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Abstract
Background: Pancreatic ductal adenocarcinoma (PDAC) is one of the most le-
thal cancers with limited treatment options, illustrating an urgent need to iden-
tify new drugable targets in PDACs.
Objective: Using the similarities between tumor development and normal em-
bryonic development, which is accompanied by rapid cell expansion, we aimed 
to identify and characterize embryonic signaling pathways that were reinitiated 
during tumor formation and expansion.
Methods and Results: Here, we report that the transcription factors E2F1 and 
E2F8 are potential key regulators in PDAC. E2F1 and E2F8 RNA expression is 
mainly localized in proliferating cells in the developing pancreas and in malig-
nant ductal cells in PDAC. Silencing of E2F1 and E2F8 in PANC-1 pancreatic 
tumor cells inhibited cell proliferation and impaired cell spreading and migra-
tion. Moreover, loss of E2F1 also affected cell viability and apoptosis with E2F 
expression in PDAC tissues correlating with expression of apoptosis and mitosis 
pathway genes, suggesting that E2F factors promote cell cycle regulation and tu-
morigenesis in PDAC cells.
Conclusion: Our findings illustrate that E2F1 and E2F8 transcription factors 
are expressed in pancreatic progenitor and PDAC cells, where they contribute to 
tumor cell expansion by regulation of cell proliferation, viability, and cell migra-
tion making these genes attractive therapeutic targets and potential prognostic 
markers for pancreatic cancer.
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1   |   INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the most 
prevalent pancreatic cancer,1 has a poor prognosis and 
low survival rate (less than 10% 5-year survival rate). 
Incidences are expected to rise further in the near fu-
ture with projections indicating a more than two-fold in-
crease in the number of cases within the next decade.2–4 
Low survival rates are caused by delayed diagnosis 
which results in initiation of treatment at an advanced 
stage when tumor cells have already started to invade 
surrounding tissues and metastasize.5,6 A prominent 
reason for delayed diagnostics is the lack of PDAC bio-
markers, making it a priority to discover novel genetic 
and biological features of PDAC to facilitate diagnosis 
and development of novel treatments.

Recent studies relying on data derived from an-
imal models have shown that embryonic pancreas 
and PDAC development share molecular similarities. 
Developmental regulators normally prevent apoptosis 
and ensure cell proliferation of progenitor cells, however, 
when mis-expressed in adult cells, may cause changes in 
cell plasticity and promote survival of tumor cells thereby 
contributing to tumor formation.7 For example, PDX1 is 
essential for pancreas formation8 and maintenance of 
adult endocrine cell function,9 however aberrant PDX1 
expression in adult exocrine cells promotes formation of 
pancreatic neoplastic lesions and epithelial to mesenchy-
mal transition.10 Another example is the developmental 
transcription factor HNF1A which is highly enriched in 
pancreatic cancer stem cells and HNF1A overexpression 
promotes tumor formation and invasiveness.11 These ex-
amples illustrate that exocrine and ductal cells undergo 
dedifferentiation processes similar to development when 
becoming carcinogenic.

Human and mouse pancreas development differ 
significantly, restricting the possibilities of identifying 
common molecular pathways between human pancreas 
development and tumor formation using animal models. 
To identify novel signaling pathways in PDAC, a compar-
ison of RNA sequencing data from human embryonic 
and adult pancreas with PDAC samples was performed. 
In this analysis, the transcriptional regulators E2F1 and 
E2F8 were found to be enriched in embryonic and PDAC 
transcriptomes.

Previous studies have linked the E2F family of tran-
scription factors to cell cycle regulation where E2F1 me-
diates both cell proliferation and TP53/p53-dependent 
apoptosis,12 whereas E2F1's role in PDAC has not been 
studied thoroughly, with only a link to PDAC chemo-
resistance being reported.13 Moreover, the function of 
E2F7 and E2F8 which represent a unique repressive arm of 
the E2F transcriptional network and control the E2F1-p53 

apoptotic axis by directly binding to and repressing E2F1 
transcription,14 has not been studied in PDAC so far.

Single cell sequencing analysis of human embryonic 
pancreas and PDAC showed that E2F1 and E2F8 were 
expressed in proliferating pancreatic progenitor cells and 
ductal cancer cells and co-expression analysis revealed 
that E2F expression was highly correlated with cell cycle 
regulation in both tissues. Functional analysis in cancer 
cells demonstrated that loss of E2F factors resulted in re-
duced colony formation, tumor cell spreading and migra-
tion, proliferation, and oncogene expression, supporting a 
role of these transcriptional regulators in contributing to 
carcinogenesis.

2   |   MATERIALS AND METHODS

2.1  |  Gene expression profiling in human 
fetal tissues

Embryonic pancreas was obtained from terminated 
fetuses (7–14 gestational weeks, n = 16). Informed consent 
was obtained from the participating women. Ethical 
permission has been obtained from the regional ethics 
committee in Lund (Dnr 2012/593, Dnr 2015/241, Dnr 
2018-579).

Bulk RNAseq: RNA was extracted and libraries gener-
ated as previously described.15 For comparison with adult 
tissues, the RNA-Seq expression quantification pipeline 
from GTEX V8 (https://​github.​com/​broad​insti​tute/​gtex-​
pipel​ine/​) was used.16,17 Paired-end 101 bp-long reads were 
aligned to the Reference Human Genome Build 38 using 
STAR v2.5.3a,18 annotation Gencode v26. After alignment 
and post-processing, expression quantification was per-
formed using RSEM and RNASeqQC.19,20 Normalization 
of library sizes was performed in edgeR by dividing counts 
by the library counts sum and multiplying the results by a 
million to obtain counts per million (CPM) values.

Fetal-specific expression was defined as ≥1CPM in 
>75% of the samples. If a gene showed expression in fetal 
but ≤1CPM in adult tissues, the gene was considered to 
have fetal specific expression.

Comparison with expression in adult pancreas: edge-R 
was used to perform differential expression analysis with 
age and sex as covariates. Batch correction was performed 
by considering platform and batches using COMBAT.

Single-cell RNAseq of embryonic pancreas has been 
performed as previously described.15 Unsupervised clus-
tering of 3199 cells was performed and clusters were 
assigned using top 20 expressed genes (listed in Ref.
[15]). Normalized counts were obtained, and correlation 
of E2Fs genes with all the genes expressed in at least 
three cells was performed using spearman correlation 
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implemented in R. Significant correlated genes with 
a false discovery rate (FDR) lower than 5% were then 
studied using Reactome analysis tool to identify relevant 
pathways.21

2.2  |  Study population

This study is comprised of a cohort of 154 patients 
with pancreatic adenocarcinoma operated on without 
neoadjuvant therapy between 2000 and 2013 at the 
Department of Surgery, Helsinki University Hospital 
(HUH). As previously described,22 clinical and survival 
data were compiled from patient records and the 
Finnish Population Register Centre. Median age of 
patients at time of diagnosis was 64.8 (interquartile 
range 59.1–71.0) and median duration of overall survival 
was 2.0 years (range 0.0–13.1). The study protocol was 
approved by the Surgical Ethics Committee of HUH 
(Dnr HUH 226/E6/06, extension TKM02 §66 17.4.2013). 
Tissue archive samples examination was done with 
permission from the Finnish Medicines Agency (Dnr 
FIMEA/2021/006901 28.12.2021). Written informed 
consent was obtained upon inclusion in the study. 
Patient information, samples and data are handled and 
stored in accordance with the Declaration of Helsinki 
and other local regulations.

2.3  |  Tumor tissue microarray 
immunohistochemistry

Tumor tissue microarrays (TMA) blocks were prepared, 
cut and stained as previously described.22 Once 
diagnosis confirmed by an experienced pathologist, 
immunohistochemical staining were performed on TMA 
slides as previously described.22 TMA slides were incubated 
with E2F1 (VD301790, Thermo Fischer, 1:100 diluted in 
Dako REAL Antibody Diluent S2022) or E2F8 antibody 
(ab185727, Abcam, 1:500 diluted in Dako REAL Antibody 
Diluent S2022) overnight or for 60 min, respectively. Brain 
and thyroid tissue served as positive control.

2.4  |  Scoring of E2F staining in tumors

Immunoreactivity of tumor cells was evaluated 
independently by two researchers (T.K. and J.H) as 
previously described22 and scored separately for E2F1 
and E2F8 as follows: 0, negative; 1, weakly positive; 2, 
moderately positive and 3, strongly positive staining. 
For statistical analysis, samples were grouped into low 
(negative—low), moderate and high. Survival analysis 

was done using the Kaplan–Meier method and compared 
by log-rank test as previously described.22

2.5  |  Gene expression studies in 
PDAC samples

Sequencing data consisting of PDAC samples (n = 24) 
and control samples (n = 11) from Peng et al.23 were used 
(accession number: CRA001160) and processed as closely 
as possible to the parameters described previously.23 
Ten cell types were identified and categorized among 
the PDAC samples separately according to the criteria 
used by Peng et  al.23 Clusters were assigned using top 
100 differentially expressed genes.23 These cells were 
re-clustered in Loupe browser with default settings to 
get a tSNE plot, which resulted in a total of 57,383 re-
clustered cells (PDAC = 41,862 and control = 15,521). E2F 
expression was then filtered for, and plots were generated 
using the built-in function in Loupe browser. Expression 
correlation of E2F1 and E2F8 genes was performed as 
described in the “Gene expression profiling in human 
fetal tissues” paragraph.

2.6  |  Target gene analyses

Potential E2F1 or E2F8 target genes were identified 
using ChiP-Atlas (http://​chip-​atlas.​org24,25) with binding 
sites located around transcription start sites (± 1 kb) 
being considered. Potential target genes were classified 
according to their average binding scores of MACS2 and 
compared with the list of genes significantly co-expressed 
with E2F1 or E2F8 in PDAC tissues (“Gene expression 
studies in PDAC samples”). Overall survival and disease-
free survival maps of identified target genes were 
generated using the Gene Expression Profiling Interactive 
Analysis (GEPIA) database (http://​gepia2.​cance​r-​pku.​cn/​
index.​html25).

2.7  |  Cells

Human pancreatic cancer cell lines PANC-126 were 
obtained from the European Collection of Authenticated 
Cell Cultures (ECACC, 87092802) and were maintained in 
DMEM high glucose medium (Sigma, D6429) supplemented 
with 10% FBS and 1% penicillin–streptomycin. Cells were 
incubated at 37°C in a humidified incubator with 5% CO2 
and frequently tested for mycoplasma contamination 
using MycoAlert™ detection kit (Lonza, LT07-118).

Cells were transfected with negative control siRNA 
(Invitrogen, 4390843), E2F1 siRNA (Invitrogen, s4406) or 
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E2F8 siRNA (Invitrogen, s36210) at 10 nM with RNAiMax 
Lipofectamine (Invitrogen, 13778150) according to the 
manufacturer's guidelines and cultured for 48 h or 7 days.

2.8  |  qPCR

Total RNA was extracted using RNeasy Qiagen kit and 
cDNA was generated. qPCR assays were performed 
using StepOnePlus Real-Time PCR System. Relative gene 
abundance was calculated using the ΔΔCt method with 
TBP, S18, and GAPDH as reference genes and expressed 
as fold change to control (Table S1).

2.9  |  Western blot

Transfected PANC-1 cells were lysed using RIPA buffer 
with protease and phosphatase inhibitors. Whole-cell 
extracts (20 μg) were separated in Tris-glycine sodium 
dodecyl sulphate (SDS) gels and transferred onto 
polyvinylidenedifluoride (PVDF) membranes. E2F1 
(1:300, Santa Cruz biotechnology, sc-56662), E2F8 (1:300, 
Santa Cruz biotechnology, sc-514064), Caspase 8 (1:1000, 
Cell signaling technology, CST-9746) and Caspase 9 
(1:1000; Cell signaling technology, CST-9508) primary 
antibodies were used. Band density for target proteins was 
normalized against total protein load and analyzed using 
Image Lab software.

2.10  |  Colony assay

To detect colony formation, cells were transfected in 24-
well plates at a density of 600 cells/well. Medium was 
changed every 2 days. After 7 days of incubation, cells 
were fixed with paraformaldehyde (PFA) 4% for 15 min 
and stained with a 0.1% crystal solution in 20% EtOH 
for 30 min. Once dried, colonies were photographed 
and pictures were analyzed by ColonyArea plugin27 
with ImageJ software. Colony formation was quantified 
by determining the percentage of area covered by cell 
colonies and the cell density according to the intensity of 
the staining.

2.11  |  Proliferation and apoptosis

Proliferation was quantified using Click-iT™ Plus EdU 
Cell Proliferation Kit for Imaging, Alexa Fluor™ 647 
dye (Thermofisher, C10640). Cells were transfected with 
siRNAs in eight-well chamber slides at a density of 1 × 104 
cells per well (48 h) or 3.75 × 103 cells per well (7 days). After 

48 h or 7 days of incubation, cells were exposed to 10 μM of 
5-ethynyl-2′-deoxyuridine (EdU) for 4 h at 37°C and then 
fixed with PFA 4%. EdU labelling was done according to 
manufacturer's instructions (Life Technologies, C10640) 
and nuclei were stained with Hoechst 33342. Images were 
acquired using a confocal microscope and quantification 
was done using the Cell Counter Plugin in ImageJ to 
manually tag and count stained cells for each color 
channel and apoptotic bodies.

2.12  |  Triplex assay

PANC-1 cells were transfected with siRNAs in 96-well 
plate at a density of 2000 cells per well (48 h) or 500 cells 
per well (7 days). Cell viability, cytotoxicity and apoptosis 
were measured 48 h and 7 days after the knock-down using 
ApoTox-Glo triplex assay kit (Promega, G6320) according 
to manufacturer's instructions.

2.13  |  Migration

Cell culture inserts in 24-well plate (8 μm pore size; Falcon, 
353097) were used for the migration assay. Seven days 
after transfection, cells were trypsinized and counted. Ten 
percentage FBS medium was used as chemoattractant 
in the bottom chamber and 4 × 104 cells diluted in 0.5% 
FBS medium were added in the top chamber. After 7 h 
of incubation at 37°C, cells were fixed and stained with 
eosin. Cells that didn't migrate were removed from the 
insert using a cotton swab. Insert membrane was cut and 
mounted and migrated cells were imaged and counted.

2.14  |  Spreading

Seven days after transfection cells were trypsinized, and 
4 × 104 cells diluted in 0.5% FBS medium were cultured on 
coverslips coated with fibronectin (Sigma, F1141) in a 12-
well plate as described by Pijuan.28 One hour later, cells 
were fixed with PFA 4% and stained with a 0.1% crystal 
solution.

According to their shape, cells were counted as spread 
(visible cytoplasm surrounding the nucleus) or unspread 
(round cells). Ratio was calculated as the number of spread 
cells divided by the total number of cells on the coverslips.

2.15  |  Statistics

Statistical analyses and graphs were performed using 
R software with ggplot2 and ggpubr packages. Each 
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experiment has been performed at least two times 
independently, with at least three replicates each time. 
Multiple comparisons between control and different 
siRNAs were analyzed using ANOVA with Tukey's post-
hoc test. Normality and homoscedasticity of the variances 
were verified by checking graphically (i.e., Q–Q plot and 
residuals versus fits plot). Data were visualized using box 
plots, the central mark indicates the median and edges 
indicate 25th and 75th percentiles. Whiskers extend to 
the largest or smallest point comprised within 1.5× of the 
interquartile range from both edges.

3   |   RESULTS

3.1  |  E2F1 and E2F8 are expressed in the 
developing human pancreas and PDAC

Expression of developmental regulators is re-initiated dur-
ing tumor formation7 and altered expression is associated 
with malignancy. To identify key genes in PDAC develop-
ment, we compared expression of genes upregulated in 
PDAC29,30 with expression data from human embryonic 
pancreas we obtained previously.15 E2F1, E2F3, and E2F8 
genes were expressed both in PDAC and in human embry-
onic pancreas anlagen (Figure  1A). From this list, E2F1 
and E2F8 expression was significantly higher in embryonic 
than in adult pancreas (Figure 1A). Thus, E2F1 and E2F8 
expression are up-regulated in PDAC and human embry-
onic pancreas compared to adult tissues.

Using open-access databases,31–33 we confirmed the 
higher expression levels of E2F1 and E2F8 in PDAC com-
pared to adult pancreas (Table S2). Protein expression was 
detected only in PDAC samples. To complete these obser-
vations, we stained and scored E2F1 and E2F8 protein 
expression in 154 tumor samples. TMA analysis detected 
E2F1 and E2F8 protein expression in 83.8 and 90.3% of 
analyzed PDAC samples, respectively. Interestingly expres-
sion was detected mainly in the cytoplasm (E2F1) and both 
cytoplasm and nucleus (E2F8) of tumor cells (Figure 1B).

Kaplan–Meier analysis revealed that E2F8 expres-
sion associates significantly with DSS, with the poorer 
outcome for patients with low E2F8 expression com-
pared to moderate (p = 0.015) or high E2F8 expression 

(p = 0.004). No difference was seen between patients 
with moderate or high expression. Five-year DSS for 
patients with a low E2F8 expression was 9.1% (95% CI 
0%–21.1%) compared to 21.2% (95% CI 11.8%–30.6%) 
among those with a moderate or 19.9% (95% CI 8.7%–
31.1%) with a high expression. Low E2F1 expression 
associates with worse prognosis compared high expres-
sion (p = 0.028), but no difference was seen compared 
to moderate expression (p = 0.424). No difference with 
statistical significance was seen between moderate and 
high expression (p = 0.066). Five-year DSS for patients 
with a low E2F1 expression was 16.7% (95% CI 7.3%–
26.1%) compared to 19.0% (95% CI 9.0%–28.0%) among 
those with a moderate or 35.7% (95% CI 10.6%–60.8%) 
with a high expression. (Figure  1C,D). No significant 
association with patho-clinical parameters like age, sex, 
T-or N-status, stage, grade, lymph node ratio or peri-
vascular/perineural invasion were detected (Table  S3). 
These data suggest that variations in E2F expression in-
fluence tumor malignancy.

To assess which type of embryonic and PDAC cells 
expressed E2F1 and E2F8, single cell RNA sequencing 
analysis was performed. In human embryonic pancreas 
E2F1 and E2F8 expression was predominantly detected 
in highly proliferating pancreatic progenitor cell popula-
tions (Figure  1E; Figure  S1). In PDAC, E2F1, and E2F8 
expression was detected in immune and type 2 ductal cells 
(Figure 1F; Figure S2A, S2B). Type 2 ductal cells are consid-
ered highly proliferative and malignant in contrast to type 
1 cells23 and in this cell population, only 9% of the E2F1+ 
or E2F8+ cells co-expressed E2F1 and E2F8 (Figure S2C). 
These findings show that E2F1 and E2F8 mRNA expres-
sion is present during normal pancreas development and 
re-initiated in malignant ductal cells with aberrant expres-
sion impacting patient survival suggesting an involvement 
in PDAC tumor formation and maintenance.

3.2  |  Loss of E2F1 and E2F8 gene 
expression reduces clonogenic capacity and 
cell proliferation

To determine if E2F genes participate in tumor biology, 
E2F1 and E2F8 expression was knocked down using 

F I G U R E  1   E2F gene expression in pancreas from fetal, adult, and cancer tissues. (A) Plot of E2F gene expression in fetal (7–14 weeks 
post-conception (PC)) and adult pancreas. Y-axis shows expression in LogCPM. Significant expression difference between fetal and adult 
tissues, fetal specificity (at least one CPM in at least 75% of the fetal samples) and E2F genes up regulated in PDAC (both in Mao's and Liu's 
studies27,28) are indicated for each E2F transcription factor. (B) Representative images of E2F1 and E2F8 immunohistochemical staining 
and distribution of TMA-samples according to staining intensity. Original magnification: 200×. Kaplan–Meier disease-specific survival 
(DSS) curves for PDACs according to E2F1 (C) or E2F8 (D) protein expression. (E, F) Associated expression patterns of E2F1 and E2F8 in 
developing pancreas from an 8-week PC embryo, in normal adult pancreas and PDAC tissues. Expression of E2F1 and E2F8 on the t-SNE 
embedding from Figures S1 (E) and S2 (F). Any cell with E2F1 or E2F8 detected was colored according to its expression level.
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siRNAs in the pancreatic cancer cell line PANC-1 (i.e., 
siE2F1 and siE2F8). This human pancreatic cancer cell 
line has been isolated from a pancreatic carcinoma of 
ductal cell origin and highly expresses E2F candidate 
genes.23 Knock down (KD) efficiency of E2F1 and E2F8 
siRNAs was confirmed by RT-qPCR and western blot. The 
transfection efficiencies at 48 h and 7 days after KDs were 
> 75% and 60% respectively (Figure S3).

To assess if siE2F1 and siE2F8 affect the capacity of 
tumor cells to grow we first examined the ability of KD 
cells to form colonies. Seven days after the transfection, 
the area and density of PANC-1 colonies were significantly 
decreased in siE2F1 and siE2F8 cells compared to the con-
trol. In mean, colony formation was reduced over 95% in 
siE2F1 and 70% in siE2F8 compared to control (area and 
density p-values <1e-8 for both KDs Figure 2A,B).

We next quantified the proliferative capacity of KD cells 
using an EdU incorporation assay (Figure 2C). Forty-eight 
hour after transfection, the proportion of EdU-positive 
cells was significantly decreased in siE2F1 (−20%, p-value 
0.0052) and siE2F8 (−54%, p-value <1e-8) compared to 
the control (Figure 2D). Cell proliferation capacities were 
also tested 7 days post transfection to detect long term ef-
fects of siE2F1 and siE2F8. Seven days after the transfec-
tion, the proliferation capacity was still decreased in KD 
cells to 29% in siE2F1 (p-value 0.0055) and 26% in siE2F8 
(p-value 0.019) compared to control cells. Taken together, 
these results suggest that E2F transcription factors regu-
late the cell cycle in PDAC cells.

3.3  |  Loss of E2F1 expression affects cell 
viability and apoptosis

siE2F1 affected the clonogenic capacity to a greater extent 
than siE2F8 (p-value siE2F1 vs. siE2F8: 0.005). To assess 
if this is due to an effect of E2F function on cell viability, 
we determined apoptosis and cell viability rate of siE2F1 
and siE2F8 using Triplex assay and quantifying the ap-
optotic bodies. Forty-eight hour after transfection, no 
significant differences in viability and apoptosis were ob-
served between the KDs and control cells (Figure 3A–D). 
Seven-days post transfection, siE2F1 significantly reduced 
cell viability (−60%, p-value <1e-8), increased caspase 
activity (p-value 0.0001) and number of apoptotic bod-
ies (p-value 3e-7) compared to control (Figure S4), while 

siE2F8 did not affect cell caspase activity and cell viability 
(Figure 3D–G). Thus, low proliferation rate and increased 
apoptosis contribute to the decreased clonogenic capacity 
of siE2F1 cells. These results suggest that reduced E2F1 
but not E2F8 expression promotes apoptosis.

3.4  |  Loss of E2F1 and E2F8 impairs cell 
spreading and migration

Cell migration capacity is critical for tumor invasiveness. 
To determine if E2F1 and E2F8 regulate migration of 
tumor cells, cell spreading and migration assays were per-
formed 7 days after transfection.

To study cell spreading, coverslips were coated with fi-
bronectin, a main constituent of the tumor stroma34 and 
a poor prognosis marker in PDAC.35 We observed that 
cell spreading was reduced by 78% and 29% in siE2F1 
and siE2F8 cells, respectively (Figure  4A,B, p-values 
E2F1 < 1e-8, E2F8 2.67e-05) while 0.5% FBS medium was 
sufficient to promotes cell adhesion in control cells.

Transwell assays were conducted to determine the mi-
gration potentials of the transfected pancreatic cancer cells. 
After 7 h of incubation, control cells effectively migrated 
upon stimulation with chemo-attractants, while siE2F1 
and siE2F8 cells had significantly reduced cell migration 
(Figure 4C,D, p-values siE2F1 < 1e-8, siE2F8 0,001). Thus, 
reduced expression of E2F1 and E2F8 reduced migration 
and the metastatic potential of PANC-1 cells.

3.5  |  E2F transcription factors are 
co-expressed with genes regulating the 
cell cycle

The functional studies described above indicate that E2F1 
and E2F8 are critical for tumor cell survival, proliferation, 
and migration. To identify pathways potentially regulated 
by E2F transcription factors and involved in carcinogen-
esis, unbiased co-expression analyses of E2F1 and E2F8 in 
single PDAC, adult and embryonic pancreatic cells were 
performed (Tables S4–S8).

In fetal cells, E2F8 expression significantly correlates 
with 2297 genes, while only one gene correlates with E2F1 
expression, probably due to the lower number of E2F1+ 
cells (Tables S4 and S5). In adult, 211 genes correlate with 

F I G U R E  2   Colony formation and proliferation capacities of E2F transfected cells. Relative colony formation quantification (A) and 
morphological observation (B). (A) Results are shown as colony area or staining intensity percent 7 days after the knock-down compared 
to the negative control (transfected with scrambled RNA). (B) Colonies stained with crystal violet. (C) Dapi and EdU staining 48 h or 
7 days after transfection. Cells were exposed to EdU for 4 h. (D) Results are shown as EdU positive cells to the total number of cells. (A, D) 
Measurements were derived from two independent experiments of three replicates per condition. Tukey's post-hoc test significances are 
indicated by stars compared to the control when significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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8 of 18  |      BERTONNIER-BROUTY et al.

E2F1 expression (Table  S6) and no gene expression cor-
relations were obtained for E2F8 due to the low number 
of E2F8+ cells. Finally, in PDAC, unbiased co-expression 

analysis showed that E2F1 and E2F8 expression signifi-
cantly correlates with 4989 and 612 genes, respectively 
(Tables S7 and S8).
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      |  9 of 18BERTONNIER-BROUTY et al.

Only 17% of the genes significantly co-expressed with 
E2F1 in adult were also significantly correlated in PDAC, 
suggesting different target genes in normal pancreas and 
PDAC cells. In contrast, 51% of the genes that had signifi-
cant correlation of gene expression with E2F8 in PDAC were 
also correlated in embryonic cells, and 56% of the genes 
that shared expression correlation to E2F8 in the embryo 
were significantly correlated to E2F1 in PDAC. These data 
suggest that E2F1 and E2F8 mainly act in the same gene 

networks during embryogenesis and PDAC. Interestingly, 
E2F8 correlates with the atypical repressor E2F7 in the em-
bryo (p-value 0.0016) whereas it correlates with the activa-
tors E2F1 and E2F2 in PDAC (p-values 0.0006 and 5e-06, 
respectively).

In PDAC, 83% of the genes with significant positive 
correlation with E2F8 expression were also positively 
correlated with E2F1 expression, which may suggest 
redundant function between E2F1 and E2F8. Using 

F I G U R E  3   Cell viability and apoptosis 48 h (A–D) and 7 days (D–G) after transfection. Cell viability 48 h (A) or 7 days (E) after 
transfection. Results are shown as viability/cytotoxicity ratio to the negative control. Relative caspase activity 48 h (B) or 7 days (F) after 
transfection. Results are shown as caspase-3/7 activity to the negative control. Quantification of the apoptotic bodies 48 h (C) or 7 days 
(G) after transfection. Results are shown as counted apoptotic bodies to the total number of cells. At least 1000 cells were quantified per 
condition. (D) Dapi staining 48 h or 7 days after transfection, red arrows show apoptotic bodies, scale bars: 50 μm. (A–G) Measurements 
were derived from two independent experiments of three replicates. (A–C, E–G) Tukey's post-hoc test significances are indicated by stars 
compared to the control when significant, *** p < 0.001.
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10 of 18  |      BERTONNIER-BROUTY et al.

Reactome analysis tools, we determined that genes co-
expressed with E2F1 or E2F78 are involved in pathways 
regulating cell cycle and proliferation but also RNA and 
protein processing and translation (Table  1). These re-
sults suggest a central role of E2F1 and E2F8 in cancer 
cell biology.

In addition, E2F1 expression specifically correlates 
with genes involved in the regulation of apoptosis and mi-
tochondrial translation pathways (Table  2), suggesting a 
more prominent role in PDAC regulation.

3.6  |  E2F1 and E2F8 transcription factors 
can directly regulate known oncogenes

A comparison of genes co-expressed with E2F1 or E2F8 
in PDAC (Tables S7and S8) with published chromatin im-
munoprecipitation sequencing (ChiP-seq) results (ChIP-
Atlas) was performed to obtain a list of potential direct 
E2F target genes in E2F+ PDAC cells. Once classified by 
Reactome pathways (Tables S9 and S10), we observed that 
most of these genes were involved in pathways regulat-
ing carcinogenesis like cell cycle, DNA replication, gene 
expression and programmed cell death.

A thorough literature review and GEPIA2 analysis 
showed that most of these genes were already known 
as potential oncogene and/or linked to poor survival in 
PDAC but few of them have been shown to be regulated by 
E2F transcription factors (Figure 5A; Tables S11 and S12).

To validate our analysis, we selected 25 oncogenes iden-
tified as potential E2F1 and/or E2F8 targets (Figure 5B) 
and assessed if their expression was impaired in E2F KD 
cells. Forty-eight hour post siE2F1 or siE2F8 transfec-
tion, all the selected genes were significantly downregu-
lated in siE2F1 and/or siE2F8 cells compared to controls 
(Figure 5C). These results suggest that E2F1 and E2F8 di-
rectly regulate the expression of numerous known onco-
genes in PDAC tumors and thus act as master regulators 
of pancreatic cancer biology.

4   |   DISCUSSION

Great progress has been made in cancer treatment with 
overall survival rates increasing for many different can-
cer types.36 However, the diagnosis and treatment of pan-
creatic cancer has not been improved significantly during 
the past years. Immuno-and chemotherapy have limited 
success and only after total resection of tumor tissue. 
Thus, great efforts have been made to identify novel bio-
markers and drugable targets. This may be facilitated by 
novel expression data sets from PDAC tissue. Embryonic 
progenitor and PDAC cells share many features like cell 
plasticity, survival, and proliferation potential suggest-
ing that comparison between these cell types may lead 
to the identification of important genes for pancreatic 
tumorigenesis. Here we compared single and bulk gene 
expression from PDAC with expression data from human 
embryonic pancreas to identify novel PDAC genes that 
are present in embryonic pancreatic progenitor and 
tumor cells. Using this expression correlation approach, 
we identified E2F genes to be highly expressed in embry-
onic pancreas and PDAC.

In the developing pancreas, E2F1 and E2F8 are 
expressed in proliferating pancreatic progenitor cells 

F I G U R E  4   Spreading and migration capacities of PANC-1 cells 
7 days after transfection. Plot showing the percentage of spreading 
cells (A). Cells spread on fibronectin coated plates (B). Spreading 
cells are indicated by a black arrow, round cells were considered to 
not have spread (B). Number of migrated cells per image after 7 h 
of incubation (C) and eosin saining of the migrated cells (D). (A, C) 
At least 1000 cells were quantified per condition. Scale bars: 50 μm. 
Measurements were derived from two independent experiments of 
three replicates per condition. Tukey's post-hoc test significances 
are indicated by stars compared to the control when significant, *** 
p < 0.001.
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      |  11 of 18BERTONNIER-BROUTY et al.

T A B L E  1   Most relevant pathways identified by Reactome using significant co-expressed genes with E2F1 or E2F8 in PDAC or embryo 
development. All the entities have a false discovery rate (FDR) < 0.05.

Most relevant 
pathways sorted by 
p-value

Number of entities co-expressed with

Entities in the 
pathway

E2F1 in 
PDAC p value

E2F8 in 
PDAC p value

E2F8 in 
embryo p value

Formation of a 
pool of free 40S 
subunits

100 1.11e-16 53 1.11e-16 75 1.11e-16 106

GTP hydrolysis and 
joining of the 60S 
ribosomal subunit

110 1.11e-16 54 1.11e-16 79 1.11e-16 120

SRP-dependent 
cotranslational 
protein targeting 
to membrane

109 1.11e-16 54 1.11e-16 79 1.11e-16 119

L13a-mediated 
translational 
silencing of 
ceruloplasmin 
expression

109 1.11e-16 55 1.11e-16 78 1.11e-16 120

Nonsense-mediated 
decay (NMD)

110 1.11e-16 53 1.11e-16 80 1.11e-16 124

Nonsense mediated 
decay (NMD) 
enhanced by the 
Exon junction 
complex (EJC)

110 1.11e-16 53 1.11e-16 80 1.11e-16 124

Eukaryotic 
translation 
initiation

115 1.11e-16 55 1.11e-16 80 1.11e-16 130

Cap-dependent 
translation 
initiation

115 1.11e-16 55 1.11e-16 80 1.11e-16 130

DNA replication 137 1.11e-16 43 1.11e-16 80 2.66e-15 169

Major pathway of 
rRNA processing 
in the nucleolus 
and cytosol

153 1.11e-16 59 1.11e-16 89 1.11e-16 189

M phase 273 1.11e-16 69 1.11e-16 175 1.11e-16 416

Cell cycle mitotic 392 1.11e-16 129 1.11e-16 256 1.11e-16 596

G1/S transition 124 1.11e-16 42 1.11e-16 72 1.89e-15 150

Cell cycle 485 1.11e-16 148 1.11e-16 314 1.11e-16 734

Cell cycle 
checkpoints

214 1.11e-16 57 1.11e-16 140 1.11e-16 279

Metabolism of RNA 567 1.11e-16 130 1.11e-16 309 1.11e-16 829

mRNA splicing—
major pathway

173 1.11e-16 39 2.86e-12 112 1.11e-16 213

Processing of capped 
intron containing 
pre-mRNA

237 1.11e-16 51 1.10e-14 139 1.11e-16 299

mRNA splicing 177 1.11e-16 40 3.03e-12 113 1.11e-16 224

(Continues)
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12 of 18  |      BERTONNIER-BROUTY et al.

suggesting a role in cell cycle regulation in human 
embryos. This is consistent with previous findings 
showing that E2F1 and E2F8 are present in developing 
Pdx1+ pancreatic progenitor cells37,38 and that E2F1 
is essential for regulating proliferation in the mouse 
pancreas anlage.38 E2F1 and E2F8 expression is also 
enriched in PDAC and the majority of E2F1 and E2F8 
producing cells are malignant ductal cells suggesting 
that E2F transcription factors may also participate in 

PDAC tumor formation similar to what has been ob-
served in tumorigenesis and treatment resistance of 
colon, breast, and cervical cancer.39–41 Previous re-
ports showed that high expression of mainly E2F1 
is predictive of a poor clinical outcome in PDAC pa-
tients,42,43 while our analysis of E2F gene expression 
in PDAC tissue showed that low E2F8 expression was 
associated with poor disease specific patient survival. 
Interestingly, E2F8 expression is mainly detected in the 

Most relevant 
pathways sorted by 
p-value

Number of entities co-expressed with

Entities in the 
pathway

E2F1 in 
PDAC p value

E2F8 in 
PDAC p value

E2F8 in 
embryo p value

rRNA processing in 
the nucleus and 
cytosol

162 1.11e-16 60 1.11e-16 92 1.11e-16 208

Mitotic metaphase 
and anaphase

177 1.11e-16 43 1.35e-12 106 1.11e-16 250

Mitotic anaphase 176 1.11e-16 42 1.35e-12 105 2.22e-16 249

rRNA processing 178 1.11e-16 64 1.11e-16 104 1.11e-16 246

Translation 261 1.11e-16 71 1.11e-16 124 5.55e-16 339

G2/M checkpoints 127 1.11e-16 32 2.85e-12 80 1.11e-16 153

Viral mRNA 
translation

88 2.97e-11 52 1.11e-16 70 1.11e-16 114

Nonsense mediated 
decay (NMD) 
independent of 
the exon junction 
complex (EJC)

94 4.44e-16 53 1.11e-16 71 1.11e-16 101

Translation initiation 
complex 
formation

56 5.50e-10 27 1.11e-16 39 4.93e-12 62

Mitotic G1 phase and 
G1/S transition

136 1.11e-16 51 1.11e-16 80 1.89e-15 174

Peptide chain 
elongation

89 2.44e-15 52 1.11e-16 70 1.11e-16 97

SARS-CoV-1 
modulates host 
translation 
machinery

36 1.11e-06 25 1.11e-16 32 1.81e-12 41

Eukaryotic 
translation 
elongation

92 2.22e-15 53 1.11e-16 72 1.11e-16 102

rRNA processing in 
the nucleus and 
cytosol

162 1.11e-16 60 1.11e-16 92 1.11e-16 208

Eukaryotic 
translation 
termination

92 5.01e-14 52 1.11e-16 70 1.11e-16 106

Mitotic 
prometaphase

132 1.80e-09 38 9.00e-12 100 1.11e-16 211

T A B L E  1   (Continued)
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      |  13 of 18BERTONNIER-BROUTY et al.

immunogenic PDAC subtype44 and correlates with all 
the signature genes of the classical subtype25,45 but not 
with the genes linked to the basal subtype. These ob-
servations suggest that the low E2F8 expressing group 

in our survival group may identify patients with basal 
PDAC which have a much shorter DSS rate, while pa-
tients with classical PDAC have moderate to high E2F8 
expression.

T A B L E  2   Most relevant pathways identified by Reactome using the genes significantly co-expressed only with E2F1 in PDAC.

Most relevant pathways sorted by 
p-value identified using E2F1-only 
co-expressed entities in PDAC

Number of entities co-expressed with
Entities in the 
pathwayE2F1 p value E2F8 p value

Processing of capped intron-containing 
pre-mRNA

237 1.11e-16 51 1.10e-14 299

Translation 261 1.11e-16 71 1.11e-16 339

Metabolism of RNA 567 1.11e-16 130 1.11e-16 829

Cell cycle 485 1.11e-16 148 1.11e-16 734

Cell cycle checkpoints 214 1.11e-16 57 1.11e-16 279

mRNA splicing—major pathway 173 1.11e-16 39 2.86e-12 213

mRNA splicing 177 1.11e-16 40 3.03e-12 224

Mitochondrial translation 
elongation

81 9.80e-13 10 0.0123
FDR 0.053

94

M phase 273 1.11e-16 69 1.11e-16 416

Mitochondrial translation 
termination

80 2.45e-12 10 0.0123
FDR 0.053

94

Mitochondrial translation initiation 81 2.73e-12 10 0.0141
FDR 0.056

96

Mitochondrial translation 84 3.65e-12 10 0.0204
FDR 0.067

102

Separation of sister chromatids 145 1.33e-15 33 1.13e-09 195

DNA replication pre-initiation 112 5.55e-16 29 4.04e-11 132

HIV infection 168 1.10e-13 28 3.78e-05 260

Mitotic anaphase 176 1.11e-16 42 4.63e-12 249

G2/M checkpoints 127 1.11e-16 32 2.85e-12 153

Mitotic metaphase and anaphase 177 1.11e-16 43 1.35e-12 250

Regulation of apoptosis 51 1.34e-09 5 0.1094
FDR 0.215

54

Activation of APC/C and APC/C:Cdc20 
mediated degradation of mitotic 
proteins

69 2.20e-11 12 2.83e-04 77

APC/C:Cdc20 mediated degradation of 
securin

61 3.27e-10 9 0.0045 68

Cell cycle, mitotic 392 1.11e-16 129 1.11e-16 596

APC/C:Cdh1 mediated degradation 
of Cdc20 and other APC/C:Cdh1 
targeted proteins in late mitosis/
early G1

66 7.42e-11 12 1.98e-04 74

Regulation of activated PAK-2p34 
by proteasome mediated 
degradation

48 1.37e-09 5 0.0810
FDR 0.162

50

APC/C:Cdc20 mediated degradation of 
mitotic proteins

69 2.20e-11 12 2.52e-04 77

Note: Number of entities were then identified using the full significant gene list for E2F1 or E2F8 in PDAC. In bold, the E2F1-specific pathways. All the entities 
have a false discovery rate (FDR) < 0.05 if not indicated.
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14 of 18  |      BERTONNIER-BROUTY et al.

E2F1 is a cell cycle regulator which has been associ-
ated indirectly with PDAC by studies describing potential 
upstream46,47 or downstream48–50 target genes that play a 
significant role in PDAC biology. By studying direct E2F1 
down-regulation, we observed that E2F1 was not only regu-
lating proliferation as proposed previously, but also apoptosis 
and cell migration. In normal tissues, a negative feedback 
loop regulates E2F signaling, E2F1 inducing expression of 
the repressor E2F8.51 Few studies followed E2F8 function in 
cancer, and so far, no potential E2F8 function in PDAC has 
been reported. E2F8 has a dual role in cancer, as it can act 
as tumor suppressor52 or proto-oncogene40,53 depending on 
cancer type. Here we showed that in pancreas tumorigenesis, 
E2F8 may regulate not only the cell cycle but also migration.

KD of E2F1 and E2F8 in the PDAC cell line PANC-1 
resulted in reduced colony formation, with E2F1 having 

a significantly stronger effect, suggesting a more promi-
nent role for E2F1 in PDAC. This is consistent with our 
findings that E2F1, but not E2F8 KD induced tumor cell 
apoptosis. This observation is in contrast to previous 
studies which have shown that E2F1 is essential for in-
ducing apoptosis in response to genotoxic treatment in 
early tumor cells,54 however elevated E2F1 expression 
results in resistance to apoptosis in late stage tumor cells 
(reviewed in Ref.[55]) which suggests a dual role of this 
gene in regulating cell viability/apoptosis of PDAC cells. 
PANC-1 cell proliferation was impaired upon E2F1 and 
E2F8 KDs suggesting that E2F factors promote cell cycle 
regulation in PDAC cells. A finding that is further sup-
ported by expression correlation of E2F1 and E2F8 with 
genes involved in cell cycle regulation and mitosis in 
PDAC tissues.

F I G U R E  5   Regulation of known oncogenes by E2F1 and E2F8. (A) Disease-free survival and overall survival heatmaps according to 
the expression of direct E2F target genes in PDAC. The red blocks denote higher risks. The rectangles with frames mean the significant 
unfavorable results in prognostic analyses. (B) For each oncogene, the lines indicate that the gene is co-expressed with E2F1 (yellow) or 
E2F8 (orange) in PDAC tissues and contains a direct binding site for E2F1 (yellow) or E2F8 (orange). (C) qPCR analyses showing the 
expression of 25 oncogenes 48 h after E2F1 or E2F8 KD. Significance was determined for each gene by a one-way ANOVA and Tukey's post-
hoc test. NS p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.
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      |  15 of 18BERTONNIER-BROUTY et al.

No significant correlation between E2F1 or E2F8 with 
epithelial–mesenchymal transition (EMT) marker genes 
was found and E2F1 and E2F8 KD did not induce mesen-
chymal marker gene expression in PANC-1 cells (data were 
not shown) suggesting that the reduced cell spreading/mi-
gration observed upon E2F1 and E2F8 KD is most likely 
due to E2F regulating cell proliferation and survival.

E2F1 and E2F8 mainly positively correlate with the 
same genes in PDAC tissues, suggesting similar and re-
dundant functions, as observed experimentally in pan-
creatic cancer cells. Our co-expression analyses showed 
that the same pathways were correlating with E2F1 and 
E2F8 expression in PDAC and embryonic tissues while it 
is known that in healthy tissues, E2F8 and E2F1 have an-
tagonistic functions.14 Interestingly, in embryonic tissues, 
E2F8 expression correlates with the atypical repressor 
E2F7 whereas in PDAC E2F8 expression correlates with 
the transcriptional activators E2F1 and E2F2. Morgunova 
et al., showed that both atypical and typical E2Fs can bind 
to similar DNA sequences.56 Our data suggest that E2F8 
may regulate the same pathways during PDAC and em-
bryonic development but acts differently according to its 
co-factors.

Links between E2F genes and mitochondrial functions 
are now well studied and revealed a role of E2F1 as regulator 
of metabolism.57–59 In pancreatic cancer, it has been shown 
that E2F1 may induces aerobic glycolysis,59 here we link 
E2F1 expression in PDAC with expression of genes involved 
in the mitochondrial translation machinery. Interestingly, 
inhibition of mitochondrial functions is explored as a prom-
ising cancer therapeutic strategy in different tumor types, 
and some clinical trials are ongoing.60

Using available ChiP-seq data, we identified genes 
containing E2F binding sites that are co-expressed with 
E2F1 or E2F8 in PDAC. Most of these genes are known 
to be over-expressed in PDAC and act in numerous on-
cogenic pathways. For example, ATAD2 expression 
is linked to cell invasion, migration, and gemcitabine 
resistance61 and overexpression of TUBA1B, NDC80, 
RCF4, and MCM proteins is associated with poorer out-
come.62–65 Using E2F1 and E2F8 KD cells, we confirmed 
that loss of E2F impaired expression of the identified 
targets genes. These results suggest that E2F1 and E2F8 
over-expression in PDAC induce the expression of nu-
merous oncogenes involved in the regulation of the cell 
cycle as PCNA66 and CDK167 which affect the patient 
prognosis.

5   |   CONCLUSION

In summary our findings illustrate that E2F1 and E2F8 
are expressed in pancreatic progenitor and PDAC cells, 

where they contribute to tumor cell expansion by regu-
lation of cell proliferation, viability and cell migration 
making these genes attractive therapeutic targets and 
potential prognostic markers for pancreatic cancer.
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