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A B S T R A C T   

The lactate receptor HCAR1 (hydroxycarboxylic acid receptor 1) is highly expressed in pancreatic ductal 
adenocarcinoma (PDAC), where it regulates lactate transport between the cancer cells. Little is known about the 
underlying cause of high HCAR1 expression in PDAC, and in the present study, we investigated whether HCAR1 
could be a target of miRNA regulation. By searching for predicted miRNA candidates in silico, we identified miR- 
431-5p as a possible regulator of HCAR1. We found miR-431-5p to repress HCAR1 expression through direct 
binding to the 3′ UTR. The endogenous expression of miR-431-5p and HCAR1 was found to be negatively related 
in the PDAC cell lines BxPC-3, Capan-2, and PANC-1. Overexpression of miR-431-5p inhibited cell proliferation 
in all the cell lines, and a shift in cell cycle progression and induction of apoptosis were found in the BxPC-3 cells. 
Transcriptomic analysis of mRNA from BxPC-3 cells revealed numerous differentially expressed genes (DEGs), 
including HCAR1, in response to miR-431-5p overexpression. A significant proportion of these DEGs was 
enriched in cancer-related processes and signalling pathways. Among the most significantly repressed DEGs was 
ATP6V0E1, encoding the integral subunit e of vacuolar ATPase (V-ATPase), an enzyme that is important for 
cancer cell survival. Small interfering RNA (siRNA)-mediated knockdown of HCAR1 and ATP6V0E1 showed that 
only knockdown of ATP6V0E1 mimicked the effect of miR-431-5p overexpression on cell viability. Our findings 
indicate that miR-431-5p acts as a tumour suppressor in PDAC cells, with BxPC-3 cells being most responsive.   

1. Introduction 

Pancreatic cancer (PC) is a malignancy with poor prognosis (Bray 
et al., 2018). In contrast to the increased survival rate of most cancers, 
the survival rate for PC has barely changed for decades. Patients have an 
expected 5-year relative survival rate of only 9%, mainly due to late 
diagnosis and inefficient treatment options (Siegel et al., 2020). Ac
cording to 2018 GLOBOCAN estimates, PC is the fourth leading cause of 
cancer-related death in the Western world and seventh worldwide 
(https://gco.iarc.fr/). With the current trend, PC is expected to become 
the second leading cause of cancer-related death in the US before 2030 
(Rahib et al., 2014). Due to only modest improvements in recent 

treatments, there is an urgent need for discovering new biomarkers and 
therapies. 

Pancreatic ductal adenocarcinoma (PDAC) accounts for the large 
majority of PC cases (Kleeff et al., 2016). As tumours grow, they become 
poorly vascularized and thus contain areas with varying levels of oxy
gen. PDAC tumours are particularly hypoxic, and the adaptation to a 
limited oxygen supply renders PDAC cells resistant to conventional 
chemo- and radiotherapy and promotes a metastatic phenotype (Erkan 
et al., 2016). To compensate for the lack of adequate oxygen levels, cells 
in hypoxic regions reprogram their metabolism and become predomi
nantly dependent on glycolysis to maintain energy production. A me
tabolic symbiosis has been suggested to exist between glycolytic and 
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oxidative cancer cells (Sonveaux et al., 2008). Lactate, the end product 
of glycolysis, is released by the hypoxic cells and taken up by cells in 
the tumour periphery, where it can fuel oxidative metabolism (Son
veaux et al., 2008; Kennedy et al., 2013). As a consequence, glucose is 
spared and can diffuse into the hypoxic regions to fuel glycolysis. Such a 
symbiotic relationship has also been reported in PDAC tumours (Guil
laumond et al., 2013). A heterogeneous distribution of monocarboxylate 
transporters (MCTs) enables passive transport of lactate between tumour 
compartments (Pérez-Escuredo et al., 2016). 

In 2014, Roland and colleagues discovered the expression of hy
droxycarboxylic acid receptor 1 (HCAR1) in a variety of cancer cell lines 
(Roland et al., 2014). This G protein-coupled receptor (GPCR), whose 
endogenous ligand is lactate, was upregulated in 148 of 158 resected 
PDAC tumours. The authors found that HCAR1 regulated MCT expres
sion and was crucial for PDAC cell survival when lactate was the only 
available energy source. This indicates that HCAR1 has a prominent role 
in regulating lactate exchange between PDAC cells. In addition, HCAR1 
expression correlated with PDAC tumour growth and metastasis in vivo 
(Roland et al., 2014). 

It was recently shown that lactate increased the transcriptional ac
tivity of HCAR1 through binding of signal transducer and activator of 
transcription 3 (STAT3) to the HCAR1 promoter in lung cancer cell lines 
(Xie et al., 2020). Apart from this, little is known about the regulation of 
HCAR1. It is estimated that >60% of human protein-coding genes are 
conserved targets of microRNA (miRNA) regulation (Friedman et al., 
2009). miRNAs are small endogenous RNAs that regulate gene expres
sion through post-transcriptional repression (Bartel, 2018). Aberrant 
miRNA expression is frequently found in cancers (Rupaimoole and 
Slack, 2017), potentially affecting the expression of hundreds of direct 
target genes (Friedman et al., 2009). miRNAs therefore have potential as 
diagnostic and prognostic biomarkers and are being explored as thera
peutic targets or tools (Rupaimoole and Slack, 2017). 

The aim of this study was to investigate the potential miRNA- 
mediated regulation of HCAR1. We identified miR-431-5p as a 
possible regulator and confirmed its interaction with the 3′ UTR of 
HCAR1. Functional experiments in combination with transcriptomic 
analyses were used to further investigate the function of this miRNA in 
PDAC cells. 

2. Results 

2.1. miR-431-5p is a predicted regulator of HCAR1 and directly targets 
the 3′ UTR 

As no validated miRNA has been reported for HCAR1, we used Tar
getScanHuman to predict miRNAs that could target HCAR1. TargetS
canHuman uses a prediction algorithm that considers the site type and 
the sum of 14 additional features, termed the cumulative weighted 
context++ score (CWCS), to predict target site efficacy (Agarwal et al., 
2015). A more negative CWCS predicts stronger repression. Excluding 
poorly conserved miRNA families, which are less likely to exert a 
beneficial biological function than conserved miRNAs (Bartel, 2018), 
miR-431-5p had the most negative CWCS of the predicted miRNAs (see 
supplementary material). Two non-conserved 7mer-m8 target sites were 
predicted within the 3′ UTR of HCAR1 (Fig. 1A). The 3′ UTR reporter 
assay showed direct binding of miR-431-5p to the 3′ UTR of HCAR1, as 
indicated by a significant decrease in luciferase activity (Fig. 1B). We 
therefore proceeded to study its function in PDAC cells. 

2.2. Expression of miR-431-5p and HCAR1 shows a negative relationship 
in PDAC cell lines 

The endogenous expression of miR-431-5p and HCAR1 was analyzed 
by RT-qPCR in the PDAC cell lines. No miR-431-5p expression was found 
in BxPC-3 and Capan-2 cells, whereas a notable expression was found in 
PANC-1 cells (Fig. 2A). The relative expression of miR-431-5p cannot be 
calculated as it was only detected in PANC-1 cells. We therefore present 
the quantitation cycle values (Cq values). The Cq value is obtained from 
where the fluorescent signal is above background and is inversely pro
portional to the number of target copies in the sample, i.e. the higher the 
expression, the lower the Cq value. Given a 100% efficient PCR reaction, 
one Cq value difference equals a two-fold difference in expression. A 
mean Cq value of 23.9 for miR-431-5p was observed in PANC-1 cells, 
indicating a much higher expression than in BxPC-3 and Capan-2 cells, 
where no Cq values were obtained (detection limit at Cq = 40). HCAR1 
expression was present in all the cell lines, but was considerably higher 
in BxPC-3 and Capan-2 cells relative to PANC-1 cells (Fig. 2B). 

2.3. miR-431-5p overexpression inhibits cell proliferation 

Transfection with miR-431-5p mimic had a negative impact on cell 
proliferation in the PDAC cell lines, as confirmed by cell counting 
(Fig. 3A-C). The effect was most pronounced in the BxPC-3 cells, where 

Fig. 1. HCAR1 is a target of miR-431-5p. (A) The two target sites of miR-431-5p within the 3′ UTR of HCAR1 as predicted by TargetScanHuman. Both sites are 
7mer-m8 types, meaning that there is an exact match to positions 2–8 of the miRNA. (B) 3′ UTR reporter assay confirmed the direct interaction of miR-431-5p and the 
3′ UTR of HCAR1, indicated by the decreased luciferase activity in HEK-293T transfected with miR-431-5p mimic and HCAR1 3′ UTR reporter construct. The mean ±
SD of three independent experiments is shown. Paired t-test, ***P < 0.001. 

Ø.P. Haugen et al.                                                                                                                                                                                                                              



Gene 822 (2022) 146346

3

overexpression inhibited cell growth completely, and a significant dif
ference in cell number compared to control was found 48 and 72 h after 
transfection. After 72 h, the cell number had declined and become 
approximately 40% of the number of control cells. In accordance with 
the cell counts, western blotting showed decreased Akt phosphorylation 
(p-Akt) after 48 and 72 h (Fig. 3D). Light microscopy showed a notable 
change in cell morphology to abnormally looking cells (Fig. 3E). Capan- 

2 and PANC-1 cells overexpressing miR-431-5p showed continued 
growth, although at a slower rate compared to their respective controls, 
with a significant difference found 72 h after transfection. 

2.4. mRNA-Seq reveals thousands of DEGs 

Sequencing the transcriptome of miR-431-5p overexpressing BxPC-3 

Fig. 2. Endogenous expression of miR-431-5p and HCAR1 in three PDAC cell lines. (A) Dot plot showing the Cq values for miR-431-5p expression in BxPC-3, 
Capan-2, and PANC-1 cells. The Cq value is obtained from where the fluorescent signal is above background and is inversely proportional to the number of target 
copies in the sample, i.e. the higher the expression, the lower the Cq value. Given a 100% efficient PCR reaction, one Cq value difference equals a two-fold difference 
in expression. miR-431-5p expression was not detected in BxPC-3 and Capan-2 cells, whereas PANC-1 cells showed notable expression with a mean Cq value of 23.9. 
miR-423-3p was used as a housekeeping gene to verify equal loading of cDNA. Standard deviations are too small to be visualized. (B) HCAR1 expression in the same 
cell lines. Relative expression is shown with PANC-1 set to 1. The mean ± SD of triplicates is shown. Cq, quantitative cycle. 

Fig. 3. miR-431-5p overexpression inhibits cell proliferation. (A-C) Transfection with miR-431-5p mimic inhibited proliferation of BxPC-3, Capan-2, and PANC- 
1 cells. The effect was most pronounced in BxPC-3 cells, with miR-431-3p overexpressing cells having stopped proliferating after 24 h and started to die after 48 h. 
The mean ± SD of three independent experiments is shown. Paired t-test, statistical significance *P < 0.05, **P < 0.01, ***P < 0.001. (D) Western blot showing 
reduced Akt phosphorylation 48 and 72 h post transfection with mimic. Control is lysate from cells transfected with negative control siRNA for 72 h. (E) Light 
microscopy of BxPC-3 cells showing a change in morphology from 48 to 72 h after transfection with mimic. 
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cells revealed hundreds of uniquely expressed genes, meaning that these 
genes had been turned on or off when compared to their initial 
expression state (Fig. 4A). In addition, we found thousands of DEGs: 
3679 after 24 h, 4556 after 48 h, and 4639 after 72 h (Fig. 4B). Volcano 
plots (Fig. 4C-E) show a near symmetrical distribution of the number of 
DEGs that were up- or downregulated. After scaling the relative abun
dance of DEGs on a per-gene basis, we clustered the DEGs and samples 
based on similar expression patterns. The generated heatmap shows the 
hierarchical relationship between the samples based on their DEG pro
files (Fig. 4F). The DEG profiles of miR-431-5p transfected cells after 48 
h and 72 h were more similar to each other than to the profile after 24 h. 

2.5. Functional annotation of DEGs 

Biological information from the large set of DEGs was retrieved and 
interpreted using GO term and KEGG pathway enrichment analyses. The 
complete lists of significantly enriched GO terms and KEGG pathways 
can be found in the supplementary material. 

GO term enrichment analysis annotates genes to predefined GO 
terms that describe their function. All terms are associated with one of 
three main ontologies: Biological process, Cellular component, and 
Molecular function. Here, we show the top 30 significantly enriched GO 
terms associated with “Biological process”, whose terms describe the 
larger biological processes of the annotated genes (Table 1). miR-431-5p 
transfected cells showed enrichment of six cell death-related GO terms 
after 24 h (cell death, programmed cell death, regulation of cell death, 
regulation of programmed cell death, apoptotic process, regulation of 
apoptotic process), indicating that the onset of apoptosis occurred 
shortly after transfection. While these remained among the significantly 

enriched GO terms after 48 h and 72 h, they were no longer among the 
top 30 since other GO terms became more enriched. After 48 h, the 10 
most enriched GO terms could be linked to cell cycle and cell division 
processes (mitotic cell cycle, mitotic cell cycle process, mitotic nuclear 
division, cell division, organelle fission, nuclear division, cell cycle 
process, cell cycle, chromosome organization). After 72 h, 21 of the 30 
most significantly enriched GO terms were the same as that after 48 h, 
indicating that the effects of miR-431-5p transfection had stabilized. 

For the KEGG pathway enrichment analysis, we focused on those 
related to Pathways in cancer (KEGG Pathway: hsa05200) (Table 2). Of 
these, the following were significantly enriched during all time points: 
PPAR signaling pathway, MAPK signaling pathway, cAMP signaling 
pathway, Cytokine–cytokine receptor interaction, HIF-1 signaling 
pathway, Cell cycle, p53 signaling pathway, mTOR signaling pathway, 
PI3K–Akt signaling pathway, Apoptosis, Wnt signaling pathway, Notch 
signaling pathway, TGF-beta signaling pathway, VEGF signaling 
pathway, Focal adhesion, ECM-receptor interaction, Adherens junction, 
JAK–STAT signaling pathway, and Estrogen signaling pathway. The 
Hedgehog signaling pathway was significantly enriched after 24 h and 
48 h, but not after 72 h. 

2.6. miR-431-5p overexpression disrupts cell cycle progression and 
induces apoptosis 

The cell counts and sequencing data encouraged us to study possible 
changes in cell cycle progression and activation of apoptosis in BxPC-3 
cells. miR-431-5p overexpression led to a significant shift in cell cycle 
distribution, with an increased number of cells in the G1/G0 phase and a 
reduced number of cells in S phase (Fig. 5B). Western blotting showed 

Fig. 4. Graphical presentation of differentially expressed genes. BxPC-3 cells were transfected with miR-431-5p mimic, and mRNA was isolated after 24 h, 48 h, 
and 72 h. Cells transfected with negative control siRNA for 72 h were used as control. The data presented is the mean of three independent experiments. (A) Venn 
diagram showing the number of genes that are uniquely expressed or shared between samples (FPKM ≥ 1). (B) Venn diagram showing the number of DEGs within 
each sample (Padj < 0.05), with intersections showing the number of DEGs shared between samples. (C-E) Volcano plots showing down- (green) and up-regulated 
(red) DEGs for each sample. The x-axis shows the log2 fold change in gene expression, and the y-axis shows the level of statistical difference. (F) Cluster analysis of 
DEGs, where genes (rows) and samples (columns) have been clustered based on similar expression patterns. Each row of the heatmap represents the z-score 
transformed log10(FPKM + 1) values of one DEG across all samples (blue: low expression, red: high expression). DEG, differentially expressed gene. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Ø.P. Haugen et al.                                                                                                                                                                                                                              



Gene 822 (2022) 146346

5

decreased levels of CDC42 protein, which normally functions in G1 to S 
phase progression (Fig. 5C) (Olson et al., 1995). Phosphatidylserine la
beling on the outer surface of the plasma membrane showed a stronger 
signal in cells overexpressing miR-431-5p, indicating ongoing apoptosis 
(Fig. 5E). Supporting this, western blotting showed decreased levels of 
survivin (inhibitor of apoptosis) and the appearance of the 24 kDa 
apoptotic fragment of cleaved PARP1 (Fig. 5F). Fig. 5A and D show the 
ancestor charts showing the parental structure of the enriched GO terms 
related to cell cycle and apoptosis, respectively. 

2.7. HCAR1 knockdown does not affect cell viability 

siRNA-mediated knockdown of HCAR1 in BxPC-3 cells reduced 
mRNA expression by approximately 65% (Fig. 6A). Cell counts showed 
that cell proliferation remained unchanged when compared to the 
control cells (Fig. 6B). 

2.8. V-ATPase Subunit e is a target of miR-431-5p 

As knockdown of HCAR1 did not affect cell viability, we looked for 
other candidate targets of miR-431-5p that could contribute to the ef
fects of miR-431-5p overexpression. TargetScanHuman showed that 
ATP6V0E1 was among the top of the 169 predicted targets with 
conserved sites for miR-431-5p, containing one conserved 8mer target 
site within its 3′ UTR (Fig. 7A). ATP6V0E1 encodes the membrane- 
bound subunit e of V-ATPase, which influences many cancer-associ
ated processes, including cell growth and apoptosis (Stransky et al., 
2016). Our mRNA-Seq data showed that ATP6V0E1 was the second most 
repressed DEG across all time points when sorting on adjusted P-value. 
For the complete lists of DEGs, see the supplementary material. Direct 
interaction of miR-431-5p to the 3′ UTR of ATP6V0E1 was confirmed by 
3′ UTR reporter assay (Fig. 7B). 

Table 1 
Enriched GO terms. Top 30 significantly enriched GO terms associated with the main ontology «Biological process» at the different time points in BxPC-3 cells 
transfected with miR-431-5p mimic. Enrichment was calculated by dividing the number of DEGs (input) on the total number of genes assigned to the pathway 
(background). Statistical significance Padj < 0.05. GO, Gene Ontology; DEG, differentially expressed gene.  

Table 2 
KEGG analysis of enriched pathways in cancer. Enriched KEGG pathways related to Pathways in cancer (KEGG Pathway: hsa05200) at the different time points in 
BxPC-3 cells overexpressing miR-431-5p. Enrichment was calculated by dividing the number of DEGs (input) on the total number of genes assigned to the pathway 
(background). Statistical significance Padj < 0.05. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene.  

Ø.P. Haugen et al.                                                                                                                                                                                                                              



Gene 822 (2022) 146346

6

Fig. 5. miR-431-5p overexpression disrupts cell cycle progression and induces apoptosis. (A) Ancestor chart showing the parental structure of GO terms 
related to the cell cycle from the top 30 significantly enriched GO terms (yellow boxes) 48 h after transfection with miR-431-5p mimic. Arrow colour describes the 
relationship between parental and child terms, where black arrow means «is a» and blue arrow means «part of». (B) The percentage of cells distributed over the 
different cell cycle phases. Overexpression of miR-431-5p increased the percentage of cells in the G1/G0 phase and reduced the percentage of cells in the S phase. The 
mean ± SD of three independent experiments is shown. Paired t-test, *P < 0.05. (C) Western blot showed decreased CDC42 in miR-431-5p overexpressing cells 
compared to control (negative control siRNA 72 h). (D) Ancestor chart showing the parental structure of GO terms related to apoptosis from the top 30 significantly 
enriched GO terms (yellow boxes) 24 h after transfection with miR-431-5p mimic. Arrow colour describes the relationship between parental and child terms, where 
black arrow means «is a» and yellow arrow means «regulates». (E) Flow cytometric analysis of live and apoptotic cells. The proportion of apoptotic cells was 
calculated by dividing the area under the set M1 line on the total graph area for each treatment group. The normalized proportions were then compared, and cells 
overexpressing miR-431-5p had a 61.4% increase in apoptosis compared to control cells 72 h after transfection. Graph areas were measured in ImageJ software. (F) 
Western blot showing decreased levels of survivin in miR-431-5p overexpressing cells compared to control (negative control siRNA 72 h) and appearance of a 24 kDa 
cleaved PARP1 fragment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Knockdown of HCAR1 does not affect cell viability. (A) siRNA-mediated knockdown of HCAR1 in BxPC-3 cells resulted in a ~ 65% reduction in mRNA 
expression. (B) Knockdown of HCAR1 did not affect the proliferation of BxPC-3 cells. The mean ± SD of three independent experiments is shown. Paired t-test, **P 
< 0.01. 
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2.9. Knockdown of ATP6V0E1 mimics the effect of miR-431-5p 
overexpression 

siRNA-mediated knockdown of ATP6V0E1 in BxPC-3 cells reduced 
mRNA expression by approximately 90% (Fig. 8A) and mimicked the 
effect of miR-431-5p overexpression in reducing cell viability (Fig. 8B) 
and inducing apoptosis (Fig. 8C). However, there were some noticeable 

differences. The reduction in cell numbers after 48 h was greater after 
ATP6V0E1 knockdown than after miR-431-5p overexpression. In addi
tion, cell cultures transfected with ATP6V0E1 siRNA contained many 
individual scattered cells and smaller cell clusters (Fig. 8D) than the 
cultures transfected with miR-431-5p mimic (Fig. 3E). 

Fig. 7. ATP6V0E1 is a target of miR- 
431-5p. (A) The target site of miR-431- 
5p within the 3′ UTR of ATP6V0E1 as 
predicted by TargetScanHuman. In 
addition to an exact match at positions 
2–8 of the miRNA, the preference for 
adenine across the first nucleotide of the 
miRNA, despite no base pairing due to 
structural hindrance, defines an 8mer 
(Agarwal et al., 2015). (B) 3′ UTR re
porter assay confirmed the direct inter
action of miR-431-5p and the 3′ UTR of 
ATP6V0E1, indicated by the decreased 
luciferase activity in HEK-293 T trans
fected with miR-431-5p mimic and 
ATP6V0E1 3′ UTR reporter construct. 
The mean ± SD of three independent 
experiments is shown. Paired t-test, **P 
< 0.01.   

Fig. 8. Knockdown of ATP6V0E1 mimics the effect of miR-431-5p overexpression. (A) siRNA-mediated knockdown of ATP6V0E1 in BxPC-3 cells resulted in a 
~90% reduction in mRNA expression. The mean ± SD of three independent experiments is shown. Paired t-test, ***P < 0.001. (B) Knockdown of ATP6V0E1 
inhibited proliferation of BxPC-3 cells, and reduced cell numbers were observed after 48 and 72 h. The mean ± SD of three independent experiments is shown. Paired 
t-test, *P < 0.05, **P < 0.01. (C) Flow cytometric analysis of live and apoptotic cells. The proportion of apoptotic cells was calculated by dividing the area under the 
set M1 line on the total graph area for each treatment group. The normalized proportions were then compared, and siATP6V0E1-transfected BxPC-3 cells had a 60.6% 
increase in apoptosis compared to control cells 48 h after transfection. Graph areas were measured in ImageJ software. (D) Cultures with siATP6V0E1-transfected 
BxPC-3 cells showed many individually scattered cells and formation of small cell clusters. 
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2.10. RT-qPCR validation of HCAR1 and ATP6V0E1 repression 

To validate the HCAR1 and ATP6V0E1 expression levels as measured 
by mRNA-Seq, we performed RT-qPCR on the same RNA samples that 
had been used for sequencing. The expression levels correlated well with 
the sequencing data and thus confirmed HCAR1 and ATP6V0E1 
repression in the miR-431-5p overexpressing cells (Fig. 9A,B). Over
expression of miR-431-5p repressed ATP6V0E1 expression by approxi
mately 60–70% compared to the approximately 50% repression 
of HCAR1. This can be explained by the different target site types and 
their interaction efficacies, as predicted by TargetScanHuman (Agarwal 
et al., 2015). ATP6V0E1 has one conserved 8mer site and a CWCS of 
− 0.61 compared to the two non-conserved 7mer-m8 sites in HCAR1
with a CWCS of − 0.40. Conserved sites are generally more effective than 
non-conserved sites because they tend to reside in locations with more 
favorable site contexts (Grimson et al., 2007). 

3. Discussion 

The lactate receptor HCAR1 is highly expressed in PDAC tumours, 
and its expression correlates with tumour growth and metastasis 
(Roland et al., 2014). We investigated whether HCAR1 could be a target 
of miRNA regulation. We identified miR-431-5p as a predicted regulator 
and confirmed its direct interaction with the 3′ UTR of HCAR1. 
Endogenous miR-431-5p expression was absent in BxPC-3 and Capan-2 
cells, while it was clearly present in PANC-1 cells. Conversely, BxPC-3 
and Capan-2 showed the highest expression of HCAR1, while it was 
considerably lower in PANC-1 cells. This suggests a possible negative 
correlation between miR-431-5p and HCAR1 expression, although a 
larger sample size would be required to confirm it. 

Overexpressing miR-431-5p in PDAC cells inhibited proliferation, 
including PANC-1 cells which showed endogenous miR-431-5p expres
sion. The most affected cell line, BxPC-3, showed reduced Akt phos
phorylation after 48 and 72 h. The activity of the PI3K–Akt pathway, 
which has a prominent role in controlling cell proliferation and survival, 
is frequently elevated in cancer (Fruman et al., 2017). It is found to be 
overactive in primary PDAC cultures and cell lines, including BxPC-3 
cells, by measuring p-Akt (Massihnia et al., 2017). The same study 
showed a negative correlation between p-Akt levels and survival. We 
found altered cell cycle progression and ongoing apoptosis in BxPC-3 
cells overexpressing miR-431-5p, consistent with the reduced levels of 
p-Akt. The variation in response to miR-431-5p overexpression may 
reflect the heterogeneity of the cell lines. For example, phenotypic traits 
and mutations in key genetic drivers of PDAC progression (KRAS, 
CDKN2A, TP53, and SMAD4) vary considerably between commonly 
used PDAC cell lines, including those used in our study (Deer et al., 
2010). In this context, it should be mentioned that while BxPC-3 cells 
contain wild-type KRAS, they also contain an in-frame deletion in BRAF, 
leading to a constitutively active KRAS effector pathway (Chen et al., 

2016). 
The results from our functional experiments were largely supported 

by the analysis of mRNA-Seq data from miR-431-5p overexpressing 
BxPC-3 cells, which in addition to HCAR1, revealed a large number of 
DEGs. The GO term enrichment analysis showed enrichment of GO 
terms describing processes of apoptosis and the cell cycle. The KEGG 
pathway enrichment analysis showed a substantial number of DEGs 
annotated to Pathways in cancer, and most of these signalling pathways 
have been extensively described with regards to PDAC progression 
(Bryant et al., 2014; Yuen and Díaz, 2014; Polireddy and Chen, 2016). 

Our findings suggest that miR-431-5p functions as a tumour sup
pressor in PDAC cells. This is in agreement with a study showing that 
miR-431-5p overexpression induces apoptosis in PDAC cells (Yang et al., 
2018), although it is unclear which PDAC cell line was used for over
expression. The same study showed reduced miR-431-5p expression in 
PDAC tissue and cell lines. Not much is known about the clinical rele
vance of miR-431-5p, but one study of miRNA expression in tissue 
samples from 225 patients diagnosed with pancreatic cancer (107 PDAC 
cases) revealed that miR-431-5p was a prognostic marker for overall 
survival, although only by one of two statistical methods (Schultz et al., 
2012). In hepatocellular carcinoma (HCC) tissue samples, miR-431-5p 
expression was reduced and correlated with poor prognostic features 
(Sun et al., 2015). miR-431-5p inhibited epithelial–mesenchymal tran
sition in HCC cells (Sun et al., 2015; Kong et al., 2018). Furthermore, 
miR-431-5p itself is downregulated by hsa_circ_0005075, a circulatory 
RNA found to be increased in HCC tissue and whose overexpression 
increases HCC cell proliferation, migration, and invasion (Li et al., 
2018). Another study found miR-431-5p expression to be reduced in the 
lung carcinoids of patients with lymph node metastasis (Rapa et al., 
2015). 

siRNA-mediated knockdown of HCAR1 did not affect cell viability. 
This was expected, as HCAR1 silencing affects PDAC cells exclusively in 
culture conditions where lactate is the only available energy substrate 
(Roland et al., 2014). It is therefore unlikely that HCAR1 repression 
alone contributes to the observed effects of miR-431-5p overexpression. 

The predicted gene targets of miR-431-5p by TargetScanHuman, 
combined with our mRNA-Seq data, identified ATP6V0E1 as a potential 
target. The direct interaction of miR-431-5p to the 3′ UTR of ATP6V0E1 
was confirmed. ATP6V0E1 encodes subunit e of the membrane-bound 
domain (V0) of V-ATPase, a proton pump that acidifies organelles 
along the endocytic pathway (Stransky et al., 2016). V-ATPase is often 
located in the plasma membrane of glycolytic cancer cells, where it 
maintains intracellular pH homeostasis and acidifies the tumour mi
croenvironment by pumping out excess protons (Damaghi et al., 2013). 
Cancer cells are particularly sensitive to V-ATPase inhibition, which 
leads to the induction of apoptosis (Nakashima et al., 2003; Morimura 
et al., 2008; von Schwarzenberg et al., 2013). We therefore examined 
the effect of ATP6V0E1 knockdown on BxPC-3 cells. 

To a large extent, knockdown of ATP6V0E1 mimicked the effect of 

Fig. 9. Validation of mRNA-Seq data for HCAR1 and ATP6V0E1 by RT-qPCR (A, B) RT-qPCR validated the results from the mRNA-Seq on the same RNA samples, 
showing reduced HCAR1 and ATP6V0E1 mRNA levels after transfection with miR-431-5p mimic. The mean ± SD of three independent experiments is shown with the 
negative control set to 1. 
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miR-431-5p overexpression on cell viability, but cell death occurred 
earlier. This deviation could be linked to the stronger repression 
of ATP6V0E1 by siRNA-mediated knockdown than by miRNA over
expression (approximately 90% vs. 60–70%, respectively). However, the 
underlying effects of a miRNA should be interpreted with caution, as a 
single miRNA can regulate several hundreds of different gene transcripts 
(Friedman et al., 2009). The biological function of a miRNA therefore 
depends on the interplay of the total number of genes it affects. It is 
possible that some of the target genes of miR-431-5p have opposing 
effects on cell viability until the anti-proliferative and apoptotic effects 
become dominant and irreversible. 

It is believed that the composition of subunit isoforms affects the 
activity and localization of V-ATPases (Stransky et al., 2016). However, 
little is known about subunit e of the V0 domain, and its function is 
unclear, as removal of the subunit by detergent does not affect enzyme 
activity in vitro (Bueler and Rubinstein, 2015). As the authors discuss, 
this does not exclude its necessity for enzyme activity in vivo or possible 
involvement in enzyme assembly. Studies in yeast (Saccharomyces cer
evisiae) have shown that the loss of subunit e prevents vacuole acidifi
cation (Davis-Kaplan et al., 2004; Sambade and Kane, 2004), which is 
probably due to a lack of V0 domain assembly in the endoplasmic re
ticulum (Compton et al., 2006). We do not have evidence that a similar 
scenario occurs in the BxPC-3 cells, but it is plausible. Nonetheless, this 
is to our knowledge the first time a functional role has been reported for 
V-ATPase subunit e outside yeast. 

PDAC cell lines as a model for PDAC may have limitations by not 
adequately represent primary cells and the heterogeneity of the tumour 
microenvironment. Thus, care should be taken when extrapolating the 
findings to the situation in vivo. However, cell lines are easier to 
manipulate (e.g. transfections) and enables reproducible experiments on 
the same cellular background, which are valuable properties when 
studying novel regulatory mechanisms, such as miRNA-mediated 
repression. Many studies on miRNA function, including ours, involve 
overexpressing the miRNA of interest with a mimic. A limitation to this 
approach is the supraphysiological levels reached, which could lead to 
excessive repression of target genes that would otherwise remain func
tional (Vidigal and Ventura, 2015). Nevertheless, identifying gene tar
gets can be difficult without overexpressing the miRNA in question. 
Also, the use of miRNA mimics can serve as a useful approach for 
identifying miRNAs that have therapeutic potential (Setten et al., 2019). 
The expression of HCAR1 and ATP6V0E1 was only studied at the mRNA 
level, since we did not have access to specific antibodies of good quality. 

In summary, we demonstrate that the lactate receptor HCAR1 is a 
target of miR-431-5p, and that their expression levels seem to be 
negatively related in the PDAC cell lines BxPC-3, Capan-2, and PANC-1. 
Overexpressing miR-431-5p inhibits proliferation in all the cell lines and 
induces apoptosis in BxPC-3 cells. The effects of miR-431-5p over
expression is likely to be a result of many affected genes involved in 
cancer-related processes and signalling pathways, as revealed by mRNA- 
Seq. One of the most significantly repressed genes was ATP6V0E1, 
encoding subunit e of V-ATPase, and knockdown of ATP6V0E1 
mimicked the effect of miR-431-5p overexpression on cell viability in 
BxPC-3 cells. We therefore believe that ATP6V0E1 repression is a key 
contributor to the effects of miR-431-5p overexpression, although the 
underlying mechanism remains to be elucidated. It would also be of 
interest to further elucidate the clinical relevance of miR-431-5p in 
patients with PDAC, which would substantiate our findings of this 
miRNA as a tumour suppressor and a potential biomarker and/or ther
apeutic tool. 

4. Materials and methods 

4.1. Cell culture 

BxPC-3 (ATCC® CRL1687™) and HEK-293T (ATCC® CRL-3216™) 
cells were purchased from ATCC. Capan-2 (ATCC® HTB-80™) and 

PANC-1 (ATCC® CRL-1469™) cells were kindly provided by Dr. Manoj 
Amrutkar and Dr. Hans-Christian Åsheim (University of Oslo, Norway). 
BxPC-3 cells were cultured in GlutaMAX-supplemented RPMI 1640 
medium (Gibco), whereas Capan-2, PANC-1, and HEK-293T cells were 
cultured in L-glutamine-containing DMEM (Sigma-Aldrich). Complete 
growth medium was supplemented with 10% fetal bovine serum and 
Antibiotic-Antimycotic (Gibco) (100 U/ml penicillin, 100 μg/ml strep
tomycin, 0.25 μg/ml amphotericin B). The cells were kept in a humid
ified culture chamber with 5% CO2 atmosphere at 37 ◦C. The growth 
medium was changed 2–3 times per week, and the cells were sub
cultured by trypsinization before reaching complete confluence. All 
experiments were performed within passage 15 after thawing of the 
original stock. 

4.2. miRNA target prediction 

TargetScanHuman (v7.2) was used to search for potential miRNAs 
that could be targeting HCAR1 transcripts. TargetScan considers site 
type and 14 additional features to predict the most effectively targeted 
mRNAs (Agarwal et al., 2015). 

4.3. Transfection 

Cells were reverse-transfected with Lipofectamine RNAiMAX (Invi
trogen) and 10 nM miRNA mimic or 5 nM small interfering RNA 
(siRNA), depending on the experiment. An equal concentration of All
Stars Negative Control siRNA was used as a negative control (QIAGEN), 
which is QIAGEN’s validated negative control for siRNA and miRNA 
mimic experiments. hsa-miR-431-5p mimic (C-300729-03-0005) was 
purchased from Dharmacon, and TriFECTa DsiRNA Kit for ATP6V0E1 
(hs.Ri.ATP6V0E1.13) and HCAR1 (hs.Ri.HCAR1.13) were purchased 
from Integrated DNA Technologies. 2 μl lipofectamine was used per final 
volume of 1.1 ml growth medium in a 12-well plate format and was 
scaled up or down based on the well size used for an experiment. At the 
start of transfection, the Antibiotic-Antimycotic was removed and the 
fetal bovine serum was reduced to 5%. The cells were cultured in 
complete growth medium from the following day. 

4.4. RNA isolation 

Transfected cells were harvested by trypsinization and centrifuga
tion. Total RNA was isolated with RNeasy Mini Kit (QIAGEN), and 
miRNA was isolated with mirPremier microRNA Isolation Kit (Sigma- 
Aldrich), according to the manufacturers’ instructions. Isolated RNA 
was DNase-treated with TURBO DNA-free kit (Invitrogen) to remove any 
residual genomic DNA. Concentration and purity were assessed with a 
NanoDrop ND-1000 spectrophotometer (Thermo Scientific). 

4.5. cDNA synthesis and qPCR 

Total RNA (400 ng) was used as input per 20 μl cDNA reaction 
mixture with Reverse Transcriptase Core Kit (Eurogentec). cDNA (50 ng) 
was then used as template for qPCR with Takyon Low ROX Probe 
MasterMix dTTP Blue (Eurogentec). The qPCR thermal profile consisted 
of an activation step at 95 ◦C for 3 min, followed by 40 cycles of 
denaturation at 95 ◦C for 10 sec, and annealing/extension at 60 ◦C for 1 
min. 

Isolated miRNA (10 ng) was used as input for cDNA synthesis with 
TaqMan™ Advanced miRNA cDNA Synthesis Kit (Applied Biosystems) 
according to the manufacturer’s instructions. Briefly, mature miRNAs 
were polyadenylated at the 3′ end and extended at the 5′ end by adaptor 
ligation. The modified miRNAs then underwent reverse transcription, 
followed by amplification to uniformly increase the cDNA for all the 
miRNAs. The final product was diluted 1:10, and 5 µl was used as 
template for qPCR with TaqMan™ Fast Advanced Master Mix (Applied 
Biosystems). The qPCR thermal profile consisted of an activation step at 
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95 ◦C for 20 sec, followed by 40 cycles of denaturation at 95 ◦C for 3 sec, 
and annealing/extension at 60 ◦C for 30 sec. 

Pre-designed TaqMan primer probes (Applied Biosystems) were used 
to analyze the expression of the genes and miRNAs of interest. TBP and 
hsa-miR-423-3p were used as reference genes for normalization. All 
reactions were run in triplicates together with no template controls on 
an AriaMx Real-Time PCR System (Agilent Technologies). The 
comparative threshold cycle (2-ΔΔCt) method was used to calculate the 
relative gene expression (Livak and Schmittgen, 2001), with the 
expression for the reference group set to 1. 

4.6. mRNA-Seq 

Total RNA from BxPC-3 cells transfected with hsa-miR-431-5p 
mimic, isolated from three independent experiments (biological tripli
cates), was sent to Novogene for mRNA-Seq and subsequent analysis. 
The procedures performed by Novogene are briefly described here. 
Possible RNA degradation was examined on a 1% agarose gel, and RNA 
integrity was assessed on an Agilent 2100 Bioanalyzer. Total RNA (1 µg) 
per sample was used as the starting material for RNA sample prepara
tions. Sequencing libraries were generated using NEB Next® Ultra™ 
RNA Library Prep Kit for Illumina® (NEB) according to the manufac
turer’s instructions. Briefly, mRNA was enriched using oligo(dT)25 
magnetic beads, fragmented, and converted to double-stranded cDNA. 
After sequencing adapter ligation, the cDNA was PCR-amplified, and 
index codes were added to attribute sequences to each sample. The PCR 
products were purified, and library quality, insert size, and concentra
tion were assessed on a Qubit 2.0 Fluorometer (Life Technologies), an 
Agilent 2100 Bioanalyzer, and by qPCR. Following cluster generation of 
index-coded samples, the library preparations were sequenced on an 
Illumina HiSeq platform, generating 150-bp paired-end reads. 

4.7. mRNA-Seq data analysis 

Raw reads were filtered by removing reads with adapter contami
nation, ambiguous bases, and low-quality reads. The clean reads were 
mapped to the human reference genome GRCh38.p3 using TopHat 
v2.0.12. The number of reads mapped to each gene in the reference 
genome were counted with HTSeq software using the union mode. The 
FPKM (fragments per kilobase of transcript per million fragments 
mapped) was calculated to normalize the read counts by taking into 
account the gene length and the sequencing depth (Trapnell et al., 
2010). An FPKM value of 1 was set as the threshold for determining 
whether the gene was expressed or not. Differentially expressed genes 
(DEGs) were calculated with the DESeq package in R, which uses a 
negative binomial distribution model. The resulting P-values were 
adjusted for false positives with the Benjamini-Hochberg method (Padj <

0.05) (Benjamini and Hochberg, 1995). Gene Ontology (GO) term 
enrichment analysis of DEGs was performed using GOseq software 
(Young et al., 2010), and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis of DEGs was performed with 
KOBAS software (Mao et al., 2005). 

4.8. Cell counting 

Cells (125 000 per well) were reverse-transfected in 12-well plates. 
After 24, 48, and 72 h, the cells were trypsinized and resuspended in 
equal volumes of growth medium before being counted by using a MOXI 
Z Mini Automated Cell Counter (ORFLO). 

4.9. Western blot 

Transfected cells were washed with ice-cold phosphate-buffered sa
line (PBS) and scraped in ice-cold radioimmunoprecipitation assay 
(RIPA) buffer containing Halt™ Protease and Phosphatase Inhibitor 
Cocktail (Thermo Scientific). The lysate was collected in pre-cooled 

Eppendorf tubes and mechanically homogenized by being passed 
repeatedly through a 29-gauge syringe (BD Micro-Fine). The lysate was 
then centrifuged at 16 000g in a 4 ◦C precooled centrifuge for 20 min, 
and the supernatant was transferred to new precooled microcentrifuge 
tubes. The protein concentration was determined with the Pierce™ BCA 
Protein Assay Kit (Thermo Scientific) according to the manufacturer’s 
protocol. Then, Laemmli buffer and 50 mM dithiothreitol (DTT) were 
added to the samples, and boiled for 5 min at 95 ◦C. 

Protein (30 µg) was separated on a polyacrylamide gel (4569033, 
Bio-Rad) and subsequently transferred to a 0.45-µm pore size nitrocel
lulose membrane with a Trans-Blot® Turbo™ Transfer System (Bio- 
Rad). The membrane was blocked with 5% milk in Tris-buffered saline 
with Tween 20 (TBST) at room temperature and incubated with primary 
antibody overnight at 4 ◦C. The primary antibodies used were: anti- 
phospho-Akt (Ser473) (4060, Cell Signaling, 1:2000), anti-Akt (4691, 
Cell Signaling, 1:2000), anti-Cdc42 (cell division cycle 42) (MAB3707, 
Chemicon, 1:1000), anti-PARP1 [poly(ADP-ribose) polymerase 1] 
(ab32138, Abcam, 1:1000), anti-Survivin (ab76424, Abcam, 1:20 000) 
and anti-GAPDH (ab9484, Abcam, 1:10 000). The membrane was then 
washed 3 × 10 min in TBST, incubated with horseradish peroxidase 
(HRP)-conjugated species-specific secondary antibody (Amersham ECL 
Rabbit IgG (NA934) or Mouse IgG (NA931), GE Healthcare, 1:20 000) 
for 1 h at room temperature and washed 3 × 10 min again in TBST. 
Finally, the membrane was incubated for 5 min in the dark with ECL 
substrate (1705060, Bio-Rad), and images were acquired with a 
ChemiDoc™ Touch Imaging System (Bio-Rad). After probing the 
membrane with phospho-Akt antibody, the membrane was stripped and 
re-probed with total Akt antibody. 

4.10. Cell cycle analysis 

Cell cycle progression was assessed using NUCLEAR-ID® Green Cell 
Cycle Kit (Enzo Life Sciences). Cells treated with 50 ng/ml nocodazole 
for 24 h were used as a positive control. After 48 h, the transfected cells 
were harvested, and cell pellets were resuspended in a small volume of 
PBS. For fixation, 5 ml 70% ice cold ethanol (− 20 ◦C) was added 
dropwise to the cells with ongoing shaking to prevent clumping. The 
cells were then incubated at 4 ◦C for 30 min. Prior to DNA staining, the 
fixed cells were centrifuged, followed by removal of fixative, and 
washed with 1X assay buffer. After a final centrifugation and superna
tant removal, the cells were resuspended in freshly made 20 µM DNA 
Staining Solution and incubated in the dark at 37 ◦C for 30 min. The cells 
were analyzed in the FL1 (green) channel of a FACSCalibur flow cy
tometer (Becton Dickinson), and the data were analyzed with Flowing 
Software (flowingsoftware.btk.fi). 

4.11. Apoptosis assay 

Transfected cells were harvested for the apoptosis assay using Single 
Channel Annexin V/Dead Cell Apoptosis Kit (Invitrogen). Briefly, after 
centrifugation and supernatant removal, the cells were resuspended in 
100 µl 1X annexin binding buffer, to which 5 µl Alexa Fluor® 488 
annexin V and 1 μl 5 μM SYTOX® Green working solution were added. 
The cells were then incubated in the dark at 37 ◦C for 30 min, and 400 µl 
1X annexin binding buffer was added after incubation. The cells were 
analyzed in the FL1 (green) channel of a FACSCalibur flow cytometer, 
and the data were analyzed with ImageJ software. 

4.12. 3′ UTR dual-reporter assay 

Dual-reporter constructs for the three prime untranslated region (3′

UTR) of HCAR1 (HmiT127367-MT05) and ATP6V0E1 (HmiT127368- 
MT05) were obtained from GeneCopoeia. These are constructed from 
the pEZX-MT05 vector (CmiT000001-MT05), which encodes a secreted 
Gaussian Luciferase (GLuc) and a secreted Alkaline Phosphatase (SEAP), 
and contain the 3′ UTR sequence of either HCAR1 or ATP6V0E1 
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downstream of the GLuc gene. Binding of miRNA to the 3′ UTR of the 
chimeric GLuc mRNA will decrease the expression of secreted GLuc. The 
expression of SEAP is unaffected and serves as an internal control. 

HEK-293 T cells (1.25 × 105 cells per well in a 24-well format) were 
reverse-transfected with 10 nM miR-431-5p mimic or AllStars Negative 
Control siRNA (QIAGEN) using 1 ul Lipofectamine RNAiMAX reagent 
(Invitrogen). 24 h later, the cells were re-transfected with 500 ng dual- 
reporter construct using 1 ul Lipofectamine 3000 reagent and 1 ul P3000 
reagent (Invitrogen). The culture medium was replaced with complete 
growth medium the following day, and the cells were left in culture for 
48 h prior to collection of culture medium. The Secrete-Pair™ Dual 
Luminescence Assay Kit (GeneCopoeia) was used to prepare the 
collected samples for the measure of GLuc and SEAP activities, in 
accordance with the manufacturer’s instructions. Luminescence was 
measured in a white 96-well plate in a Cytation 3 microplate reader 
(BioTek). The GLuc activity was normalized to the SEAP activity to ac
count for variations in cell numbers. 

4.13. Statistical analysis 

Statistical analysis of functional experiments was performed using 
paired t-test in GraphPad Prism version 8.0. P < 0.05 was considered 
statistically significant. 

5. Data availability statement 

The datasets generated during and/or analysed during the current 
study are available in the 

European Nucleotide Archive (ENA) at EMBL-EBI under accession 
number PRJEB40486. 
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