	 Lomberk G, Blum Y, Nicolle R, Nair A, Gaonkar KS, Marisa L, et al. 
Distinct epigenetic landscapes underlie the pathobiology of pancre‑
atic cancer subtypes. Nat Commun 2018;9. https://​doi.​org/​10.​1038/​
S41467-​018-​04383-6.

	13.	 Lomberk GA, Urrutia R. The Triple-Code Model for Pancreatic Cancer: 
Cross Talk Among Genetics, Epigenetics, and Nuclear Structure. Surg Clin 
North Am. 2015;95:935–52. https://​doi.​org/​10.​1016/J.​SUC.​2015.​05.​011.

	14.	 Makohon-Moore AP, Zhang M, Reiter JG, Bozic I, Allen B, Kundu D, et al. 
Limited heterogeneity of known driver gene mutations among the 
metastases of individual patients with pancreatic cancer. Nat Genet. 
2017;49:358–66. https://​doi.​org/​10.​1038/​NG.​3764.

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033/(M.G.F-B
https://doi.org/10.13039/501100011033/(M.G.F-B
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.3322/CAAC.21820
https://doi.org/10.1016/S0140-6736(20)30974-0
https://doi.org/10.1038/S41571-019-0281-6
https://doi.org/10.1038/S41571-019-0281-6
https://doi.org/10.7759/CUREUS.46630
https://doi.org/10.1016/J.HOC.2024.03.002
https://doi.org/10.1016/J.HOC.2024.03.002
https://doi.org/10.1016/J.PRP.2020.152985
https://doi.org/10.1016/J.PRP.2020.152985
https://doi.org/10.1038/NATURE16965
https://doi.org/10.1038/NATURE14169
https://doi.org/10.1158/2159-8290.CD-15-0402
https://doi.org/10.1158/2159-8290.CD-15-0402
https://doi.org/10.3390/EPIGENOMES4030018
https://doi.org/10.3390/EPIGENOMES4030018
https://doi.org/10.1016/J.PAN.2024.07.005
https://doi.org/10.1038/S41467-018-04383-6
https://doi.org/10.1038/S41467-018-04383-6
https://doi.org/10.1016/J.SUC.2015.05.011
https://doi.org/10.1038/NG.3764


Page 20 of 21Oyon et al. J Exp Clin Cancer Res           (2025) 44:13 

	15.	 Embuscado EE, Laheru D, Ricci F, Yun KJ, Witzel SDB, Seigel A, et al. 
Immortalizing the complexity of cancer metastasis: genetic features of 
lethal metastatic pancreatic cancer obtained from rapid autopsy. Cancer 
Biol Ther. 2005;4:548–54. https://​doi.​org/​10.​4161/​CBT.4.​5.​1663.

	16.	 Hayashi A, Fan J, Chen R, Ho YJ, Makohon-Moore AP, Lecomte N, et al. 
A unifying paradigm for transcriptional heterogeneity and squamous 
features in pancreatic ductal adenocarcinoma. Nat Cancer. 2020;1:59–74. 
https://​doi.​org/​10.​1038/​S43018-​019-​0010-1.

	17.	 McDonald OG, Li X, Saunders T, Tryggvadottir R, Mentch SJ, Warmoes MO, 
et al. Epigenomic reprogramming during pancreatic cancer progres‑
sion links anabolic glucose metabolism to distant metastasis. Nat Genet. 
2017;49:367–76. https://​doi.​org/​10.​1038/​NG.​3753.

	18.	 Lomberk G, Dusetti N, Iovanna J, Urrutia R. Emerging epigenomic 
landscapes of pancreatic cancer in the era of precision medicine. Nat 
Commun. 2019;10:3875. https://​doi.​org/​10.​1038/​s41467-​019-​11812-7.

	19.	 Elrakaybi A, Ruess DA, Lübbert M, Quante M, Becker H. Epigenetics in 
Pancreatic Ductal Adenocarcinoma: Impact on Biology and Utilization in 
Diagnostics and Treatment. Cancers (Basel) 2022;14. https://​doi.​org/​10.​
3390/​CANCE​RS142​35926.

	20.	 Ganji C, Farran B. Current clinical trials for epigenetic targets and 
therapeutic inhibitors for pancreatic cancer therapy. Drug Discov Today. 
2022;27:1404–10. https://​doi.​org/​10.​1016/J.​DRUDIS.​2021.​12.​013.

	21.	 Kim JK, Estève PO, Jacobsen SE, Pradhan S. UHRF1 binds G9a and partici‑
pates in p21 transcriptional regulation in mammalian cells. Nucleic Acids 
Res. 2009;37:493–505. https://​doi.​org/​10.​1093/​NAR/​GKN961.

	22.	 Ferry L, Fournier A, Tsusaka T, Adelmant G, Shimazu T, Matano S, et al. 
Methylation of DNA Ligase 1 by G9a/GLP Recruits UHRF1 to Replicat‑
ing DNA and Regulates DNA Methylation. Mol Cell. 2017;67:550-565.e5. 
https://​doi.​org/​10.​1016/J.​MOLCEL.​2017.​07.​012.

	23.	 Bárcena-Varela M, Caruso S, Llerena S, Álvarez-Sola G, Uriarte I, Latasa MU, 
et al. Dual Targeting of Histone Methyltransferase G9a and DNA-Methyl‑
transferase 1 for the Treatment of Experimental Hepatocellular Carcinoma. 
Hepatology. 2019;69:587–603. https://​doi.​org/​10.​1002/​hep.​30168.

	24.	 Colyn L, Alvarez-Sola G, Latasa MU, Uriarte I, Herranz JM, Arechederra M, 
et al. New molecular mechanisms in cholangiocarcinoma: signals trig‑
gering interleukin-6 production in tumor cells and KRAS co-opted epige‑
netic mediators driving metabolic reprogramming. J Exp Clin Cancer Res. 
2022;41. https://​doi.​org/​10.​1186/​s13046-​022-​02386-2.

	25.	 Colyn L, Bárcena‐Varela M, Álvarez‐Sola G, Latasa MU, Uriarte I, Santamaría 
E, et al. Dual targeting of G9a and DNMT1 for the treatment of experi‑
mental cholangiocarcinoma. Hepatology 2020:hep.31642. https://​doi.​
org/​10.​1002/​hep.​31642.

	26.	 Clavería-Cabello A, Herranz JM, Latasa MU, Arechederra M, Uriarte I, 
Pineda-Lucena A, et al. Identification and experimental validation of 
druggable epigenetic targets in hepatoblastoma. J Hepatol. 2023. https://​
doi.​org/​10.​1016/j.​jhep.​2023.​05.​031.

	27.	 San José-Enériz E, Agirre X, Rabal O, Vilas-Zornoza A, Sanchez-Arias JA, 
Miranda E, et al. Discovery of first-in-class reversible dual small molecule 
inhibitors against G9a and DNMTs in hematological malignancies. Nat 
Commun. 2017;8:15424. https://​doi.​org/​10.​1038/​ncomm​s15424.

	28.	 Barcena-Varela M, Paish H, Alvarez L, Uriarte I, Latasa MU, Santamaria E, 
et al. Epigenetic mechanisms and metabolic reprogramming in fibrogen‑
esis: Dual targeting of G9a and DNMT1 for the inhibition of liver fibrosis. 
Gut. 2020. https://​doi.​org/​10.​1136/​gutjnl-​2019-​320205.

	29.	 Peng DF, Kanai Y, Sawada M, Ushijima S, Hiraoka N, Kosuge T, et al. 
Increased DNA methyltransferase 1 (DNMT1) protein expression in pre‑
cancerous conditions and ductal carcinomas of the pancreas. Cancer Sci. 
2005;96:403–8. https://​doi.​org/​10.​1111/J.​1349-​7006.​2005.​00071.X.

	30.	 Pan MR, Hsu MC, Luo CW, Chen LT, Shan YS, Hung WC. The histone 
methyltransferase G9a as a therapeutic target to override gemcitabine 
resistance in pancreatic cancer. Oncotarget. 2016;7:61136–51. https://​doi.​
org/​10.​18632/​ONCOT​ARGET.​11256.

	31.	 Abu-Alainin W, Gana T, Liloglou T, Olayanju A, Barrera LN, Ferguson R, 
et al. UHRF1 regulation of the Keap1-Nrf2 pathway in pancreatic cancer 
contributes to oncogenesis. J Pathol. 2016;238:423–33. https://​doi.​org/​10.​
1002/​PATH.​4665.

	32.	 Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M, Gu S, et al. Sub‑
types of pancreatic ductal adenocarcinoma and their differing responses 
to therapy. Nat Med. 2011;17:500–3. https://​doi.​org/​10.​1038/​NM.​2344.

	33.	 Urrutia G, de Assuncao TM, Mathison AJ, Salmonson A, Kerketta R, 
Zeighami A, et al. Inactivation of the Euchromatic Histone-Lysine 

N-Methyltransferase 2 Pathway in Pancreatic Epithelial Cells Antagonizes 
Cancer Initiation and Pancreatitis-Associated Promotion by Altering 
Growth and Immune Gene Expression Networks. Front Cell Dev Biol 
2021;9. https://​doi.​org/​10.​3389/​FCELL.​2021.​681153.

	34.	 Anton LC, Seliger B, Scheinberg DA, Rock KL, Dhatchinamoorthy K, 
Colbert JD. Cancer immune evasion through loss of MHC class I antigen 
presentation. Front Immunol. 2021;1:636568. https://​doi.​org/​10.​3389/​
fimmu.​2021.​636568.

	35.	 LaRue KC, Fernandez-Zapico ME. EGFR Reloaded: Finding New Ways to 
Shape Pancreatic Cancer Epigenome. Cell Mol Gastroenterol Hepatol. 
2023;15:1253–4. https://​doi.​org/​10.​1016/J.​JCMGH.​2023.​02.​003.

	36.	 Lin T, Ren Q, Zuo W, Jia R, Xie L, Lin R, et al. Valproic acid exhibits anti-
tumor activity selectively against EGFR/ErbB2/ErbB3-coexpressing 
pancreatic cancer via induction of ErbB family members-targeting 
microRNAs. J Exp Clin Cancer Res 2019;38. https://​doi.​org/​10.​1186/​
S13046-​019-​1160-9.

	37.	 Qian W, Chen K, Qin T, Xiao Y, Li J, Yue Y, et al. The EGFR-HSF1 axis acceler‑
ates the tumorigenesis of pancreatic cancer. J Exp Clin Cancer Res 
2021;40. https://​doi.​org/​10.​1186/​S13046-​020-​01823-4.

	38.	 Hajji N, García-Domínguez DJ, Hontecillas-Prieto L, O’Neill K, De Álava 
E, Syed N. The bitter side of epigenetics: variability and resistance to 
chemotherapy. Epigenomics. 2021;13:397–403. https://​doi.​org/​10.​2217/​
EPI-​2017-​0112.

	39.	 Roca MS, Moccia T, Iannelli F, Testa C, Vitagliano C, Minopoli M, et al. 
HDAC class I inhibitor domatinostat sensitizes pancreatic cancer to 
chemotherapy by targeting cancer stem cell compartment via FOXM1 
modulation. J Exp Clin Cancer Res 2022;41. https://​doi.​org/​10.​1186/​
S13046-​022-​02295-4.

	40.	 Begg SKS, Birnbaum DJ, Clark JW, Mino-Kenudson M, Wellner UF, Schilling 
O, et al. FOLFIRINOX versus gemcitabine-based therapy for pancreatic 
ductal adenocarcinoma: lessons from patient-derived cell lines. Antican‑
cer Res. 2020;40:3659–67. https://​doi.​org/​10.​21873/​ANTIC​ANRES.​14355.

	41.	 Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 
2022;12:31–46. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​21-​1059.

	42.	 Rebelo A, Kleeff J, Sunami Y. Cholesterol Metabolism in Pancreatic Cancer. 
Cancers (Basel) 2023;15. https://​doi.​org/​10.​3390/​CANCE​RS152​15177.

	43.	 Cirmena G, Franceschelli P, Isnaldi E, Ferrando L, De Mariano M, Ballestrero 
A, et al. Squalene epoxidase as a promising metabolic target in cancer 
treatment. Cancer Lett. 2018;425:13–20. https://​doi.​org/​10.​1016/J.​CAN‑
LET.​2018.​03.​034.

	44.	 Juarez D, Fruman DA. Targeting the Mevalonate Pathway in Cancer. 
Trends Cancer. 2021;7:525–40. https://​doi.​org/​10.​1016/J.​TRECAN.​2020.​11.​
008.

	45.	 Gyoten M, Luo Y, Fujiwara-Tani R, Mori S, Ogata R, Kishi S, et al. Lovastatin 
Treatment Inducing Apoptosis in Human Pancreatic Cancer Cells by 
Inhibiting Cholesterol Rafts in Plasma Membrane and Mitochondria. Int J 
Mol Sci 2023;24. https://​doi.​org/​10.​3390/​IJMS2​42316​814.

	46.	 Licht JD, Bennett RL. Leveraging epigenetics to enhance the efficacy 
of immunotherapy. Clin Epigenetics 2021;13. https://​doi.​org/​10.​1186/​
S13148-​021-​01100-X.

	47.	 Yáñez-Bartolomé M, Serra-Camprubí Q, Arenas EJ, Escorihuela M, Castet 
F, Fabregat-Franco C, et al. Generation of Metastatic Cholangiocarcinoma 
Patient-Derived Xenograft Models. Methods Mol Biol. 2024;2806:139–51. 
https://​doi.​org/​10.​1007/​978-1-​0716-​3858-3_​11.

	48.	 Chard LS, Maniati E, Wang P, Zhang Z, Gao D, Wang J, et al. A vaccinia virus 
armed with interleukin-10 is a promising therapeutic agent for treatment 
of murine pancreatic cancer. Clin Cancer Res. 2015;21:405–16. https://​doi.​
org/​10.​1158/​1078-​0432.​CCR-​14-​0464.

	49.	 Li Y, Hong YK, Wang X, Pandit H, Zheng Q, Yu Y, et al. Epigenetic modula‑
tion enhances immunotherapy for pancreatic ductal adenocarcinoma. 
Clin Transl Immunology 2022;11. https://​doi.​org/​10.​1002/​CTI2.​1430.

	50.	 Luheshi NM, Coates-Ulrichsen J, Harper J, Mullins S, Sulikowski MG, Martin 
P, et al. Transformation of the tumour microenvironment by a CD40 ago‑
nist antibody correlates with improved responses to PD-L1 blockade in a 
mouse orthotopic pancreatic tumour model. Oncotarget. 2016;7:18508–
20. https://​doi.​org/​10.​18632/​ONCOT​ARGET.​7610.

	51.	 Looi CK, Chung FFL, Leong CO, Wong SF, Rosli R, Mai CW. Therapeutic 
challenges and current immunomodulatory strategies in targeting the 
immunosuppressive pancreatic tumor microenvironment. J Exp Clin 
Cancer Res 2019;38. https://​doi.​org/​10.​1186/​S13046-​019-​1153-8.

https://doi.org/10.4161/CBT.4.5.1663
https://doi.org/10.1038/S43018-019-0010-1
https://doi.org/10.1038/NG.3753
https://doi.org/10.1038/s41467-019-11812-7
https://doi.org/10.3390/CANCERS14235926
https://doi.org/10.3390/CANCERS14235926
https://doi.org/10.1016/J.DRUDIS.2021.12.013
https://doi.org/10.1093/NAR/GKN961
https://doi.org/10.1016/J.MOLCEL.2017.07.012
https://doi.org/10.1002/hep.30168
https://doi.org/10.1186/s13046-022-02386-2
https://doi.org/10.1002/hep.31642
https://doi.org/10.1002/hep.31642
https://doi.org/10.1016/j.jhep.2023.05.031
https://doi.org/10.1016/j.jhep.2023.05.031
https://doi.org/10.1038/ncomms15424
https://doi.org/10.1136/gutjnl-2019-320205
https://doi.org/10.1111/J.1349-7006.2005.00071.X
https://doi.org/10.18632/ONCOTARGET.11256
https://doi.org/10.18632/ONCOTARGET.11256
https://doi.org/10.1002/PATH.4665
https://doi.org/10.1002/PATH.4665
https://doi.org/10.1038/NM.2344
https://doi.org/10.3389/FCELL.2021.681153
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.1016/J.JCMGH.2023.02.003
https://doi.org/10.1186/S13046-019-1160-9
https://doi.org/10.1186/S13046-019-1160-9
https://doi.org/10.1186/S13046-020-01823-4
https://doi.org/10.2217/EPI-2017-0112
https://doi.org/10.2217/EPI-2017-0112
https://doi.org/10.1186/S13046-022-02295-4
https://doi.org/10.1186/S13046-022-02295-4
https://doi.org/10.21873/ANTICANRES.14355
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.3390/CANCERS15215177
https://doi.org/10.1016/J.CANLET.2018.03.034
https://doi.org/10.1016/J.CANLET.2018.03.034
https://doi.org/10.1016/J.TRECAN.2020.11.008
https://doi.org/10.1016/J.TRECAN.2020.11.008
https://doi.org/10.3390/IJMS242316814
https://doi.org/10.1186/S13148-021-01100-X
https://doi.org/10.1186/S13148-021-01100-X
https://doi.org/10.1007/978-1-0716-3858-3_11
https://doi.org/10.1158/1078-0432.CCR-14-0464
https://doi.org/10.1158/1078-0432.CCR-14-0464
https://doi.org/10.1002/CTI2.1430
https://doi.org/10.18632/ONCOTARGET.7610
https://doi.org/10.1186/S13046-019-1153-8


Page 21 of 21Oyon et al. J Exp Clin Cancer Res           (2025) 44:13 	

	52.	 Li A, Omura N, Hong SM, Goggins M. Pancreatic cancer DNMT1 expres‑
sion and sensitivity to DNMT1 inhibitors. Cancer Biol Ther. 2010;9:321–9. 
https://​doi.​org/​10.​4161/​CBT.9.​4.​10750.

	53.	 Wang W, Gao J, Man XH, Li ZS, Gong YF. Significance of DNA methyl‑
transferase-1 and histone deacetylase-1 in pancreatic cancer. Oncol Rep. 
2009;21:1439–47. https://​doi.​org/​10.​3892/​OR_​00000​372.

	54.	 Gailhouste L, Liew LC, Hatada I, Nakagama H, Ochiya T. Epigenetic 
reprogramming using 5-azacytidine promotes an anti-cancer response in 
pancreatic adenocarcinoma cells. Cell Death Dis 2018;9. https://​doi.​org/​
10.​1038/​s41419-​018-​0487-z.

	55.	 Yuan Y, Wang Q, Paulk J, Kubicek S, Kemp MM, Adams DJ, et al. A small-
molecule probe of the histone methyltransferase G9a induces cellular 
senescence in pancreatic adenocarcinoma. ACS Chem Biol. 2012;7:1152–
7. https://​doi.​org/​10.​1021/​CB300​139Y.

	56.	 Yuan Y, Tang AJ, Castoreno AB, Kuo SY, Wang Q, Kuballa P, et al. Gossypol 
and an HMT G9a inhibitor act in synergy to induce cell death in pancre‑
atic cancer cells. Cell Death Dis 2013;4. https://​doi.​org/​10.​1038/​CDDIS.​
2013.​191.

	57.	 Urrutia G, Salmonson A, Toro-Zapata J, De Assuncao TM, Mathison A, 
Dusetti N, et al. Combined Targeting of G9a and Checkpoint Kinase 1 
Synergistically Inhibits Pancreatic Cancer Cell Growth by Replication Fork 
Collapse. Mol Cancer Res. 2020;18:448–62. https://​doi.​org/​10.​1158/​1541-​
7786.​MCR-​19-​0490.

	58.	 Wang JQ, Wang LY, Li SJ, Tong T, Wang L, Huang CS, et al. Histone methyl‑
transferase G9a inhibitor-loaded redox-responsive nanoparticles for pan‑
creatic ductal adenocarcinoma therapy. Nanoscale. 2020;12:15767–74. 
https://​doi.​org/​10.​1039/​D0NR0​3138K.

	59.	 Su X, Li Y, Ren Y, Cao M, Yang G, Luo J, et al. A new strategy for over‑
coming drug resistance in liver cancer: Epigenetic regulation. Biomed 
Pharmacother 2024;176. https://​doi.​org/​10.​1016/J.​BIOPHA.​2024.​116902.

	60.	 Cao L, Wu J, Qu X, Sheng J, Cui M, Liu S, et al. Glycometabolic rearrange‑
ments--aerobic glycolysis in pancreatic cancer: causes, characteristics and 
clinical applications. J Exp Clin Cancer Res 2020;39. https://​doi.​org/​10.​
1186/​S13046-​020-​01765-X.

	61.	 Lee JH, Cho Y-R, Kim JH, Kim J, Nam HY, Kim SW, et al. Branched-chain 
amino acids sustain pancreatic cancer growth by regulating lipid metab‑
olism. Exp Mol Med n.d. https://​doi.​org/​10.​1038/​s12276-​019-​0350-z.

	62.	 Zhu Z, Achreja A, Meurs N, Animasahun O, Owen S, Mittal A, et al. 
Tumour-reprogrammed stromal BCAT1 fuels branched-chain ketoacid 
dependency in stromal-rich PDAC tumours. Nat Metab n.d. https://​doi.​
org/​10.​1038/​s42255-​020-​0226-5.

	63.	 Guillaumond F, Bidaut G, Ouaissi M, Servais S, Gouirand V, Olivares O, et al. 
Cholesterol uptake disruption, in association with chemotherapy, is a 
promising combined metabolic therapy for pancreatic adenocarcinoma. 
Proc Natl Acad Sci U S A. 2015;112:2473–8. https://​doi.​org/​10.​1073/​PNAS.​
14216​01112.

	64.	 Kottakis F, Nicolay BN, Roumane A, Karnik R, Gu H, Nagle JM, et al. LKB1 
loss links serine metabolism to DNA methylation and tumorigenesis. 
Nature. 2016;539:390–5. https://​doi.​org/​10.​1038/​NATUR​E20132.

	65.	 Kohli K, Pillarisetty VG, Kim TS. Key chemokines direct migration of 
immune cells in solid tumors. Cancer Gene Ther. 2022;29:10–21. https://​
doi.​org/​10.​1038/​S41417-​021-​00303-X.

	66.	 Ebelt ND, Zuniga E, Johnson BL, Diamond DJ, Manuel ER. 5-Azacytidine 
Potentiates Anti-tumor Immunity in a Model of Pancreatic Ductal Adeno‑
carcinoma. Front Immunol 2020;11. https://​doi.​org/​10.​3389/​FIMMU.​2020.​
00538.

	67.	 Segovia C, San José-Enériz E, Munera-Maravilla E, Martínez-Fernández 
M, Garate L, Miranda E, et al. Inhibition of a G9a/DNMT network triggers 
immune-mediated bladder cancer regression. Nat Med. 2019;25:1073–81. 
https://​doi.​org/​10.​1038/​S41591-​019-​0499-Y.

	68.	 Chibaya L, DeMarco KD, Lusi CF, Kane GI, Brassil ML, Parikh CN, et al. Nano‑
particle delivery of innate immune agonists combined with senescence-
inducing agents promotes T cell control of pancreatic cancer. Sci Transl 
Med 2024;16. https://​doi.​org/​10.​1126/​SCITR​ANSLM​ED.​ADJ93​66.

	69.	 Thomas D, Radhakrishnan P. Tumor-stromal crosstalk in pancreatic cancer 
and tissue fibrosis n.d. https://​doi.​org/​10.​1186/​s12943-​018-​0927-5.

	70.	 Neesse A, Algül H, Tuveson DA, Gress TM. Stromal biology and therapy in 
pancreatic cancer: a changing paradigm. Gut. 2015;64:1476–84. https://​
doi.​org/​10.​1136/​GUTJNL-​2015-​309304.

	71.	 Lee JW, Komar CA, Bengsch F, Graham K, Beatty GL. Genetically 
engineered mouse models of pancreatic cancer: The KPC model 

(LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre), its variants, and their 
application in immuno-oncology drug discovery. Curr Protoc Pharmacol. 
2016;2016:14.39.1-14.39.20. https://​doi.​org/​10.​1002/​cpph.2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.4161/CBT.9.4.10750
https://doi.org/10.3892/OR_00000372
https://doi.org/10.1038/s41419-018-0487-z
https://doi.org/10.1038/s41419-018-0487-z
https://doi.org/10.1021/CB300139Y
https://doi.org/10.1038/CDDIS.2013.191
https://doi.org/10.1038/CDDIS.2013.191
https://doi.org/10.1158/1541-7786.MCR-19-0490
https://doi.org/10.1158/1541-7786.MCR-19-0490
https://doi.org/10.1039/D0NR03138K
https://doi.org/10.1016/J.BIOPHA.2024.116902
https://doi.org/10.1186/S13046-020-01765-X
https://doi.org/10.1186/S13046-020-01765-X
https://doi.org/10.1038/s12276-019-0350-z
https://doi.org/10.1038/s42255-020-0226-5
https://doi.org/10.1038/s42255-020-0226-5
https://doi.org/10.1073/PNAS.1421601112
https://doi.org/10.1073/PNAS.1421601112
https://doi.org/10.1038/NATURE20132
https://doi.org/10.1038/S41417-021-00303-X
https://doi.org/10.1038/S41417-021-00303-X
https://doi.org/10.3389/FIMMU.2020.00538
https://doi.org/10.3389/FIMMU.2020.00538
https://doi.org/10.1038/S41591-019-0499-Y
https://doi.org/10.1126/SCITRANSLMED.ADJ9366
https://doi.org/10.1186/s12943-018-0927-5
https://doi.org/10.1136/GUTJNL-2015-309304
https://doi.org/10.1136/GUTJNL-2015-309304
https://doi.org/10.1002/cpph.2

	Targeting of the G9a, DNMT1 and UHRF1 epigenetic complex as an effective strategy against pancreatic ductal adenocarcinoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Human PDAC specimen collection
	Cell culture and treatments
	Histones extraction
	Immunoprecipitation
	Immunoblot analyses
	5meC Immunofluorescence
	Colony formation assays
	siRNAs
	RNA isolation and quantitative real-time RT-qPCR
	RNA sequencing (RNAseq)
	Immunohistochemical analyses
	In vivo experiments
	Biochemical parameters
	Statistical analyses

	Results
	Analysis of DNMT1, G9a, and UHRF1 expression in PDAC
	Correlation of DNMT1, G9a, and UHRF1 expression with clinicopathological variables
	Expression and protumorigenic role of G9a, DNMT1 and UHRF1 in PDAC cells
	Mechanisms of CM272 antitumoral activity in PDAC cells
	CM272 enhances the response of PDAC cells to chemotherapy
	Inhibition of the G9aDNMT1UHRF1 complex potentiates the immunogenicity of PDAC cells
	In vivo antitumor activity of CM272

	Discussion
	Conclusions
	Acknowledgements
	References


