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Abstract
Dysregulation of microRNAs (miRNAs) exerts key roles in the development of pancreatic cancer (PCa). miR-26a is report-
edly a tumor suppressor in cancers. However, whether miR-26a modulates PCa progression is poorly understood. Here, 
we found that miR-26a was down-regulated in PCa. Overexpressed miR-26a suppressed PCa cell proliferation, colony 
formation, and tumor stem cell properties. Mechanically, the transcription factor E2F7 is a downstream target of miR-
26a. miR-26a decreased E2F7 expression through binding to the 3’-untranslated region (UTR) of E2F7. Decreased miR-
26a in PCa tissues was inversely correlated with E2F7. The inhibitory effects of miR-26a in PCa were reversed by E2F7 
overexpression. Consistently, the knockout of E2F7 further significantly inhibited the growth of PCa cells combined with 
miR-26a overexpression. Further study revealed that E2F7 bound the promoter of vascular endothelial growth factor A 
(VEGFA), a key factor in angiogenesis, and transcriptionally activated the expression of VEGFA. miR-26a overexpression 
attenuated the effects of E2F7 on VEGFA promotion. Our results uncovered the novel function of miR-26a/E2F7/VEGFA 
in PCa, making miR-26a a possible target for PCa treatment.
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1 Introduction

Pancreatic cancer (PCa) is a well-known fatal aggressive tumor with a poor prognosis [1–3]. It is the seventh leading cause 
of cancer-related death worldwide. Currently, surgery remains the only potentially curative treatment for patients with 
early pancreatic cancer [4–6]. However, for patients diagnosed at an advanced stage, the prognosis remains unsatisfactory 
due to a lack of efficient treatment strategy and non-specific symptoms for early diagnosis. Therefore, the identification 
of novel targets that accurately detect PCa and the development of novel treatment options is desirable.

MicroRNAs (miRNAs) are endogenous, single-stranded small RNA molecules that cannot be translated into proteins. 
miRNAs suppress the translation or promote the degradation of target mRNAs in a sequence-specific manner [7–9]. 
MiRNAs reportedly modulate cell growth, differentiation, and migration [10, 11]. Current research indicates up- or down-
regulation of miRNAs in cancer [12–17]. In pancreatic cancer, miRNAs affect the development of PCa by targeting key 
factors associated with cancer progression [18–22]. Deregulated miRNAs show correlation with the diagnosis, prognosis 
and response to current therapies of pancreatic cancer patients [23]. Identification of novel miRNAs that are aberrantly 
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expressed between normal and cancerous specimens have been made via microarrays or RNA-sequencing analysis [24]. 
More interestingly, considering the stability of miRNAs in serum, non-invasive blood screening test of the miRNAs might 
be a promising approach to predict the disease aggressiveness [23, 24].

Recent studies have shown that miR-137 targets KLF12 and suppresses the stemness features of pancreatic cancer cells 
[25]. The anti-cancer function of miR-26a is supported by a growing body of evidence [26–32]. Reduced miR-26a expres-
sion in cancer was correlated with a more aggressive patient status. Overexpressed miR-26a repressed cell proliferation 
and sensitized cancer cells to anti-cancer drugs. miR-26a delivery is a possible strategy to treat PCa by restoring wild-type 
functions to mutant p53 [33]. Besides, miR-26a was reported as a suppressor of pancreatic cancer via down-regulating 
cyclin E2 [34]. Lower miR-26a expression was correlated with the significantly shorter survival of pancreatic cancer 
patients [34]. This evidence suggests the importance and targets of miR-26a in pancreatic cancer need more investigation.

This study aimed to clarify the regulatory role of miR-26a in PCa and evaluate the possible mechanism involved. Our 
findings demonstrate the significantly reduced expression of miR-26a in PCa. miR-26a overexpression repressed prolif-
eration and colony formation and induced apoptosis of PCa cells. Furthermore, a mechanism study suggested that the 
tumor-suppressive function of miR-26a in PCa was achieved through targeting E2F7. These findings uncovered the novel 
involvement of miR-26a/E2F7 axis in PCa, which suggests miR-26a is a promising anti-cancer target for PCa.

2  Materials and methods

2.1  Patient tissues and cell lines

We enrolled 50 PCa patients in this study. They provided PCa tissues and paired adjacent normal tissues via surgery at the 
First Affiliated Hospital of Jinzhou Medical University from January of 2012 to December of 2015. Tissues were stored in 
liquid nitrogen before use. The Ethics Committee of The First Affiliated Hospital of Jinzhou Medical University approved 
this study. Written informed consent was provided by all patients and their relatives.

We purchased AsPC-1, BXPC-3, Sw1990, and PANC-1 cell lines from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). These cells were cultured with DMEM containing 10% fetal bovine serum (FBS, Gibco, NY, USA) with 
the addition of 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, NY, USA). Cells were maintained at 37 ℃ in an 
atmosphere with 5%  CO2.

2.2  RNA preparation and RT‑qPCR

RNA was isolated with TRIzol reagent (Solarbio, Beijing, China) followed by reverse transcription using the MicroRNA 
Reverse Transcription Kit (TIANGEN, Beijing, China). RT-qPCR was carried out on the ABI 7500 Fast Real-Time PCR Plat-
form (Applied Biosystems) with the PCR Master Mix (TIANGEN, Beijing, China). The conditions of qPCR were initiated at 
94 ℃ for 5 min, followed by 39 cycles of 94 ℃ for 10 s and 58 ℃ for 30 s. U6 RNA expression was detected as the control. 
The primers were designed as miR-26a f, 5’-GAC TGT TCA AGT AAT CCA GGATA; miR-26a r, 5’-GTG CAG GGT CCG AGG TAT TC; 
U6 RNA f, 5’-CTC GCT TCG GCA GCACA; U6 RNA r, 5’-AAA CGC TTC ACG AAT TTG  CGT. The relative expression of miR-26a was 
qualified with the  2−ΔΔCT formula.

2.3  Cell counting kit‑8 (CCK‑8) assay

CCK-8 experiments were completed to monitor PCa cell proliferation. Transfected PCa cells were seeded into the 96-well 
plates. The cell proliferation was measured with the CCK-8 solution (Beyotime, Shanghai, China) at 24 h intervals. After 
incubating with the CCK-8 for 3 h at 37 ℃, a microplate reader (Biotex, Winooski, VT, USA) was used to detect the OD450 
nm absorbance of each well.

2.4  In vitro colony formation analysis

PCa cells expressing miR-26a mimics or miR-NC were cultured in 6-well plates (~ 500 cells per well) with DMEM sup-
plemented with FBS. After 10 days, cells were stained with 0.1% crystal violet solution (Solarbio, Beijing, China) after 
fixing with 100% methanol at room temperature (RT) for 15 min. Colonies were washed with PBS and counted using 
light microscopy.
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2.5  Western blot

An equal amount of protein was loaded and separated by running a 15% SDS-PAGE. After transfer, the membrane was 
blocked with 5% non-fat milk for 1 h at RT followed by incubation with a primary antibody against E2F7 (1:2000; ab56022, 
Abcam) or GAPDH (1:3000; ab181602, Abcam) for 2 h at RT. Fluorescently labeled secondary antibody was then applied 
to develop the signals using the Odyssey CLx (Li-Cor, Lincoln, NE, USA).

2.6  Dual‑luciferase activity analysis

The 3’-UTR sequence of E2F7 was constructed into the pGL3 luciferase vectors (Addgene, USA). PCa cells were co-trans-
fected with the luciferase plasmids and miR-26a mimic or miR-NC using PEI (Solarbio, Beijing, China). To detect binding 
between E2F7 and VEGFA, VEGFA’s promoter sequence was inserted into the backbone of the pGL-Basic vector (Addgene, 
USA). After the transfection of pGL-Basic-VEGFA and pcDNA-E2F7 or the corresponding empty vector for 48 h, PCa cells 
were lysed to detect luciferase activity with the Dual-Luciferase Reporter Gene Assay Kit (Yeasen, Shanghai, China). The 
luciferase activity of the renilla gene was also determined for normalization. The experiment was performed in triplicate.

2.7  Chromatin Immunoprecipitation (ChIP)‑qPCR

PCa cells transfected with the indicated expression vectors were harvested after culture for 48 h. The CHIP assay was 
carried out as previously reported. Briefly, cross-linking was performed with 1% formaldehyde for 10 min at RT and then 
lyzed with protease inhibitor on ice for 10 min. Samples were then sonicated at 4 ℃ at 20 kHz to generate chromatin 
fragments of 200–500 bp. The DNA fragments were isolated with the MolPure Cell/Tissue DNA kit (YEASEN, Shanghai, 
China) and amplificated via qPCR using the TransStart Green qPCR SuperMix (Transgene, Beijing, China) with the VEGFA 
primers (forward, 5′-GCT GTT TGG GAG GTC AGA AAT AGG  and reverse, 5′-ACG CTG CTC GCT CCA TTC AC). We used an antibody 
against E2F7 (sc-H300, Santa Curz Biotechnology, USA) and normal rabbit IgG as a negative control.

2.8  Data analysis

Statistical analysis was performed with the SPSS 19.0 software (IBM, Armonk, NY, USA). Results were shown as 
mean ± standard deviation (SD). Student’s t-test or one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc 
test was performed to determine significance. A P-value less than 0.05 was considered significant.

3  Results

3.1  MiR‑26a level was decreased in PCa

To explore the potential involvement of miR-26a in PCa, the expression of miR-26a was detected by RT-qPCR in 50-paired 
PCa tissues and adjacent non-cancerous tissues. As presented in Fig. 1A, a significantly decreased miR-26a expression 
was obtained in PCa tissues. Additionally, the expression of miR-26a was also evaluated in PCa cells and the normal cell 
HPDE6-C7. As indicated in Fig. 1B, lower miR-26a levels were more frequently observed in PCa cells than in normal cells. 
This indicates that there is a reduced miR-26a abundance in PCa.

3.2  Overexpression of miR‑26a suppressed the malignant behaviors of PCa cells

Considering the down-regulation of miR-26a in PCa, we further investigated the biological roles of miR-26a via gain-
of-function experiments. The miR-26a expression in PCa cells was significantly increased following the transfection of 
miR-26a mimics (Fig. 2A). The CCK-8 data in Fig. 2B and C indicate that the proliferation of PANC-1 and AsPC-1 cells was 
repressed with miR-26a. The time that cell number doubled the initial in control and miR-26a groups was 1.95 days and 
2.80 days, respectively (Fig. 2B). For Fig. 2C, the values for control and miR-26a groups were 2.02 and 3.13 days, respec-
tively. Transfection of miR-26a also resulted in a reduced colony number of both AsPC-1 and PANC-1 cells (Fig. 2D). 
Moreover, increased miR-26a expression promoted the apoptosis of PCa cells (Fig. 2E). Increasing evidence suggests 
that tumor stem cells play important roles in regulating tumorigenesis [35, 36].
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To determine whether miR-26a affected PCa cell growth via modulation of the stemness, we examined the expression 
of OCT4, CD133, Nanog, and SOX2, the stem-cell-like markers. miR-26a overexpression reduced the expression of these 
four stem-cell markers in PCa cells when compared to the control group (Fig. 2F), which suggests inhibited stem cell 
properties of PCa cells with overexpressed miR-26a. miR-26a inhibits the malignant behaviors of PCa.

3.3  miR‑26 suppressed the expression of E2F7 in PCa cells

Previous studies reported that miR-26a regulated cancer progression by targeting the 3’-UTR of downstream mRNAs. 
We searched for miR-26a candidate targets using an online database and 1134 candidates were found. Among them, 
E2F7 ranked top 21 with the Target Score 99. As a member of E2F transcription factors, E2F7 is essential for regulating 
the cell cycle. Overexpression and oncogenic function of E2F7 have been well established in cancers, including lung 
cancer, rectal adenocarcinoma, papillary thyroid cancer, esophageal cancer, and gastric cancer [37]. The prognostic value 
of E2F7 in pancreatic cancer was also emerged [38], however, the role of E2F7 in pancreatic cancer still remains largely 
unknown. Based on these points, we chose E2F7 as a target of miR-26a in this study. A highly scored binding site of miR-
26a within the 3’-UTR of E2F7 was presented in Fig. 3A. This prediction was further confirmed by the luciferase reporter 
assay. As indicated in Fig. 3B and C, miR-26a significantly decreased the luciferase activity via binding to the 3’-UTR of 
E2F7 (Fig. 3B and C).

However, a mutation in E2F7 3’-UTR that abolished its binding with miR-26a did not respond to miR-26 s. We used 
RT-qPCR to detect the mRNA levels of E2F7 in PCa cells that were transfected with a miR-26a mimic or corresponding 
scramble miRNA to determine whether this binding could affect E2F7 mRNA abundance. As indicated in Fig. 3D, the 
mRNA abundance of E2F7 was significantly lower with miR-26a than the control. Consistently, overexpressing miR-26a 
in both PANC-1 and AsPC-1 cells inhibited E2F7 protein expression (Fig. 3E). These results demonstrated that reduced 
E2F7 by miR-26a might be responsible for the inhibitory function of miR-26a in PCa.

3.4  E2F7 mediated the inhibitory function of miR‑26a in PCa

To explore the role of E2F7 in miR-26a-mediated growth inhibition of PCa, we performed RT-qPCR to quantify E2F7 expres-
sion in the cohort of tissues that were used for detecting miR-26a. Compared with the expression level of the control 
group, a significantly higher level of E2F was observed in PCa tissues via both RT-qPCR and immunohistochemistry stain-
ing (Fig. 4A). Moreover, higher E2F7 abundance in PCa cells was also found (Fig. 4B). Considering the negative regulation 
of E2F7 by miR-26a, the correlation between the expression of miR-26a and E2F7 was evaluated by the Spearman test. 
Figure 4C indicates the inverse correlation between levels of E2F7 and miR-26a in PCa tissues.

To further investigate the involvement of E2F7 in PCa, the expression plasmid of E2F7 was transfected into both 
PANC-1 and AsPC-1 cells with the combination of miR-26a mimics (Fig. 4D). Interestingly, the suppressed proliferation 
of PCa cells by miR-26a was attenuated with the reintroduction of E2F7 (Fig. 4E and F). To further investigate the criti-
cal function of E2F7, E2F7 was knocked out by CRISPR and confirmed by Western blot (Fig. 4G). Consistently, combined 
E2F7 knockout and miR-26a overexpression further inhibited PCa cell proliferation in compassion with the parental 

Fig. 1  miR-26a expression 
was down-regulated in PCa. 
A A comparison of miR-26a 
expression in 50 paired PCa 
tissues and adjacent non-can-
cer tissues. B miR-26a levels in 
normal HPDE-C7 cell and PCa 
cell lines. Sw1990, PANC-1, 
AsPC-1, and BXPC-3. *P < 0.05; 
***P < 0.001
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Fig. 2  miR-26a suppressed the proliferative ability of PCa cells. A miR-26a expression of AsPC-1 and PANC-1 cells after miR-26a transfection. 
B, C The proliferation of PCa cells with overexpression of miR-26a was significantly inhibited. D miR-26a transfection decreased the number 
of PCa cells. E miR-26a enhanced apoptosis of both AsPC-1 and PANC-1 cells. F The expression levels of the stemness markers in PCa cells 
were examined after transfection of miR-26a. *P < 0.05; **P < 0.01; ***P < 0.001
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E2F7-/- cells (Fig. 4H and I). These results suggest that reduced E2F7 was at least partially responsible for the anti-cancer 
effects of miR-26a in PCa.

3.5  miR‑26a transcriptionally inhibited VEGFA by suppressing the binding of E2F7 with the promoter 
of VEGFA

As a transcription factor, E2F7 can bind the promoters of target genes and regulate cancer progression. A recent study 
showed that E2F7 transcriptionally activated the expression of VEGFA, an important factor in angiogenesis [39]. RT-qPCR 
analysis showed a significantly increased expression of VEGFA in PCa tissues compared with that of the non-cancerous 
cohorts (Fig. 5A). To further understand the possible mechanism by which E2F7 is involved in PC, we performed a CHIP 
assay and found that E2F7 bound the promoter region of VEGFA in PC cells (Fig. 5B and C). However, the binding of E2F7 
to the promoter region of VEGFA was reduced with miR-26a overexpression (Fig. 5B and C). We constructed a luciferase 
reporter vector by inserting the VEGFA promoter sequence into the backbone of the pGL3-Bacic vector and transfected 
this into the cells to provide more evidence for the binding between E2F7 and VEGFA. As indicated in Fig. 5D, overex-
pressing E2F7 dramatically increased the luciferase activity of VEGFA; however, co-transfection of miR-26a attenuated 
the effects of E2F7.

To explore the consequence of transcriptional inactivation of VEGFA by miR-26a, we collected cells that were trans-
fected with miR-26a or E2F7 and compared the mRNA abundance of VEGFA. The results showed that overexpression 
of E2F7 increased the mRNA level of VEGFA, an effect that was abolished with co-transfection of miR-26a (Fig. 5E). This 
data was also supported by the western blot results (Fig. 5E, right panel). E2F7 is a transcriptional activator of VEGFA in 
PCa that could be negatively regulated by miR-26a. This conclusion was further supported by the findings that VEGFA 
expression was negatively correlated with that of miR-26a, while positively correlated with E2F7 in PCa (Fig. 5F and G).

Fig. 3  miR-26a targeted 
E2F7 in PCa. A The possible 
binding site of miR-26a in the 
3’-UTR of E2F7 mRNA. B, C The 
luciferase activity of AsPC-1 
and PANC-1 cells that were co-
transfected with miR-26a and 
either vector expressing WT 
or Mut 3’-UTR of E2F7. D, E We 
detected the mRNA or protein 
expression of E2F7 in PCa cells 
that were overexpressed with 
miR-26a. ***P < 0.001
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Fig. 4  Overexpressed E2F7 in PCa attenuated the suppressive role of miR-26a. A E2F7 mRNA levels in the indicated tissues samples were 
detected using RT-qPCR. The representative IHC staining of VEGFA in PCa tissues and adjacent normal tissues. Scale bar, 50 um. B The pro-
tein levels of E2F7 in normal and PCa cells were compared by Western blot. C Spearman correlation test showed the inverse correlation 
between miR-26a and E2F7 in PCa. D We transfected PCa cells with the indicated vectors and detected E2F7 expression. E, F Reintroduction 
of E2F7 significantly reversed the suppressed proliferation by miR-26a. G The endogenous level of E2F7 was knocked out by Caspir-cas9, 
and the silencing efficiency was confirmed via Western blotting. H, I Silencing of E2F7 expression further inhibited PCa cell proliferation by 
miR-26a overexpression. *P < 0.05, **P < 0.01, and ***P < 0.001
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4  Discussion

PCa is a highly lethal malignancy with an extremely low five-year survival rate [40–43]. Understanding the molecular 
mechanisms that trigger the progression of PCa is critical to designing new biomarkers and therapeutic options. 
Notably, exploring the association between miRNAs and PCa tumorigenesis has been a growing cancer research field 
[44–48]. Several miRNAs are dysregulated in PCa, a poor prognosis factor for patients. miR-26a inhibits the prolifera-
tion, invasion, and metastasis of papillary thyroid carcinoma [49]. miR-26a suppresses the tumor metastasis of HCC 
by regulating the EMT process [50]. Deng et al. reported that miR-26a acted as a suppressor in pancreatic cancer via 
targeting cyclin E2 [34]. Decreased miR-26a expression was correlated with the aggressiveness of pancreatic cancer 
[34]. Additionally, locked nucleic acid (LNA)-in situ hybridization (ISH) analysis showed that miR-26a was present in the 
cytoplasm of pancreatic ductal epithelial cells [34]. This data is also consistent with our knowledge that miRNA is pro-
cessed from the precursor pri-miRNA in the nucleus, where pri-miRNA is cleaved into pre-miRNA and then transport 
into the cytoplasm to mature into miRNA. Consistent with this study, we found the reduced expression of miR-26a 
in PCa. Ectopically expressed miR-26a suppressed growth and stemness features and activated the apoptosis of PCa 
cells. Consistent with previous reports, this study demonstrated the tumor-suppressive function of miR-26a in PCa.

E2F7 belongs to the E2F transcription factor family. As an atypical E2F transcription factor, E2F7 functions as a key 
regulator of cell cycle progression, and its inactivation leads to spontaneous cancer formation [51]. The frequent 

Fig. 5  miR-26a negatively regulated E2F7-mediated transcriptional activation of VEGFA. A mRNA levels of VEGFA were overexpressed in PCa 
tissues. B, C The binding between E2F7 with the VEGFA promoter under different conditions was detected by CHIP. D The binding of E2F7 
with the VEGFA promoter region was examined by luciferase reporter analysis. E The mRNA levels of VEGFA under the indicated conditions 
were compared via RT-qPCR. F, G The correlation between the expression of VEGFA with miR-26a or E2F7 in PCa tissues. ***P < 0.001
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deregulation of E2F7 in human cancers has been established. A low level of E2F7 predicted poor survival of patients 
with glioma and might constitute a potential therapeutic target for glioma [52]. Interestingly, it was also reported 
that E2F7 was a tumor-promoting factor in breast cancer, inducing cancer cell proliferation, invasion, and metastasis 
[53]. Therefore, the opposite function of E2F7 in different cancers relies on individual cancer types.

Our results demonstrated the overexpression of E2F7 in PCa tissues, a reversible trend compared with miR-26a expres-
sion. Consistent with this observation, our finding also indicated the inhibitory effect of miR-26a on E2F7 via binding of 
the 3’-UTR of E2F7, suggesting E2F7 as a target of miR-26a in PCa. The reintroduction of E2F7 significantly attenuated the 
inhibitory effects of miR-26a on the proliferation of PCa cells. miR-26a overexpression still had a suppressive effect in E2F7 
knockout cells, suggesting E2F7 partially mediated the function of miR-26 in PCa. In addition to E2F7, other potential 
targets of miR-26a were also predicted and they may also partially contribute to the function of miR-26a in pancreatic 
cancer, which deserves further investigation. E2F7 directly binds and transcriptionally activates VEGFA to control the 
angiogenesis [54]. VEGF family members, especially VEGFA, have been found to play important role in pancreatic cancer 
[54]. As the most specific and major angiogenic factor, VEGFA overexpression was suggested as a diagnostic and prog-
nostic factor for pancreatic cancer [54]. A further mechanism study revealed that E2F7 bound the promoter of VEGFA 
and transcriptionally activated its expression, a process that can be inhibited by miR-26a. This result provided the pos-
sible mechanism by which E2F7 is involved in the progression of PC. To further demonstrate the essential of VEGFA in 
the functional effects of miR-26a-E2F7, in vivo xenograft mouse model was established by injecting VEGFA-/- PCa cells. 
The primary data indicated that compare with wild-type cells, overexpressed miR-26a significantly lost it tumor sup-
pressive effects in the absence of VEGFA (data not shown). Further experiments are still ongoing to clarify the essential 
role of VEGFA in the functional effects of miR-26a/E2F7. It is well known that E2F7 has a variety of targets which can be 
regulated under different conditions [55–58]. In addition to VEGFA, Harmonizome website (https:// maaya nlab. cloud/ 
Harmo nizome/) was used to search more potential targets of E2F7. 46 target genes of E2F7 were found in low or high-
throughput transcriptional factor functional studies from the CHEA Transcription Factor Targets database. The involve-
ment of these targets of E2F7, such as BRCA1, CDC25A, CDC6 in pancreatic cancer deserves further investigation. Given 
the aberrant expression of miR-26a and E2F7 in PCa, it would be interesting to evaluate their clinical significance in the 
diagnosis or prognosis of PCa patients. Importantly, there are different targets of miR-26a reported so far. The function 
of other targets and how they work together with E2F7 in the development of PCa requires further investigation.

5  Conclusions

Our study uncovered the down-regulation of miR-26a in PCa and that miR-26a inhibited the malignant behaviors of PCa 
cells by targeting E2F7. These findings provide a promising strategy for overcoming PCa by blocking miR-26a.

Authors’ contributions LW and FC did the conceptualization, performed the experiments, analyzed the data and wrote the manuscript. ML vali-
dated the data and contributed to the methodology. All authors approved the submission. All authors read and approved the final manuscript.

Funding This research was supported by Natural Science Foundation of Liaoning Province (No. 2019-ZD-0803 and 2020-MS-276) and National 
Natural Science Foundation of China (No. 81902452).

Declarations 

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://maayanlab.cloud/Harmonizome/
https://maayanlab.cloud/Harmonizome/
http://creativecommons.org/licenses/by/4.0/


Vol:.(1234567890)

Research Discover Oncology           (2021) 12:55  | https://doi.org/10.1007/s12672-021-00448-z

1 3

References

 1. Rebelo A, Molpeceres J, Rijo P, Reis CP. Pancreatic cancer therapy review: from classic therapeutic agents to modern nanotechnologies. 
Curr Drug Metab. 2017;18:346–59. https:// doi. org/ 10. 2174/ 13892 00218 66617 02011 51135.

 2. Wang S, Huang S, Sun YL. Epithelial-mesenchymal transition in pancreatic cancer: a review. Biomed Res Int. 2017;2017:2646148. https:// 
doi. org/ 10. 1155/ 2017/ 26461 48.

 3. Chin KM, Chan CY, Lee SY. Spontaneous regression of pancreatic cancer: a case report and literature review. Int J Surg Case Rep. 2018;42:55–
9. https:// doi. org/ 10. 1016/j. ijscr. 2017. 11. 056.

 4. Tse RV, Dawson LA, Wei A, Moore M. Neoadjuvant treatment for pancreatic cancer–a review. Crit Rev Oncol Hematol. 2008;65:263–74. 
https:// doi. org/ 10. 1016/j. critr evonc. 2007. 08. 002.

 5. Warsame R, Grothey A. Treatment options for advanced pancreatic cancer: a review. Expert Rev Anticancer Ther. 2012;12:1327–36. 
https:// doi. org/ 10. 1586/ era. 12. 115.

 6. Bardou M, Le Ray I. Treatment of pancreatic cancer: a narrative review of cost-effectiveness studies. Best Pract Res Clin Gastroenterol. 
2013;27:881–92. https:// doi. org/ 10. 1016/j. bpg. 2013. 09. 006.

 7. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004;116:281–97.
 8. Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and stability by microRNAs. Annu Rev Biochem. 2010;79:351–

79. https:// doi. org/ 10. 1146/ annur ev- bioch em- 060308- 103103.
 9. Mohr AM, Mott JL. Overview of microRNA biology. Semin Liver Dis. 2015;35:3–11. https:// doi. org/ 10. 1055/s- 0034- 13973 44.
 10. Ambros V. The functions of animal microRNAs. Nature. 2004;431:350–5. https:// doi. org/ 10. 1038/ natur e02871.
 11. Van Meter EN, Onyango JA, Teske KA. A review of currently identified small molecule modulators of microRNA function. Eur J Med 

Chem. 2019;188: 112008. https:// doi. org/ 10. 1016/j. ejmech. 2019. 112008.
 12. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of cancer and other diseases. Nat Rev Drug 

Discov. 2017;16:203–22. https:// doi. org/ 10. 1038/ nrd. 2016. 246.
 13. Kwak PB, Iwasaki S, Tomari Y. The microRNA pathway and cancer. Cancer Sci. 2010;101:2309–15. https:// doi. org/ 10. 1111/j. 1349- 7006. 

2010. 01683.x.
 14. Farazi TA, Spitzer JI, Morozov P, Tuschl T. miRNAs in human cancer. J Pathol. 2011;223:102–15. https:// doi. org/ 10. 1002/ path. 2806.
 15. Qu H, Xu W, Huang Y, Yang S. Circulating miRNAs: promising biomarkers of human cancer. Asian Pac J Cancer Prev. 2011;12:1117–25.
 16. Momtazi AA, et al. Curcumin as a MicroRNA regulator in cancer: a review. Rev Physiol Biochem Pharmacol. 2016;171:1–38. https:// 

doi. org/ 10. 1007/ 112_ 2016_3.
 17. Iorio MV, Croce CM. MicroRNA dysregulation in cancer: diagnostics, monitoring and therapeutics. A comprehensive review. EMBO 

Mol Med. 2017;9:852. https:// doi. org/ 10. 15252/ emmm. 20170 7779.
 18. Yu X, Koenig MR, Zhu Y. Plasma miRNA, an emerging biomarker for pancreatic cancer. Ann Transl Med. 2015;3:297. https:// doi. org/ 

10. 3978/j. issn. 2305- 5839. 2015. 11. 03.
 19. Qadir MI, Faheem A. miRNA: a diagnostic and therapeutic tool for pancreatic cancer. Crit Rev Eukaryot Gene Expr. 2017;27:197–204. 

https:// doi. org/ 10. 1615/ CritR evEuk aryot GeneE xpr. 20170 19494.
 20. Zhou X, et al. Plasma miRNAs in diagnosis and prognosis of pancreatic cancer: a miRNA expression analysis. Gene. 2018;673:181–93. 

https:// doi. org/ 10. 1016/j. gene. 2018. 06. 037.
 21. Bai X, Lu D, Lin Y, Lv Y, He L. A seven-miRNA expression-based prognostic signature and its corresponding potential competing 

endogenous RNA network in early pancreatic cancer. Exp Ther Med. 2019;18:1601–8. https:// doi. org/ 10. 3892/ etm. 2019. 7728.
 22 Royam M, et al. miRNA predictors of pancreatic cancer chemotherapeutic response: a systematic review and meta-analysis. Cancers. 

2019. https:// doi. org/ 10. 3390/ cance rs110 70900.
 23. Daoud AZ, Mulholland EJ, Cole G, McCarthy HO. MicroRNAs in pancreatic cancer: biomarkers, prognostic, and therapeutic modula-

tors. BMC Cancer. 2019;19:1130. https:// doi. org/ 10. 1186/ s12885- 019- 6284-y.
 24. Mitchell PS, et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad Sci U S A. 2008;105:10513–

8. https:// doi. org/ 10. 1073/ pnas. 08045 49105.
 25. He Z, et al. MicroRNA-137 reduces stemness features of pancreatic cancer cells by targeting KLF12. J Exp Clin Cancer Res. 2019;38:126. 

https:// doi. org/ 10. 1186/ s13046- 019- 1105-3.
 26. Sun TY, Xie HJ, He H, Li Z, Kong LF. miR-26a inhibits the proliferation of ovarian cancer cells via regulating CDC6 expression. Am J 

Transl Res. 2016;8:1037–46.
 27. Lin G, et al. MiR-26a enhances invasive capacity by suppressing GSK3beta in human lung cancer cells. Exp Cell Res. 2017;352:364–74. 

https:// doi. org/ 10. 1016/j. yexcr. 2017. 02. 033.
 28. Lopez-Urrutia E, et al. MiR-26a downregulates retinoblastoma in colorectal cancer. Tumour Biol. 2017;39:1010428317695945. https:// 

doi. org/ 10. 1177/ 10104 28317 695945.
 29. Zhou B, et al. MiR-26a inhibits cell proliferation and induces apoptosis in human bladder cancer through regulating EZH2 bioactivity. 

Int J Clin Exp Pathol. 2017;10:11234–41.
 30. Gong Y, et al. MiR-26a inhibits thyroid cancer cell proliferation by targeting ARPP19. Am J Cancer Res. 2018;8:1030–9.
 31. Lu YY, et al. MiR-26a functions as a tumor suppressor in ambient particulate matter-bound metal-triggered lung cancer cell metastasis 

by targeting LIN28B-IL6-STAT3 axis. Arch Toxicol. 2018;92:1023–35. https:// doi. org/ 10. 1007/ s00204- 017- 2141-4.
 32 Torbati MP, Asadi F, Fard-Esfahani P. Circulating miR-20a and miR-26a as biomarkers in prostate cancer. Asian Pac J Cancer Prev. 

2019;20:1453–6. https:// doi. org/ 10. 31557/ APJCP. 2019. 20.5. 1453.
 33 Batchu RB, et al. Enhanced phosphorylation of p53 by microRNA-26a leading to growth inhibition of pancreatic cancer. Surgery. 

2015;158:981–6. https:// doi. org/ 10. 1016/j. surg. 2015. 05. 019 (discussion 986-987).
 34. Deng J, et al. The loss of miR-26a-mediated post-transcriptional regulation of cyclin E2 in pancreatic cancer cell proliferation and 

decreased patient survival. PLoS ONE. 2013;8: e76450. https:// doi. org/ 10. 1371/ journ al. pone. 00764 50.

https://doi.org/10.2174/1389200218666170201151135
https://doi.org/10.1155/2017/2646148
https://doi.org/10.1155/2017/2646148
https://doi.org/10.1016/j.ijscr.2017.11.056
https://doi.org/10.1016/j.critrevonc.2007.08.002
https://doi.org/10.1586/era.12.115
https://doi.org/10.1016/j.bpg.2013.09.006
https://doi.org/10.1146/annurev-biochem-060308-103103
https://doi.org/10.1055/s-0034-1397344
https://doi.org/10.1038/nature02871
https://doi.org/10.1016/j.ejmech.2019.112008
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1111/j.1349-7006.2010.01683.x
https://doi.org/10.1111/j.1349-7006.2010.01683.x
https://doi.org/10.1002/path.2806
https://doi.org/10.1007/112_2016_3
https://doi.org/10.1007/112_2016_3
https://doi.org/10.15252/emmm.201707779
https://doi.org/10.3978/j.issn.2305-5839.2015.11.03
https://doi.org/10.3978/j.issn.2305-5839.2015.11.03
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2017019494
https://doi.org/10.1016/j.gene.2018.06.037
https://doi.org/10.3892/etm.2019.7728
https://doi.org/10.3390/cancers11070900
https://doi.org/10.1186/s12885-019-6284-y
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1186/s13046-019-1105-3
https://doi.org/10.1016/j.yexcr.2017.02.033
https://doi.org/10.1177/1010428317695945
https://doi.org/10.1177/1010428317695945
https://doi.org/10.1007/s00204-017-2141-4
https://doi.org/10.31557/APJCP.2019.20.5.1453
https://doi.org/10.1016/j.surg.2015.05.019
https://doi.org/10.1371/journal.pone.0076450


Vol.:(0123456789)

Discover Oncology           (2021) 12:55  | https://doi.org/10.1007/s12672-021-00448-z Research

1 3

 35. Lin EH, et al. Cancer stem cells, endothelial progenitors, and mesenchymal stem cells: “seed and soil” theory revisited. Gastrointestinal 
Cancer Res. 2008;2:169–74.

 36. Batlle E, Clevers H. Cancer stem cells revisited. Nat Med. 2017;23:1124–34. https:// doi. org/ 10. 1038/ nm. 4409.
 37. Xu C, Qi X. MiR-10b inhibits migration and invasion of pancreatic ductal adenocarcinoma via regulating E2F7. J Clin Lab Anal. 2020;34: 

e23442. https:// doi. org/ 10. 1002/ jcla. 23442.
 38 Kim J, et al. PAC-5 gene expression signature for predicting prognosis of patients with pancreatic adenocarcinoma. Cancers (Basel). 

2019. https:// doi. org/ 10. 3390/ cance rs111 11749.
 39. Weijts BG, et al. E2F7 and E2F8 promote angiogenesis through transcriptional activation of VEGFA in cooperation with HIF1. EMBO 

J. 2012;31:3871–84. https:// doi. org/ 10. 1038/ emboj. 2012. 231.
 40. Gajda M, Kenig J. Treatment outcomes of pancreatic cancer in the elderly—literature review. Folia Med Cracov. 2018;58:49–66. https:// 

doi. org/ 10. 24425/ fmc. 2018. 125072.
 41 Hajatdoost L, Sedaghat K, Walker EJ, Thomas J, Kosari S. Chemotherapy in pancreatic cancer: a systematic review. Medicina. 2018. https:// 

doi. org/ 10. 3390/ medic ina54 030048.
 42. Salem AA, Mackenzie GG. Pancreatic cancer: a critical review of dietary risk. Nutr Res. 2018;52:1–13. https:// doi. org/ 10. 1016/j. nutres. 2017. 

12. 001.
 43 Sato-Dahlman M, Wirth K, Yamamoto M. Role of gene therapy in pancreatic cancer-a review. Cancers. 2018. https:// doi. org/ 10. 3390/ cance 

rs100 40103.
 44. Karamitopoulou E, et al. MicroRNA dysregulation in the tumor microenvironment influences the phenotype of pancreatic cancer. Modern 

Pathol. 2017;30:1116–25. https:// doi. org/ 10. 1038/ modpa thol. 2017. 35.
 45. Takikawa T, et al. Exosomes derived from pancreatic stellate cells: MicroRNA signature and effects on pancreatic cancer cells. Pancreas. 

2017;46:19–27. https:// doi. org/ 10. 1097/ MPA. 00000 00000 000722.
 46 Mantho TCI, Harbuzariu A, Gonzalez-Perez RR. Histone deacetylases, microRNA and leptin crosstalk in pancreatic cancer. World J Clin 

Oncol. 2017;8:178–89. https:// doi. org/ 10. 5306/ wjco. v8. i3. 178.
 47. Xu YF, Hannafon BN, Ding WQ. microRNA regulation of human pancreatic cancer stem cells. Stem Cell Invest. 2017;4:5. https:// doi. org/ 

10. 21037/ sci. 2017. 01. 01.
 48. Yonemori K, Kurahara H, Maemura K, Natsugoe S. MicroRNA in pancreatic cancer. J Hum Genet. 2017;62:33–40. https:// doi. org/ 10. 1038/ 

jhg. 2016. 59.
 49. Shi D, et al. MicroRNA-26a-5p inhibits proliferation, invasion and metastasis by repressing the expression of Wnt5a in papillary thyroid 

carcinoma. Onco Targets Ther. 2019;12:6605–16. https:// doi. org/ 10. 2147/ OTT. S2059 94.
 50. Li Y, et al. MicroRNA-26a inhibits proliferation and metastasis of human hepatocellular carcinoma by regulating DNMT3B-MEG3 axis. 

Oncol Rep. 2017;37:3527–35. https:// doi. org/ 10. 3892/ or. 2017. 5579.
 51. Lammens T, Li J, Leone G, De Veylder L. Atypical E2Fs: new players in the E2F transcription factor family. Trends Cell Biol. 2009;19:111–8. 

https:// doi. org/ 10. 1016/j. tcb. 2009. 01. 002.
 52. Yin W, et al. Elevated E2F7 expression predicts poor prognosis in human patients with gliomas. J Clin Neurosci. 2016;33:187–93. https:// 

doi. org/ 10. 1016/j. jocn. 2016. 04. 019.
 53. Li Y, et al. Expression patterns of E2F transcription factors and their potential prognostic roles in breast cancer. Oncol Lett. 2018;15:9216–30. 

https:// doi. org/ 10. 3892/ ol. 2018. 8514.
 54. Costache MI, et al. VEGF expression in pancreatic cancer and other malignancies: a review of the literature. Rom J Intern Med. 2015;53:199–

208. https:// doi. org/ 10. 1515/ rjim- 2015- 0027.
 55. Carvajal LA, Hamard PJ, Tonnessen C, Manfredi JJ. E2F7, a novel target, is up-regulated by p53 and mediates DNA damage-dependent 

transcriptional repression. Genes Dev. 2012;26:1533–45. https:// doi. org/ 10. 1101/ gad. 184911. 111.
 56. Liu ZL, et al. Expressions and prognostic values of the E2F transcription factors in human breast carcinoma. Cancer Manag Res. 

2018;10:3521–32. https:// doi. org/ 10. 2147/ CMAR. S1723 32.
 57. Yao H, Lu F, Shao Y. The E2F family as potential biomarkers and therapeutic targets in colon cancer. PeerJ. 2020;8: e8562. https:// doi. org/ 

10. 7717/ peerj. 8562.
 58. Yu H, Li Z, Wang M. Expression and prognostic role of E2F transcription factors in high-grade glioma. CNS Neurosci Ther. 2020;26:741–53. 

https:// doi. org/ 10. 1111/ cns. 13295.

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

https://doi.org/10.1038/nm.4409
https://doi.org/10.1002/jcla.23442
https://doi.org/10.3390/cancers11111749
https://doi.org/10.1038/emboj.2012.231
https://doi.org/10.24425/fmc.2018.125072
https://doi.org/10.24425/fmc.2018.125072
https://doi.org/10.3390/medicina54030048
https://doi.org/10.3390/medicina54030048
https://doi.org/10.1016/j.nutres.2017.12.001
https://doi.org/10.1016/j.nutres.2017.12.001
https://doi.org/10.3390/cancers10040103
https://doi.org/10.3390/cancers10040103
https://doi.org/10.1038/modpathol.2017.35
https://doi.org/10.1097/MPA.0000000000000722
https://doi.org/10.5306/wjco.v8.i3.178
https://doi.org/10.21037/sci.2017.01.01
https://doi.org/10.21037/sci.2017.01.01
https://doi.org/10.1038/jhg.2016.59
https://doi.org/10.1038/jhg.2016.59
https://doi.org/10.2147/OTT.S205994
https://doi.org/10.3892/or.2017.5579
https://doi.org/10.1016/j.tcb.2009.01.002
https://doi.org/10.1016/j.jocn.2016.04.019
https://doi.org/10.1016/j.jocn.2016.04.019
https://doi.org/10.3892/ol.2018.8514
https://doi.org/10.1515/rjim-2015-0027
https://doi.org/10.1101/gad.184911.111
https://doi.org/10.2147/CMAR.S172332
https://doi.org/10.7717/peerj.8562
https://doi.org/10.7717/peerj.8562
https://doi.org/10.1111/cns.13295

	microRNA-26a represses pancreatic cancer cell malignant behaviors by targeting E2F7
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Patient tissues and cell lines
	2.2 RNA preparation and RT-qPCR
	2.3 Cell counting kit-8 (CCK-8) assay
	2.4 In vitro colony formation analysis
	2.5 Western blot
	2.6 Dual-luciferase activity analysis
	2.7 Chromatin Immunoprecipitation (ChIP)-qPCR
	2.8 Data analysis

	3 Results
	3.1 MiR-26a level was decreased in PCa
	3.2 Overexpression of miR-26a suppressed the malignant behaviors of PCa cells
	3.3 miR-26 suppressed the expression of E2F7 in PCa cells
	3.4 E2F7 mediated the inhibitory function of miR-26a in PCa
	3.5 miR-26a transcriptionally inhibited VEGFA by suppressing the binding of E2F7 with the promoter of VEGFA

	4 Discussion
	5 Conclusions
	References




