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Abstract: Pancreatic cancer is an aggressive disease with poor prognosis. Only about 15–20% of
patients diagnosed with pancreatic cancer can undergo surgical resection, while the remaining 80%
are diagnosed with locally advanced or metastatic pancreatic ductal adenocarcinoma (PDAC). In
these cases, chemotherapy and radiotherapy only confer marginal survival benefit. Recent progress
has been made in understanding the pathobiology of pancreatic cancer, with a particular effort in
discovering new diagnostic and prognostic biomarkers, novel therapeutic targets, and biomarkers
that can predict response to chemo- and/or radiotherapy. Mitochondria have become a focus in
pancreatic cancer research due to their roles as powerhouses of the cell, important subcellular biosyn-
thetic factories, and crucial determinants of cell survival and response to chemotherapy. Changes
in the mitochondrial genome (mtDNA) have been implicated in chemoresistance and metastatic
progression in some cancer types. There is also growing evidence that changes in microRNAs that
regulate the expression of mtDNA-encoded mitochondrial proteins (mitomiRs) or nuclear-encoded
mitochondrial proteins (mitochondria-related miRs) could serve as diagnostic and prognostic cancer
biomarkers. This review discusses the current knowledge on the clinical significance of changes
of mtDNA, mitomiRs, and mitochondria-related miRs in pancreatic cancer and their potential role
as predictors of cancer risk, as diagnostic and prognostic biomarkers, and as molecular targets for
personalized cancer therapy.
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1. Introduction

Pancreatic cancer is one of the most aggressive types of malignancies. In the United
States, the 5-year survival rate for people diagnosed with localized pancreatic cancer is
39%. This percentage drops to 13% for patients diagnosed with regional cancer, i.e., cancer
that has spread to nearby structures or lymph nodes, and to 3% for people diagnosed
with cancer that has metastasized to distant tissues/organs [1]. Pancreatic cancer can
originate from two different types of cells: exocrine or endocrine cells [2]. The exocrine
compartment includes the acinar cells that synthesize and secrete digestive enzymes,
the cuboidal ductal cells that delineate smaller ducts, and the columnar ductal cells that
delineate large pancreatic ducts which guide the digestive enzymes to the duodenum [3].
The endocrine cells represent 1–2% of the pancreas and form the islets of Langerhans [4].
Pancreatic endocrine neoplasms are less common and have a better prognosis. Instead,
most pancreatic cancers are ductal adenocarcinomas (PDACs) [2,5]. PDACs are frequently
diagnosed at an advanced stage and have a poor prognosis because of several factors,
including nonspecific early symptoms, the intrinsic biological aggressiveness of PDAC,
and the lack of effective therapies and specific biological markers for early diagnosis and
risk prediction [6].
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Only 15–20% of patients diagnosed with PDAC are eligible for surgical resection, the
only potentially curative treatment for PDAC [6,7]. The remaining 80% of patients are
diagnosed with locally advanced or metastatic PDAC and are ineligible for surgery. In pa-
tients with borderline or primary locally advanced pancreatic cancer, neoadjuvant therapy,
including radiotherapy, chemotherapy, or radiochemotherapy, has gained importance in
the last years as a strategy to downsize the tumor and thus allow a secondary resection to
improve overall survival [8,9]. Pancreatic cancer is characterized by high heterogeneity and
the presence of a dense desmoplastic tumor stroma that reduces the elasticity of the tumor
tissue leading to an increase in tumor interstitial fluid pressure and consequent decrease in
the rate of perfusion of chemotherapeutic drugs [10]. These factors contribute to the high
chemo- and radiotherapy resistance of pancreatic cancer cells.

A number of clinical studies have demonstrated the improvement of PDAC patients’
survival when chemotherapy is administered both in the neoadjuvant and adjuvant setting
compared with no chemotherapy [11]. However, the determination of the individual molec-
ular profiles for personalized therapy has not been implemented yet in the clinical routine.

Recent studies have demonstrated an extensive reprogramming of cellular metabolism
in PDAC, which would support cancer progression and chemoresistance [12–14]. The two
pathways generating energy, glycolysis and mitochondrial respiration through oxidative
phosphorylation (OXPHOS), coexist in PDAC [14], and the prosurvival role of mitochondria
in pancreatic cancer stem cells has been demonstrated [15].

Mitochondria are cytoplasmic organelles acting as central players in regulating metab-
olism, apoptosis, calcium homeostasis, and cellular fate. Mitochondria possess their own
genome, the mitochondrial DNA (mtDNA), which resides in the mitochondrial matrix.
Each cell contains hundreds of mitochondria and thousands of mtDNA copies [16]. MtDNA
is a maternally inherited circular DNA encoding 22 transfer RNAs, 2 ribosomal RNAs,
and 13 proteins of the mitochondrial respiratory complexes and OXPHOS. In addition,
mtDNA contains a noncoding regulatory region, the displacement loop (D-loop), essential
for mtDNA replication and transcription and susceptible to mutations/alterations at high
frequency, particularly in the hypervariable regions (HVs) [17]. Being maternally inherited
without recombination events, mtDNA sequence variants can accumulate over time. A
population of individuals that share the same mtDNA variants define a mitochondrial
haplogroup, which can have a specific geographic location and is traceable through the
maternal lineage. For instance, haplogroups L, L1, and L2 were found in sub-Saharan
Africans; haplogroups T, U, V, W, and X were found in Europeans; and haplogroups H, I, J,
and K were found in North Americans of European descent [18,19].

Several types of mtDNA alterations have been described in cancer cells. Among them,
point mutations and alterations of the mtDNA content are the most common in cancer cells
and may support cancer progression and therapy resistance in certain cancers [20–23].

MicroRNAs (miRNAs or miRs) are small noncoding RNAs (approximately 22 nu-
cleotides) that regulate gene expression via mRNA degradation or translation inhibition
by specifically binding to the 3′ untranslated region (UTR) of their target mRNAs [24,25].
About 50% of miRNA genes are located in cancer-associated genomic regions or in frag-
ile sites, thus suggesting their role in cancer pathogenesis [24]. Indeed, miRNAs play
an important role in the initiation and progression of cancer and may act as oncogenic
miRNAs (also termed oncomiRs) if their upregulation results in inhibition of the target
tumor suppressor gene, or tumor suppressor miRNAs if their downregulation increases
the activity of a corresponding oncogene [26]. Notably, miRNAs profiles can differentiate
normal tissue from cancer and can predict prognosis or response to therapy in several can-
cer types [26]. For instance, unique miRNA expression profiles not only distinguish normal
B cells from malignant B cells in chronic lymphocytic leukemia but also are associated with
factors that predict the clinical progression of the disease [27]. Notably, aberrant miRNA
expression profiles have been described in several types of human cancers, suggesting
that miRNAs have great potential as new diagnostic and prognostic biomarkers in cancer



Int. J. Mol. Sci. 2021, 22, 9692 3 of 13

(reviewed in [28]). In addition, unique miRNA signatures can predict poor response to
cancer therapy [29].

Mitochondrial microRNAs (mitomiRs) are a specific set of miRNAs that tightly or-
chestrate mitochondrial activity [30] and have become an emerging field of study in cancer
research for their direct or indirect actions on mitochondria and their potential to predict re-
sponse to therapy [31]. For instance, mitomiR-2392 partially inhibits mtDNA transcription,
thereby downregulating ND4, COX1, and CYTB mRNA and protein levels and causing a
metabolic switch from OXPHOS to glycolysis in tongue squamous cell carcinoma (TSCC)
cells [32]. Intriguingly, low miR-2392 and high ND4, COX1, and CYTB levels correlated
with increased sensitivity to cisplatin chemotherapy in TSCC. In addition, low ND4, COX1,
and CYTB mRNA levels correlated with reduced overall survival not only in TSCC but
also in PDAC and other cancer types [32], suggesting that mitomiR levels may predict
chemosensitivity and prognosis.

This review summarizes and discusses the current knowledge on mtDNA and mito-
miR alterations in PDAC and their potential use as diagnostic or prognostic biomarkers and
as therapeutic targets. Finally, a section of this review highlights the current knowledge on
changes of mitochondria-related miRNAs, i.e., miRNAs that modulate the expression of
nuclear-encoded mitochondrial proteins, in PDAC.

2. mtDNA Alterations in PDAC: A Prognostic Marker?

A number of mtDNA alterations have been detected in human cancers. Among
them, point mutations and copy number variations are the two most common changes
in cancer [20–23]. Accumulation of mutations in mtDNA is about 10-fold greater than
that in the nuclear genome due to close vicinity to ROS-generating sites, an error-prone
replication, and a less efficient DNA repair system [20–23]. MtDNA encodes proteins of the
respiratory chain complexes; thus, any pathogenic mutation affecting these proteins may
potentially cause mitochondrial dysfunction and metabolic reprogramming, supporting
cancer cell plasticity [33]. Notably, He et al. [34] detected widespread heteroplasmic
mtDNA variants in normal human cells and a significant increase in homoplasmic and
heteroplasmic variants in colorectal cancer. Intriguingly, the variants found in colorectal
cancer were also detected in patients’ plasma, with important implications for cancer
biomarker development. However, in pancreatic cancer, there are still controversies about
the prevalence and significance of mtDNA changes in cancer development and progression
owing to the limited number of studies in this field.

2.1. Changes in mtDNA Content

The mtDNA content has been reported to change in cancer compared to normal cells in
a tissue- and tumor-specific manner. For instance, it is significantly reduced in breast cancer,
but it is increased in papillary thyroid carcinomas [35]. A study that used a multiplex
real-time PCR method for synchronized quantification of nuclear DNA and mtDNA in
43 resectable PDACs and 31 adjacent normal pancreatic tissue samples demonstrated that
the mtDNA copy number is significantly reduced in cancer compared to normal tissue [36].
Furthermore, there was an inverse correlation between mtDNA content and increased
malignancy as follows: mtDNA content in adjacent normal pancreatic tissue > low-grade >
intermediate grade > high-grade cancer. However, the decrease in mtDNA copy number
was not a significant prognostic marker for overall survival in resectable PDACs. Further
studies with larger cohorts are needed to unravel the potential clinical relevance of reduced
mtDNA content in PDAC patients.

2.2. mtDNA Haplogroups, Single-Nucleotide Polymorphisms (SNPs), and PDAC Risk

Specific haplogroups and SNPs have been reported to confer increased risk for certain
cancer types, though controversies exist about the reproducibility of these associations
(reviewed in [37]). In the context of PDAC, Navaglia et al. [38] analyzed the frequency of
mtDNA somatic mutations in the D-loop region of 99 cases of pancreatic cancer, 42 cases
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of chronic pancreatitis, 18 cases of tumors of the pancreatic biliary tract, and 87 healthy
controls. To discriminate between tumor-associated and germline mutations, mtDNA from
blood samples of the same patients was sequenced. Somatic mutations were detected in
3/99 pancreatic cancer patients. The T16519C SNP was associated with the presence of
diabetes mellitus, a comorbidity frequently found in pancreatic cancer patients, and with a
worse prognosis. This variant may alter the transcription of mtDNA-encoded genes, result-
ing in OXPHOS dysfunction. Overall, this study suggests that somatic mutations in the
D-loop region are rare in pancreatic cancer and cannot be considered a causative event. No-
tably, the T16519C SNP has been associated with an increased breast cancer risk [39]. Two
subsequent studies in larger cohorts of pancreatic cancer patients excluded the involvement
of the T16519C SNP in pancreatic cancer risk or prognosis [40,41]. Wang et al. [40] analyzed
24 mitochondrial SNPs in 955 primary PDACs from Caucasian patients and 1102 healthy
Caucasian controls. None of the SNPs was associated with pancreatic cancer. In addition,
evaluation of 10 core SNPs peculiar to the haplogroups H, I, J, K, T, U, V, W, and X (1719,
4580, 7028, 8251, 9055, 10,398, 12,308, 13,368, 13,708, and 16391) resulted in no significant
association with pancreatic cancer. A subsequent study in 990 pancreatic cancer patients
which genotyped 24 SNPs, including T16519C, confirmed the lack of association between
mitochondrial SNPs or haplogroups and patients’ survival [41]. In 2012, Lam et al. [42]
reported the sequences of the entire mtDNA in 286 pancreatic cancer cases and 283 controls
from a large population-based study of pancreatic cancer in the San Francisco Bay Area.
They found that five common variants were associated with pancreatic cancer, specifi-
cally ND2 mt5460g (complex I), COIII mt9698c (complex IV), mt1811g (16S), mt12307g
(tRNA), and mt150t (HV2). Furthermore, 19 haplogroup N/L-specific variants showed a
statistically significant association with pancreatic cancer. Of these, 13 occurred in regions
coding for complex I, III, IV, and V proteins, 2 in 12S rRNA, and 4 in HV or noncoding
regions. Among the 13 coding-region variants, 2 caused nonsynonymous substitutions:
K6N in CYTB, which likely belongs to a conserved sequence element, and L555Q in ND5, a
mutation predicted to be probably damaging. In contrast with previous studies, the results
reported by Lam et al. indicate that “aggregated common and rare variants” together with
singleton variants (i.e., variants peculiar to a single patient) contribute to pancreatic cancer
risk. Of note, this study included only a small sample size of patients of African and Asian
ancestry, and thus it may not reflect pancreatic cancer risk for these specific ancestries.

2.3. mtDNA Mutations Accumulate in PDAC Metastases

A recent study used patient-derived cell lines to correlate mtDNA genotype to the
phenotype in pancreatic cancer [43]. The authors sequenced the mtDNA and ~1000 nuclear
genes encoding mitochondrial proteins and metabolic enzymes, and they identified 24 so-
matic mutations in the mtDNA and 18 mutations in the nuclear DNA of 12 patient-derived
pancreatic cancer cell lines. Analysis of metabolic function in the context of these somatic
mutations showed metabolic changes consistent with mitochondrial dysfunction (i.e., de-
creased oxygen consumption and increased glycolysis). Notably, the majority of somatic
mtDNA mutations were found in subunits of complex I (ND1, ND2, ND4, ND5, ND6) and
in noncoding regulatory regions. In addition, a few mutations occurred in COX1 (complex
IV) and in CYTB (complex III). The authors proposed a model whereby pancreatic cancer
cells reduce OXPHOS by positively selecting a number of somatic mitochondrial mutations,
thus driving reductive glutamine metabolism, which, in turn, would provide biosynthetic
building blocks to support cell proliferation. Of note, a recent analysis in primary PDAC
cells demonstrated that a significant fraction (approximately 30%; 7/21 cases) of PDACs can
be defined as “high OXPHOS” [44] and are characterized by enriched activity of complex I.
From a translational point of view, these findings imply that a thorough characterization of
the metabolic features of each PDAC may allow stratification of patients according to their
metabolic profile and identify patients most likely to respond to mitochondrial respiration
or glycolysis targeting. In this context, Masoud et al. [44] tested the complex I inhibitor



Int. J. Mol. Sci. 2021, 22, 9692 5 of 13

phenformin on “high OXPHOS” PDAC cells and showed that phenformin cooperates with
gemcitabine to eradicate “high OXPHOS” PDAC cancer cells.

A large-scale analysis of the mtDNA in 268 early-stage resected PDACs and paired
nontumor tissues identified 304 mitochondrial somatic mutations, with at least one mu-
tation in 61% of the patients [45]. The greatest proportion of mutations occurred in the
noncoding control region (60/304). Frequently mutated were ND5, 12S rRNA, and COX1.
In addition, 29 mutations in tRNAs were detected. Intriguingly, by analyzing mtDNA
mutations in the primary tumors and metastases from six patients, the authors found that
metastases have a higher number of mutations, suggesting that metastatic progression of
PDAC may involve the accumulation of mtDNA mutations. This finding is in agreement
with previous studies in other cancer types showing that mtDNA mutations or depletion
may promote metastatic spreading [15,16,37].

Taken together, these studies indicate that certain mtDNA haplogroup variants may
predispose to pancreatic cancer and that, similarly to other cancer types, accumulation
of mtDNA mutations may support metastatic progression and, thus, may represent an
adverse prognostic factor. A summary of the main findings of these studies is presented in
Table 1.

Table 1. mtDNA changes in pancreatic cancer and clinical significance.

mtDNA Region
Analyzed Analysis Samples Findings and Clinical Correlations References

Whole mtDNA mtDNA content
43 resectable PDACs

and 31 adjacent normal
pancreatic tissues

mtDNA depletion detected in pancreatic
cancer.

mtDNA content inversely correlated with
tumor grade.

No correlation with patient survival.

[36]

D-loop Mutations

99 cases of pancreatic
cancer, 42 cases of

chronic pancreatitis,
18 cases of tumors of
the pancreatobiliary
tract, and 87 healthy

controls

3/99 pancreatic cancer patients displayed
mutations.

T16519C SNP correlated with diabetes
mellitus and worse prognosis.

[38]

D-loop
12S rRNA
16S rRNA

ND2
ND3
ND4
ND5
COI
COII
CYTB

ATPase6
tRNA

24 SNPs,
including
T16519C

955 primary pancreatic
adenocarcinomas from
Caucasian patients and
1102 healthy Caucasian

controls;
990 pancreatic cancer

patients

No association of the 24 SNPs with pancreatic
cancer risk or survival. [40,41]

Whole mtDNA Mutations 286 pancreatic cancer
cases and 283 controls

ND2 mt5460g (complex I), COIII mt9698c
(complex IV), mt1811g (16S), mt12307g

(tRNA), and mt150t (HV2) associated with
pancreatic cancer;

19 haplogroup N/L-specific variants showed
a statistically significant association with

pancreatic cancer.

[42]
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Table 1. Cont.

mtDNA Region
Analyzed Analysis Samples Findings and Clinical Correlations References

Whole mtDNA
+

~1000 nuclear genes
encoding

mitochondrial
proteins and

metabolic enzymes

Mutations
12 patient-derived

pancreatic cancer cell
lines

24 mtDNA somatic mutations and 18 nuclear
DNA mutations were identified.

Mutations were phenotypically associated
with mitochondrial dysfunction.

[43]

Whole-genome
sequencing Mutations

268 early-stage resected
PDACs and paired

nontumor tissues;for
6 patients, primary

tumor and
metastasesanalyzed

304 mtDNA somatic mutations, with at least
1 mutation in 61% of the patients.60/304

mutations in the noncoding region.
Metastases have a higher number of mtDNA
mutations and thus may represent an adverse

prognostic marker.

[45]

3. MitomiR and Mitochondria-Related miR Variations in PDAC: Diagnostic,
Prognostic, and Therapeutic Biomarkers

MicroRNAs (miRs) represent major epigenetic regulators, and their implications as
potential diagnostic, prognostic, and therapeutic biological markers in pancreatic cancer
have emerged in the last decade [46–48]. MitomiRs are a subset of microRNAs that
tightly control mitochondrial functions. In 2011, Bandiera et al. [49] found 13 microRNAs
enriched in the mitochondrial fraction of HeLa cells and termed them “mitomiRNAs”. In
2013, Ro et al. [50] identified an abundant population of small noncoding RNAs encoded
directly by the mtDNA that control mitochondrial gene expression. However, several
mitomiRs detected within mitochondria are transcribed in the nucleus and then imported
into the mitochondrial matrix to regulate the expression of mitochondrial genes (reviewed
in [51,52]). Nuclear-encoded mitomiRs and mitochondria-related miRs modulating the
expression of mitochondria-localized proteins are a new major focus in the cancer field and
are discussed here in the context of PDAC.

3.1. MitomiRs in PDAC

In pancreatic cancer, changes in the tissue levels of certain mitomiRs have been
associated with chemoresistance and worse prognosis. miR-181c, a miRNA encoded by the
nuclear genome, can suppress the expression of the mtDNA-encoded protein COX1 [52],
thus affecting mitochondrial respiration. In pancreatic cancer, miR-181-c is significantly
upregulated, correlates with a worse prognosis, and represses the Hippo pathway by
directly repressing LATS2, MOB1, MST1, and SAV1, promoting pancreatic cancer cell
survival and chemoresistance [53]. Though the authors did not analyze the mitochondrial
functionality, it is likely that the prosurvival effect of high miR-181c levels may be in part
mediated by miR-181c action on COX1.

Like miR-181c, miR-1 is another miRNA that can target both mtDNA- and nuclear
DNA-encoded genes. COX1 and ND1 are two mtDNA-encoded proteins targeted by miR-
1 [52]. Overexpression of miR-1 promotes translation of mitochondrial proteins, thereby
supporting muscle differentiation [54]. In cancer cells, miR-1 works as a tumor suppressor
and can target directly or indirectly a plethora of proteins, including MMP-2, MMP-9,
and the antiapoptotic protein BCL2, which is considered one of the main targets of the
tumor-suppressive action of miR-1 (reviewed in [55]). Thus, miR-1 acts both as mitomiR by
targeting COX1 and ND1 and as mitochondria-related miR by targeting BCL2. Notably,
forced expression of miR-1 suppresses the tumorigenic potential of cancer stem cells [56].
A study performed in 43 PDAC tissues and paired serum samples showed a significant
downregulation of miR-1 in cancer tissue and sera of PDAC patients [57]. In addition, low
miR-1 levels were associated with poor survival [57]. These preliminary results suggest
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that miR-1 could represent a novel PDAC diagnostic and prognostic marker. However,
additional studies with larger patient cohorts are needed to confirm these findings.

miR-21 is one of the top miRNAs differentially expressed in PDAC vs. normal pan-
creas or chronic pancreatitis [58–60]. It promotes CYTB translation within mitochondria [61]
and may target several nuclear-encoded genes, including the tumor suppressor PTEN [62]
and RECK, a glycoprotein that negatively regulates matrix metalloproteinases, thus sup-
pressing cancer invasion and metastasis [63]. miR-21 is deregulated in a number of solid
tumors, including breast, papillary thyroid, colon, prostate, lung, cervical, head and neck,
esophageal, and gastric cancers, as well as in hematological malignancies [64]. Ectopic
expression of a miR-21 inhibitor in PDAC cells inhibits cancer cell proliferation, invasion,
and metastasis [65,66] and promotes apoptosis and sensitivity to gemcitabine [66,67]. In
the clinical setting, miR-21 was found to be overexpressed in PDAC [58], and its high levels
were correlated with shorter patient survival both in metastatic and adjuvant settings [68],
suggesting that it may represent a promising prognostic and therapeutic target for PDAC
management. In addition, a recent study found elevated levels of miR-21 in the exosomes
from the peripheral blood of PDAC patients [69], suggesting that miR-21 may also be
candidate as an early diagnostic biomarker for PDAC.

A summary of the mitomiRs analyzed in pancreatic cancer and their potential clinical
impact is reported in Table 2.

Table 2. MitomiR and mitochondria-related miR changes in pancreatic cancer and their clinical significance.

MitomiR/
Mitochondria-

Related
miR *

Targeted
Mitochon-

drial
Protein

Samples Findings and Clinical Potential References

miR-181c COX1
124 pancreatic cancer samples and 10 noncancerous

pancreatic tissues.
PANC-1 and BxPC3 pancreatic cancer cell lines.

High miR-181c levels in pancreatic
cancer samples.

Elevated miR-181c predicted poor
patient overall survival.

Potential therapeutic target and
prognostic marker.

[52,53]

miR-1 ** COX1, ND1,
BCL2 43 PDAC tissues and paired serum samples

Low miR-1 levels associated with poor
survival of PDAC patients.

May represent a novel PDAC
diagnostic and prognostic marker.

[52,57]

miR-21 CYTB

65 PDACs and matched benign adjacent pancreatic
tissue + 42 chronic pancreatitis tissues.

81 PDAC patients and normal ductal samples +
7 PDAC cell lines, 7 primary cultures, fibroblasts, and

a normal pancreatic ductal cell line.
Peripheral blood plasma of 36 patients with

pancreatic cancer and 65 healthy controls.
Serum and salivary samples from 24 patients with

PDAC and 10 healthy controls.
14 cancer cell lines, primary cultures of normal

pancreatic epithelial cells and fibroblasts, a human
normal pancreatic ductal epithelial cell line +

25 pancreatic cancer tissue samples and 25 pancreatic
normal tissues.

7 pancreatic cancer lines and 1 normal pancreatic
ductal precursor cell line.

High levels of miR-21 in PDAC.
High levels in the exosomes isolated

from peripheral blood of PDAC
patients.Elevated miR-21 levels
correlate with shorter patients’

survival, both in the metastatic and
adjuvant setting.

Ectopic expression of a miR-21
inhibitor in PDAC cells inhibits cancer

cell proliferation, invasion, and
metastasis and promotes apoptosis and

sensitivity to gemcitabine.May
represent a therapeutic target, a

diagnostic biomarker, and an adverse
prognostic marker.

[58–61,65–70]

miR-31 BCL2

PDAC cell lines MIA-PaCa-2, PANC-1, BxPC-3,
SU.86.86, and AsPC-1

and gemcitabine-resistant PANC-1 (PANC-1-GR) and
MIA-PaCa-2 (MIA-PaCa-2-GR).

PDAC cell lines resistant to
gemcitabine and p53-mutated show

decreased miR-31 levels.
miR-31 suppression may promote

PDAC chemoresistance by
upregulating BCL2, an antiapoptotic

protein.

[71]
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Table 2. Cont.

MitomiR/
Mitochondria-

Related
miR *

Targeted
Mitochon-

drial
Protein

Samples Findings and Clinical Potential References

miR-345 BCL2

28 pancreatic cancers, 6 normal pancreas and
15 adjacent benign tissues + the pancreatic cancer cell
lines Panc-1, HS766T, MIA PaCa-2, HPAF-II, BxPC-3,

Mpanc-96, PL45, Panc03.27, and Panc10.05.
Human pancreatic cancer cell lines (MiaPaCa, Panc1,

Colo-357, HPAF, ASPC-1, Panc10.05, Panc02.03,
Panc03.27, BXPC3, CFPAC, CAPAN1, and SW1990)

+ normal immortalized pancreatic cell line
hTERT-HPNE and its progressively malignant

derivatives + normal (n = 7) and cancerous (n = 21)
pancreatic tissues.

miR-345 is downregulated in PDAC
(fold change: −14.5).

miR-345 loss correlates with PDAC
progression.

Forced expression of miR-345 induces
apoptosis in PDAC cell lines.

miR-345 loss may represent a negative
prognostic biomarker.miR-345

restoration could be exploited in
PDAC therapy.

[72,73]

miR-34a BCL2

159 patients with PDAC tumors (serum + tissue),
82 patients with benign pancreatic lesions (serum +

tissue), and 44 age- and gender-matched healthy
subjects (serum).

Serum and salivary samples from 24 patients with
PDAC and 10 healthy controls.

PDAC tissue from 48 patients.PDAC tissues from
90 patients with or without gemcitabine treatment

after resection of pancreatic cancer + two
gemcitabine-resistant pancreatic cancer cell lines.

10 PDAC specimens + MiaPaCa2, BxPC3, and Panc1
pancreatic cancer cells lines + PDAC MiaPaCa2

xenografts.
PDAC mouse model of pancreatic-specific deletion of
miR-34a (KrasG12D; Mir34a∆/∆) and control mice

(KrasG12D).
p53-mutant human pancreatic cancer cell lines

MiaPaCa2 and BxPC3.

Loss of miR-34a in PDAC patients
correlates with reduced survival.

In gemcitabine-treated PDAC patients,
overall survival time was significantly
dependent on both miR-34a expression

and lymph nodes status; in the
non-gemcitabine group, miR-34a
expression was an independent

prognostic marker for pancreatic
cancer patients with a relative risk of

2.920.
In a PDAC mouse model of

pancreatic-specific deletion of miR-34a
(KrasG12D; Mir34a∆/∆) preneoplastic

lesions and PDAC developed earlier
than in KrasG12D control mice.

miR-34a restoration in PDAC cell lines
reduces the number of cancer stem

cells, tumorsphere formation in vitro,
and tumor development in vivo.
miR-34a serum levels have been
proposed as PDAC diagnostic

biomarkers.

[70,74–80]

miR-491-5p Bcl-XL
Human PDAC cell lines SW1990,

MiaPaCa-2, Capan-1, and AsPC-1 + 1 normal
pancreas

Overexpression of miR-491-5p in
pancreatic cancer cells reduced Bcl-XL
and TP53 protein levels and activated
the intrinsic mitochondrial apoptotic

pathway.

[81]

miR-125a Mfn2
Parental and gemcitabine-resistant SW1990GZ

pancreatic cancer cells.
PANC-1 pancreatic cancer cell line.

miR-125a levels are elevated in
chemoresistant SW1990GZ cells. In
PANC-1 cells, miR-125a activated
mitochondrial fission by targeting

Mfn2, thereby triggering
mitochondria-mediated apoptosis and

impairing cancer cell invasion.

[82,83]

* “Mitochondria-related miR” refers to a miR that modulates the expression of a nuclear-encoded mitochondrial protein. ** miR-1 acts both
as mitomiR by targeting COX1 and ND1 and as mitochondria-related miR by targeting BCL2.

3.2. Mitochondria-Related miRs in PDAC

Besides mitomiRs that directly control the mitochondrial functionality by modulating
the expression of mtDNA-encoded proteins, a number of miRs can affect the mitochondrial
activity by targeting nuclear-encoded mitochondrial proteins (reviewed in [84]), thereby
modulating chemoresistance and cancer progression.

miR-31 has a plethora of targets and can function as tumor suppressor or as on-
comiRNA depending on the cancer type (reviewed in [85]). In PDAC cell lines resistant to
gemcitabine and p53-mutated, miR-31 is downregulated, and its suppression correlates
with overexpression of the antiapoptotic, outer mitochondrial membrane protein BCL2 [71],
indicating that miR-21 may modulate PDAC chemoresistance through BCL2.
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Intriguingly, BCL2 is also the target of miR-345 [73] and miR-34a [77], two of the
most significantly downregulated miRNAs in pancreatic cancer [58,70,74–76,86]. Forced
expression of miR-345 in PDAC cell lines induced apoptosis, accompanied by upregulation
of BCL2, loss of mitochondrial membrane potential, activation of caspase 3/7, and PARP-1
cleavage [76], suggesting that miR-345 restoration could be exploited for PDAC therapy.
In addition, miR-345 downregulation was correlated with PDAC progression [73]; thus, it
may represent a prognostic biomarker for pancreatic cancer.

miR-34a, another miRNA having BCL2 as a direct target [77], is silenced through
epigenetic mechanisms in many cancers, including PDAC [87]. Notably, loss of miR-
34a in PDAC patients correlates with poor prognosis, and miR-34a serum levels have
been proposed as PDAC diagnostic biomarkers [70,74–76]. Preclinical studies support
the therapeutic potential of miR-34a in combination therapy: in mice bearing PDAC tu-
mors, amphiphilic nanocarrier delivery of miR-34a mimics, together with PLK1 siRNA,
ameliorated the therapeutic response [78]. Furthermore, a mouse model of pancreatic
conditional deletion of miR-34a (KrasG12D; Mir34a∆/∆) revealed the presence of preneo-
plastic lesions and PDAC development earlier than in KrasG12D control mice [79]. This
protumorigenic effect was accompanied by an early increase in normal pancreatic acinar
cells of TNF-α and interleukin-6, two proinflammatory cytokines, and by recruitment of
immune cells in the microenvironment [79]. In addition, miR-34a restoration in pancreatic
cancer cell lines reduced the number of cancer stem cells, tumorsphere formation in vitro,
and tumor development in vivo [80], further confirming that miR-34a represents a PDAC
tumor suppressor.

A study performed in human pancreatic cell lines demonstrated that miR-491-5p
targets Bcl-XL, an antiapoptotic protein of the BCL2 family [88] localized to the outer
mitochondrial membrane where it binds BAX, thereby inhibiting BAX-induced outer mem-
brane permeabilization [88]. Notably, Bcl-XL is also present in the inner mitochondrial
cristae where it stabilizes the mitochondrial membrane potential, thus supporting mito-
chondrial energy balance during stress conditions [89]. Guo et al. [81] have shown that
overexpression of miR-491-5p in a pancreatic cancer cell line reduced Bcl-XL and TP53
protein levels. In addition, miR-491-5p expression activated the intrinsic mitochondrial
apoptotic pathway independently of TP53, suggesting a preponderant role of Bcl-XL in
miR491-5p-mediated apoptosis. To date, the in vivo relevance of this study is still not
available. Future studies aimed at characterizing miR-491-5p expression in PDAC tissues
and patients’ plasma/serum may shed light on the potential translational significance of
miR-491-5p levels in PDAC management.

Two recent studies performed in pancreatic cancer cell lines suggest that miR-125a
may represent a PDAC tumor suppressor miR [82,83]. Yao and colleagues [82] reported that
miR-125a levels are elevated in chemoresistant SW1990GZ pancreatic cancer cells compared
to parental SW1990 cells. In addition, while suppression of miR-125a in SW1990GZ
cells increased sensitivity to gemcitabine, its overexpression increased chemosensitivity
in SW1990 cells. In PANC-1 pancreatic cancer cells, miR-125a activated mitochondrial
fission by targeting mitofusin 2 (Mfn2)—a protein localized in the outer mitochondrial
membrane required for mitochondrial fusion—thereby triggering mitochondria-mediated
apoptosis and impairing cancer cell invasion [83]. miR-125a is downregulated in several
cancer types, including ovarian cancer [90], gastric cancer [90], and breast cancer [91].
However, as discussed above for miR-491-5p, the in vivo relevance and the potential value
of miR-125a as prognostic and/or diagnostic biomarker in PDAC remain to be determined.
Table 2 includes a summary of the main findings on the clinical significance of changes in
mitochondria-related miRs in PDAC.

4. Conclusions

PDAC is one of the most deadly cancer types, owing to difficulties in early diagnosis
and its intrinsic aggressive biology and chemoresistance. Cancer research on mitochondria
has gained momentum in recent years because of the pivotal role of mitochondria as
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mediators of apoptosis and chemoresistance. Several mitochondrial changes occur during
cancer development and progression: some of these modifications act directly at the level of
mtDNA, while others involve nucleus-encoded mitochondrial proteins and RNA. In PDAC,
specific mtDNA mutations or SNPs may increase cancer risk, and a high number of mtDNA
mutations may support an invasive phenotype. Notably, modifications in mitomiR and
mitochondria-related miR levels have been implicated in PDAC chemoresistance through
epigenetic changes in the expression levels of key mitochondrial antiapoptotic proteins.
Recent studies reported in this review indicate that certain mitomiRs and mitochondria-
related miRs could be further exploited as PDAC diagnostic or prognostic biomarkers and
as therapeutic targets, which could pave the way for development of effective personalized
treatments. Undoubtedly, more preclinical and clinical studies are needed to better define
the role of mitomiRs and mitochondria-related miRs in cancer and expedite the translation
into clinical practice.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
2. Warshaw, A.L.; Fernandez-del Castillo, C. Pancreatic carcinoma. N. Engl. J. Med. 1992, 326, 455–465. [CrossRef]
3. Puri, S.; Hebrok, M. Cellular plasticity within the pancreas–Lessons learned from development. Dev. Cell 2010, 18, 342–356.

[CrossRef] [PubMed]
4. Da Silva Xavier, G. The Cells of the Islets of Langerhans. J. Clin. Med. 2018, 7, 54. [CrossRef] [PubMed]
5. Binkley, C.E.; Zhang, L.; Greenson, J.K.; Giordano, T.J.; Kuick, R.; Misek, D.; Hanash, S.; Logsdon, C.D.; Simeone, D.M. The

molecular basis of pancreatic fibrosis: Common stromal gene expression in chronic pancreatitis and pancreatic adenocarcinoma.
Pancreas 2004, 29, 254–263. [CrossRef]

6. Kleeff, J.; Korc, M.; Apte, M.; La Vecchia, C.; Johnson, C.D.; Biankin, A.V.; Neale, R.E.; Tempero, M.; Tuveson, D.A.; Hruban, R.H.;
et al. Pancreatic cancer. Nat. Rev. Dis. Primers 2016, 2, 16022. [CrossRef]

7. Kandel, P.; Wallace, M.B.; Stauffer, J.; Bolan, C.; Raimondo, M.; Woodward, T.A.; Gomez, V.; Ritter, A.W.; Asbun, H.; Mody, K.
Survival of Patients with Oligometastatic Pancreatic Ductal Adenocarcinoma Treated with Combined Modality Treatment
Including Surgical Resection: A Pilot Study. J. Pancreat. Cancer 2018, 4, 88–94. [CrossRef]

8. Hackert, T.; Sachsenmaier, M.; Hinz, U.; Schneider, L.; Michalski, C.W.; Springfeld, C.; Strobel, O.; Jager, D.; Ulrich, A.;
Buchler, M.W. Locally Advanced Pancreatic Cancer: Neoadjuvant Therapy With Folfirinox Results in Resectability in 60% of the
Patients. Ann. Surg. 2016, 264, 457–463. [CrossRef]

9. Bittoni, A.; Santoni, M.; Lanese, A.; Pellei, C.; Andrikou, K.; Stefano, C. Neoadjuvant therapy in pancreatic cancer: An emerging
strategy. Gastroenterol. Res. Pract. 2014, 2014, 183852. [CrossRef]

10. Whatcott, C.J.; Posner, R.G.; Von Hoff, D.D.; Han, H. Desmoplasia and chemoresistance in pancreatic cancer. In Pancreatic Cancer
and Tumor Microenvironment; Grippo, P.J., Munshi, H.G., Eds.; Transworld Research Network: Trivandrum, India, 2012.

11. Oba, A.; Ho, F.; Bao, Q.R.; Al-Musawi, M.H.; Schulick, R.D.; Del Chiaro, M. Neoadjuvant Treatment in Pancreatic Cancer. Front.
Oncol. 2020, 10, 245. [CrossRef]

12. Biancur, D.E.; Kimmelman, A.C. The plasticity of pancreatic cancer metabolism in tumor progression and therapeutic resistance.
Biochim. Biophys. Acta Rev. Cancer 2018, 1870, 67–75. [CrossRef] [PubMed]

13. Halbrook, C.J.; Lyssiotis, C.A. Employing Metabolism to Improve the Diagnosis and Treatment of Pancreatic Cancer. Cancer Cell
2017, 31, 5–19. [CrossRef] [PubMed]

14. Vaziri-Gohar, A.; Zarei, M.; Brody, J.R.; Winter, J.M. Metabolic Dependencies in Pancreatic Cancer. Front. Oncol. 2018, 8, 617.
[CrossRef] [PubMed]

15. Sancho, P.; Burgos-Ramos, E.; Tavera, A.; Bou Kheir, T.; Jagust, P.; Schoenhals, M.; Barneda, D.; Sellers, K.; Campos-Olivas, R.;
Grana, O.; et al. MYC/PGC-1alpha Balance Determines the Metabolic Phenotype and Plasticity of Pancreatic Cancer Stem Cells.
Cell Metab. 2015, 22, 590–605. [CrossRef]

16. Wallace, D.C. A mitochondrial paradigm of metabolic and degenerative diseases, aging, and cancer: A dawn for evolutionary
medicine. Annu. Rev. Genet. 2005, 39, 359–407. [CrossRef]

17. Greenberg, B.D.; Newbold, J.E.; Sugino, A. Intraspecific nucleotide sequence variability surrounding the origin of replication in
human mitochondrial DNA. Gene 1983, 21, 33–49. [CrossRef]

18. Torroni, A.; Wallace, D.C. Mitochondrial DNA variation in human populations and implications for detection of mitochondrial
DNA mutations of pathological significance. J. Bioenerg. Biomembr. 1994, 26, 261–271. [CrossRef] [PubMed]

19. Torroni, A.; Huoponen, K.; Francalacci, P.; Petrozzi, M.; Morelli, L.; Scozzari, R.; Obinu, D.; Savontaus, M.L.; Wallace, D.C.
Classification of European mtDNAs from an analysis of three European populations. Genetics 1996, 144, 1835–1850. [CrossRef]

http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1056/NEJM199202133260706
http://doi.org/10.1016/j.devcel.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20230744
http://doi.org/10.3390/jcm7030054
http://www.ncbi.nlm.nih.gov/pubmed/29534517
http://doi.org/10.1097/00006676-200411000-00003
http://doi.org/10.1038/nrdp.2016.22
http://doi.org/10.1089/pancan.2018.0011
http://doi.org/10.1097/SLA.0000000000001850
http://doi.org/10.1155/2014/183852
http://doi.org/10.3389/fonc.2020.00245
http://doi.org/10.1016/j.bbcan.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29702208
http://doi.org/10.1016/j.ccell.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28073003
http://doi.org/10.3389/fonc.2018.00617
http://www.ncbi.nlm.nih.gov/pubmed/30631752
http://doi.org/10.1016/j.cmet.2015.08.015
http://doi.org/10.1146/annurev.genet.39.110304.095751
http://doi.org/10.1016/0378-1119(83)90145-2
http://doi.org/10.1007/BF00763098
http://www.ncbi.nlm.nih.gov/pubmed/7521328
http://doi.org/10.1093/genetics/144.4.1835


Int. J. Mol. Sci. 2021, 22, 9692 11 of 13

20. Guerra, F.; Arbini, A.A.; Moro, L. Mitochondria and cancer chemoresistance. Biochim. Biophys. Acta Bioenerg. 2017, 1858, 686–699.
[CrossRef]

21. Guerra, F.; Guaragnella, N.; Arbini, A.A.; Bucci, C.; Giannattasio, S.; Moro, L. Mitochondrial Dysfunction: A Novel Potential
Driver of Epithelial-to-Mesenchymal Transition in Cancer. Front. Oncol. 2017, 7, 295. [CrossRef]

22. Badrinath, N.; Yoo, S.Y. Mitochondria in cancer: In the aspects of tumorigenesis and targeted therapy. Carcinogenesis 2018, 39,
1419–1430. [CrossRef]

23. Reznik, E.; Miller, M.L.; Senbabaoglu, Y.; Riaz, N.; Sarungbam, J.; Tickoo, S.K.; Al-Ahmadie, H.A.; Lee, W.; Seshan, V.E.;
Hakimi, A.A.; et al. Mitochondrial DNA copy number variation across human cancers. Elife 2016, 5, e10769. [CrossRef]

24. Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.; Bullrich, F.; Negrini, M.;
et al. Human microRNA genes are frequently located at fragile sites and genomic regions involved in cancers. Proc. Natl. Acad.
Sci. USA 2004, 101, 2999–3004. [CrossRef]

25. Bhardwaj, A.; Singh, S.; Singh, A.P. MicroRNA-based Cancer Therapeutics: Big Hope from Small RNAs. Mol. Cell. Pharmacol.
2010, 2, 213–219. [CrossRef]

26. Iorio, M.V.; Croce, C.M. microRNA involvement in human cancer. Carcinogenesis 2012, 33, 1126–1133. [CrossRef]
27. Calin, G.A.; Ferracin, M.; Cimmino, A.; Di Leva, G.; Shimizu, M.; Wojcik, S.E.; Iorio, M.V.; Visone, R.; Sever, N.I.; Fabbri, M.; et al.

A MicroRNA signature associated with prognosis and progression in chronic lymphocytic leukemia. N. Engl. J. Med. 2005, 353,
1793–1801. [CrossRef]

28. Lan, H.; Lu, H.; Wang, X.; Jin, H. MicroRNAs as potential biomarkers in cancer: Opportunities and challenges. Biomed. Res. Int.
2015, 2015, 125094. [CrossRef]

29. Schetter, A.J.; Leung, S.Y.; Sohn, J.J.; Zanetti, K.A.; Bowman, E.D.; Yanaihara, N.; Yuen, S.T.; Chan, T.L.; Kwong, D.L.; Au, G.K.;
et al. MicroRNA expression profiles associated with prognosis and therapeutic outcome in colon adenocarcinoma. JAMA 2008,
299, 425–436. [CrossRef]

30. Li, P.; Jiao, J.; Gao, G.; Prabhakar, B.S. Control of mitochondrial activity by miRNAs. J. Cell. Biochem. 2012, 113, 1104–1110.
[CrossRef]

31. Ortega, M.A.; Fraile-Martinez, O.; Guijarro, L.G.; Casanova, C.; Coca, S.; Alvarez-Mon, M.; Bujan, J.; Garcia-Honduvilla, N.;
Asunsolo, A. The Regulatory Role of Mitochondrial MicroRNAs (MitomiRs) in Breast Cancer: Translational Implications Present
and Future. Cancers 2020, 12, 2443. [CrossRef]

32. Fan, S.; Tian, T.; Chen, W.; Lv, X.; Lei, X.; Zhang, H.; Sun, S.; Cai, L.; Pan, G.; He, L.; et al. Mitochondrial miRNA Determines
Chemoresistance by Reprogramming Metabolism and Regulating Mitochondrial Transcription. Cancer Res. 2019, 79, 1069–1084.
[CrossRef]

33. Jia, D.; Lu, M.; Jung, K.H.; Park, J.H.; Yu, L.; Onuchic, J.N.; Kaipparettu, B.A.; Levine, H. Elucidating cancer metabolic plasticity
by coupling gene regulation with metabolic pathways. Proc. Natl. Acad. Sci. USA 2019, 116, 3909–3918. [CrossRef] [PubMed]

34. He, Y.; Wu, J.; Dressman, D.C.; Iacobuzio-Donahue, C.; Markowitz, S.D.; Velculescu, V.E.; Diaz, L.A., Jr.; Kinzler, K.W.;
Vogelstein, B.; Papadopoulos, N. Heteroplasmic mitochondrial DNA mutations in normal and tumour cells. Nature 2010,
464, 610–614. [CrossRef] [PubMed]

35. Mambo, E.; Chatterjee, A.; Xing, M.; Tallini, G.; Haugen, B.R.; Yeung, S.C.; Sukumar, S.; Sidransky, D. Tumor-specific changes in
mtDNA content in human cancer. Int. J. Cancer 2005, 116, 920–924. [CrossRef]

36. Tuchalska-Czuron, J.; Lenart, J.; Augustyniak, J.; Durlik, M. Is mitochondrial DNA copy number a good prognostic marker in
resectable pancreatic cancer? Pancreatology 2019, 19, 73–79. [CrossRef]

37. Kopinski, P.K.; Singh, L.N.; Zhang, S.; Lott, M.T.; Wallace, D.C. Mitochondrial DNA variation and cancer. Nat. Rev. Cancer 2021,
21, 431–445. [CrossRef]

38. Navaglia, F.; Basso, D.; Fogar, P.; Sperti, C.; Greco, E.; Zambon, C.F.; Stranges, A.; Falda, A.; Pizzi, S.; Parenti, A.; et al.
Mitochondrial DNA D-loop in pancreatic cancer: Somatic mutations are epiphenomena while the germline 16519 T variant
worsens metabolism and outcome. Am. J. Clin. Pathol. 2006, 126, 593–601. [CrossRef]

39. Bai, R.K.; Leal, S.M.; Covarrubias, D.; Liu, A.; Wong, L.J. Mitochondrial genetic background modifies breast cancer risk. Cancer
Res. 2007, 67, 4687–4694. [CrossRef]

40. Wang, L.; Bamlet, W.R.; de Andrade, M.; Boardman, L.A.; Cunningham, J.M.; Thibodeau, S.N.; Petersen, G.M. Mitochondrial
genetic polymorphisms and pancreatic cancer risk. Cancer Epidemiol. Biomark. Prev. 2007, 16, 1455–1459. [CrossRef]

41. Halfdanarson, T.R.; Wang, L.; Bamlet, W.R.; de Andrade, M.; McWilliams, R.R.; Cunningham, J.M.; Petersen, G.M. Mitochondrial
genetic polymorphisms do not predict survival in patients with pancreatic cancer. Cancer Epidemiol. Biomark. Prev. 2008, 17,
2512–2513. [CrossRef]

42. Tranah, G.J.; Nalls, M.A.; Katzman, S.M.; Yokoyama, J.S.; Lam, E.T.; Zhao, Y.; Mooney, S.; Thomas, F.; Newman, A.B.; Liu, Y.; et al.
Mitochondrial DNA sequence variation associated with dementia and cognitive function in the elderly. J. Alzheimers Dis. 2012, 32,
357–372. [CrossRef]

43. Hardie, R.A.; van Dam, E.; Cowley, M.; Han, T.L.; Balaban, S.; Pajic, M.; Pinese, M.; Iconomou, M.; Shearer, R.F.; McKenna, J.; et al.
Mitochondrial mutations and metabolic adaptation in pancreatic cancer. Cancer Metab. 2017, 5, 2. [CrossRef] [PubMed]

44. Masoud, R.; Reyes-Castellanos, G.; Lac, S.; Garcia, J.; Dou, S.; Shintu, L.; Abdel Hadi, N.; Gicquel, T.; El Kaoutari, A.; Dieme, B.;
et al. Targeting Mitochondrial Complex I Overcomes Chemoresistance in High OXPHOS Pancreatic Cancer. Cell Rep. Med. 2020,
1, 100143. [CrossRef]

http://doi.org/10.1016/j.bbabio.2017.01.012
http://doi.org/10.3389/fonc.2017.00295
http://doi.org/10.1093/carcin/bgy148
http://doi.org/10.7554/eLife.10769
http://doi.org/10.1073/pnas.0307323101
http://doi.org/10.4255/mcpharmacol.10.27
http://doi.org/10.1093/carcin/bgs140
http://doi.org/10.1056/NEJMoa050995
http://doi.org/10.1155/2015/125094
http://doi.org/10.1001/jama.299.4.425
http://doi.org/10.1002/jcb.24004
http://doi.org/10.3390/cancers12092443
http://doi.org/10.1158/0008-5472.CAN-18-2505
http://doi.org/10.1073/pnas.1816391116
http://www.ncbi.nlm.nih.gov/pubmed/30733294
http://doi.org/10.1038/nature08802
http://www.ncbi.nlm.nih.gov/pubmed/20200521
http://doi.org/10.1002/ijc.21110
http://doi.org/10.1016/j.pan.2018.11.009
http://doi.org/10.1038/s41568-021-00358-w
http://doi.org/10.1309/GQFCCJMH5KHNVX73
http://doi.org/10.1158/0008-5472.CAN-06-3554
http://doi.org/10.1158/1055-9965.EPI-07-0119
http://doi.org/10.1158/1055-9965.EPI-08-0460
http://doi.org/10.3233/JAD-2012-120466
http://doi.org/10.1186/s40170-017-0164-1
http://www.ncbi.nlm.nih.gov/pubmed/28163917
http://doi.org/10.1016/j.xcrm.2020.100143


Int. J. Mol. Sci. 2021, 22, 9692 12 of 13

45. Hopkins, J.F.; Denroche, R.E.; Aguiar, J.A.; Notta, F.; Connor, A.A.; Wilson, J.M.; Stein, L.D.; Gallinger, S.; Boutros, P.C. Mutations
in Mitochondrial DNA From Pancreatic Ductal Adenocarcinomas Associate With Survival Times of Patients and Accumulate as
Tumors Progress. Gastroenterology 2018, 154, 1620–1624. [CrossRef]

46. Madurantakam Royam, M.; Ramesh, R.; Shanker, R.; Sabarimurugan, S.; Kumarasamy, C.; Ramesh, N.; Gothandam, K.M.; Baxi, S.;
Gupta, A.; Krishnan, S.; et al. miRNA Predictors of Pancreatic Cancer Chemotherapeutic Response: A Systematic Review and
Meta-Analysis. Cancers 2019, 11, 900. [CrossRef]

47. Fesler, A.; Ju, J. Development of microRNA-based therapy for pancreatic cancer. J. Pancreatol. 2019, 2, 147–151. [CrossRef]
48. Nguyen, L.; Schilling, D.; Dobiasch, S.; Raulefs, S.; Santiago Franco, M.; Buschmann, D.; Pfaffl, M.W.; Schmid, T.E.; Combs, S.E.

The Emerging Role of miRNAs for the Radiation Treatment of Pancreatic Cancer. Cancers 2020, 12, 3703. [CrossRef]
49. Bandiera, S.; Ruberg, S.; Girard, M.; Cagnard, N.; Hanein, S.; Chretien, D.; Munnich, A.; Lyonnet, S.; Henrion-Caude, A. Nuclear

outsourcing of RNA interference components to human mitochondria. PLoS ONE 2011, 6, e20746. [CrossRef]
50. Ro, S.; Ma, H.Y.; Park, C.; Ortogero, N.; Song, R.; Hennig, G.W.; Zheng, H.; Lin, Y.M.; Moro, L.; Hsieh, J.T.; et al. The mitochondrial

genome encodes abundant small noncoding RNAs. Cell Res. 2013, 23, 759–774. [CrossRef]
51. Kim, K.M.; Noh, J.H.; Abdelmohsen, K.; Gorospe, M. Mitochondrial noncoding RNA transport. BMB Rep. 2017, 50, 164–174.

[CrossRef]
52. Macgregor-Das, A.M.; Das, S. A microRNA’s journey to the center of the mitochondria. Am. J. Physiol. Heart Circ. Physiol. 2018,

315, H206–H215. [CrossRef] [PubMed]
53. Chen, M.; Wang, M.; Xu, S.; Guo, X.; Jiang, J. Upregulation of miR-181c contributes to chemoresistance in pancreatic cancer by

inactivating the Hippo signaling pathway. Oncotarget 2015, 6, 44466–44479. [CrossRef] [PubMed]
54. Zhang, X.; Zuo, X.; Yang, B.; Li, Z.; Xue, Y.; Zhou, Y.; Huang, J.; Zhao, X.; Zhou, J.; Yan, Y.; et al. MicroRNA directly enhances

mitochondrial translation during muscle differentiation. Cell 2014, 158, 607–619. [CrossRef] [PubMed]
55. Safa, A.; Bahroudi, Z.; Shoorei, H.; Majidpoor, J.; Abak, A.; Taheri, M.; Ghafouri-Fard, S. miR-1: A comprehensive review of its

role in normal development and diverse disorders. Biomed. Pharmacother. 2020, 132, 110903. [CrossRef] [PubMed]
56. Zhang, S.; Liu, C.; Zhang, X. Mitochondrial Damage Mediated by miR-1 Overexpression in Cancer Stem Cells. Mol. Ther. Nucleic

Acids 2019, 18, 938–953. [CrossRef] [PubMed]
57. Cheng, Q.; Han, L.H.; Zhao, H.J.; Li, H.; Li, J.B. Abnormal alterations of miR-1 and miR-214 are associated with clinicopathological

features and prognosis of patients with PDAC. Oncol. Lett. 2017, 14, 4605–4612. [CrossRef]
58. Bloomston, M.; Frankel, W.L.; Petrocca, F.; Volinia, S.; Alder, H.; Hagan, J.P.; Liu, C.G.; Bhatt, D.; Taccioli, C.; Croce, C.M.

MicroRNA expression patterns to differentiate pancreatic adenocarcinoma from normal pancreas and chronic pancreatitis. JAMA
2007, 297, 1901–1908. [CrossRef]

59. Szafranska, A.E.; Doleshal, M.; Edmunds, H.S.; Gordon, S.; Luttges, J.; Munding, J.B.; Barth, R.J., Jr.; Gutmann, E.J.; Suriawinata,
A.A.; Marc Pipas, J.; et al. Analysis of microRNAs in pancreatic fine-needle aspirates can classify benign and malignant tissues.
Clin. Chem. 2008, 54, 1716–1724. [CrossRef]

60. Mardin, W.A.; Mees, S.T. MicroRNAs: Novel diagnostic and therapeutic tools for pancreatic ductal adenocarcinoma? Ann. Surg.
Oncol. 2009, 16, 3183–3189. [CrossRef]

61. Li, H.; Zhang, X.; Wang, F.; Zhou, L.; Yin, Z.; Fan, J.; Nie, X.; Wang, P.; Fu, X.D.; Chen, C.; et al. MicroRNA-21 Lowers Blood
Pressure in Spontaneous Hypertensive Rats by Upregulating Mitochondrial Translation. Circulation 2016, 134, 734–751. [CrossRef]

62. Meng, F.; Henson, R.; Wehbe-Janek, H.; Ghoshal, K.; Jacob, S.T.; Patel, T. MicroRNA-21 regulates expression of the PTEN tumor
suppressor gene in human hepatocellular cancer. Gastroenterology 2007, 133, 647–658. [CrossRef]

63. Simizu, S.; Takagi, S.; Tamura, Y.; Osada, H. RECK-mediated suppression of tumor cell invasion is regulated by glycosylation in
human tumor cell lines. Cancer Res. 2005, 65, 7455–7461. [CrossRef]

64. Krichevsky, A.M.; Gabriely, G. miR-21: A small multi-faceted RNA. J. Cell. Mol. Med. 2009, 13, 39–53. [CrossRef] [PubMed]
65. Moriyama, T.; Ohuchida, K.; Mizumoto, K.; Yu, J.; Sato, N.; Nabae, T.; Takahata, S.; Toma, H.; Nagai, E.; Tanaka, M. MicroRNA-21

modulates biological functions of pancreatic cancer cells including their proliferation, invasion, and chemoresistance. Mol. Cancer
Ther. 2009, 8, 1067–1074. [CrossRef] [PubMed]

66. Sicard, F.; Gayral, M.; Lulka, H.; Buscail, L.; Cordelier, P. Targeting miR-21 for the therapy of pancreatic cancer. Mol. Ther. 2013, 21,
986–994. [CrossRef] [PubMed]

67. Park, J.K.; Lee, E.J.; Esau, C.; Schmittgen, T.D. Antisense inhibition of microRNA-21 or -221 arrests cell cycle, induces apoptosis,
and sensitizes the effects of gemcitabine in pancreatic adenocarcinoma. Pancreas 2009, 38, e190–e199. [CrossRef]

68. Giovannetti, E.; Funel, N.; Peters, G.J.; Del Chiaro, M.; Erozenci, L.A.; Vasile, E.; Leon, L.G.; Pollina, L.E.; Groen, A.; Falcone, A.;
et al. MicroRNA-21 in pancreatic cancer: Correlation with clinical outcome and pharmacologic aspects underlying its role in the
modulation of gemcitabine activity. Cancer Res. 2010, 70, 4528–4538. [CrossRef] [PubMed]

69. Pu, X.; Ding, G.; Wu, M.; Zhou, S.; Jia, S.; Cao, L. Elevated expression of exosomal microRNA-21 as a potential biomarker for
the early diagnosis of pancreatic cancer using a tethered cationic lipoplex nanoparticle biochip. Oncol. Lett. 2020, 19, 2062–2070.
[CrossRef] [PubMed]

70. Alemar, B.; Izetti, P.; Gregorio, C.; Macedo, G.S.; Castro, M.A.; Osvaldt, A.B.; Matte, U.; Ashton-Prolla, P. miRNA-21 and
miRNA-34a Are Potential Minimally Invasive Biomarkers for the Diagnosis of Pancreatic Ductal Adenocarcinoma. Pancreas 2016,
45, 84–92. [CrossRef]

http://doi.org/10.1053/j.gastro.2018.01.029
http://doi.org/10.3390/cancers11070900
http://doi.org/10.1097/JP9.0000000000000029
http://doi.org/10.3390/cancers12123703
http://doi.org/10.1371/journal.pone.0020746
http://doi.org/10.1038/cr.2013.37
http://doi.org/10.5483/BMBRep.2017.50.4.013
http://doi.org/10.1152/ajpheart.00714.2017
http://www.ncbi.nlm.nih.gov/pubmed/29570349
http://doi.org/10.18632/oncotarget.6298
http://www.ncbi.nlm.nih.gov/pubmed/26561204
http://doi.org/10.1016/j.cell.2014.05.047
http://www.ncbi.nlm.nih.gov/pubmed/25083871
http://doi.org/10.1016/j.biopha.2020.110903
http://www.ncbi.nlm.nih.gov/pubmed/33096351
http://doi.org/10.1016/j.omtn.2019.10.016
http://www.ncbi.nlm.nih.gov/pubmed/31765945
http://doi.org/10.3892/ol.2017.6819
http://doi.org/10.1001/jama.297.17.1901
http://doi.org/10.1373/clinchem.2008.109603
http://doi.org/10.1245/s10434-009-0623-1
http://doi.org/10.1161/CIRCULATIONAHA.116.023926
http://doi.org/10.1053/j.gastro.2007.05.022
http://doi.org/10.1158/0008-5472.CAN-04-4446
http://doi.org/10.1111/j.1582-4934.2008.00556.x
http://www.ncbi.nlm.nih.gov/pubmed/19175699
http://doi.org/10.1158/1535-7163.MCT-08-0592
http://www.ncbi.nlm.nih.gov/pubmed/19435867
http://doi.org/10.1038/mt.2013.35
http://www.ncbi.nlm.nih.gov/pubmed/23481326
http://doi.org/10.1097/MPA.0b013e3181ba82e1
http://doi.org/10.1158/0008-5472.CAN-09-4467
http://www.ncbi.nlm.nih.gov/pubmed/20460539
http://doi.org/10.3892/ol.2020.11302
http://www.ncbi.nlm.nih.gov/pubmed/32194703
http://doi.org/10.1097/MPA.0000000000000383


Int. J. Mol. Sci. 2021, 22, 9692 13 of 13

71. Dhayat, S.A.; Mardin, W.A.; Seggewiss, J.; Strose, A.J.; Matuszcak, C.; Hummel, R.; Senninger, N.; Mees, S.T.; Haier, J. MicroRNA
Profiling Implies New Markers of Gemcitabine Chemoresistance in Mutant p53 Pancreatic Ductal Adenocarcinoma. PLoS ONE
2015, 10, e0143755. [CrossRef]

72. Lee, E.J.; Gusev, Y.; Jiang, J.; Nuovo, G.J.; Lerner, M.R.; Frankel, W.L.; Morgan, D.L.; Postier, R.G.; Brackett, D.J.; Schmittgen, T.D.
Expression profiling identifies microRNA signature in pancreatic cancer. Int. J. Cancer 2007, 120, 1046–1054. [CrossRef]

73. Srivastava, S.K.; Bhardwaj, A.; Arora, S.; Tyagi, N.; Singh, S.; Andrews, J.; McClellan, S.; Wang, B.; Singh, A.P. MicroRNA-345
induces apoptosis in pancreatic cancer cells through potentiation of caspase-dependent and -independent pathways. Br. J. Cancer
2015, 113, 660–668. [CrossRef]

74. Long, L.M.; Zhan, J.K.; Wang, H.Q.; Li, S.; Chen, Y.Y.; Liu, Y.S. The Clinical Significance of miR-34a in Pancreatic Ductal Carcinoma
and Associated Molecular and Cellular Mechanisms. Pathobiology 2017, 84, 38–48. [CrossRef]

75. Jamieson, N.B.; Morran, D.C.; Morton, J.P.; Ali, A.; Dickson, E.J.; Carter, C.R.; Sansom, O.J.; Evans, T.R.; McKay, C.J.; Oien, K.A.
MicroRNA molecular profiles associated with diagnosis, clinicopathologic criteria, and overall survival in patients with resectable
pancreatic ductal adenocarcinoma. Clin. Cancer Res. 2012, 18, 534–545. [CrossRef]

76. Ohuchida, K.; Mizumoto, K.; Kayashima, T.; Fujita, H.; Moriyama, T.; Ohtsuka, T.; Ueda, J.; Nagai, E.; Hashizume, M.; Tanaka, M.
MicroRNA expression as a predictive marker for gemcitabine response after surgical resection of pancreatic cancer. Ann. Surg.
Oncol. 2011, 18, 2381–2387. [CrossRef]

77. Bommer, G.T.; Gerin, I.; Feng, Y.; Kaczorowski, A.J.; Kuick, R.; Love, R.E.; Zhai, Y.; Giordano, T.J.; Qin, Z.S.; Moore, B.B.; et al.
p53-mediated activation of miRNA34 candidate tumor-suppressor genes. Curr. Biol. 2007, 17, 1298–1307. [CrossRef]

78. Gibori, H.; Eliyahu, S.; Krivitsky, A.; Ben-Shushan, D.; Epshtein, Y.; Tiram, G.; Blau, R.; Ofek, P.; Lee, J.S.; Ruppin, E.; et al.
Amphiphilic nanocarrier-induced modulation of PLK1 and miR-34a leads to improved therapeutic response in pancreatic cancer.
Nat. Commun. 2018, 9, 16. [CrossRef]

79. Hidalgo-Sastre, A.; Lubeseder-Martellato, C.; Engleitner, T.; Steiger, K.; Zhong, S.; Desztics, J.; Ollinger, R.; Rad, R.; Schmid, R.M.;
Hermeking, H.; et al. Mir34a constrains pancreatic carcinogenesis. Sci. Rep. 2020, 10, 9654. [CrossRef]

80. Ji, Q.; Hao, X.; Zhang, M.; Tang, W.; Yang, M.; Li, L.; Xiang, D.; Desano, J.T.; Bommer, G.T.; Fan, D.; et al. MicroRNA miR-34
inhibits human pancreatic cancer tumor-initiating cells. PLoS ONE 2009, 4, e6816. [CrossRef]

81. Guo, R.; Wang, Y.; Shi, W.Y.; Liu, B.; Hou, S.Q.; Liu, L. MicroRNA miR-491-5p targeting both TP53 and Bcl-XL induces cell
apoptosis in SW1990 pancreatic cancer cells through mitochondria mediated pathway. Molecules 2012, 17, 14733–14747. [CrossRef]

82. Yao, J.; Li, Z.; Wang, X.; Xu, P.; Zhao, L.; Qian, J. MiR-125a regulates chemo-sensitivity to gemcitabine in human pancreatic cancer
cells through targeting A20. Acta Biochim. Biophys. Sin. 2016, 48, 202–208. [CrossRef]

83. Pan, L.; Zhou, L.; Yin, W.; Bai, J.; Liu, R. miR-125a induces apoptosis, metabolism disorder and migrationimpairment in pancreatic
cancer cells by targeting Mfn2-related mitochondrial fission. Int. J. Oncol. 2018, 53, 124–136. [CrossRef]

84. Duarte, F.V.; Palmeira, C.M.; Rolo, A.P. The Role of microRNAs in Mitochondria: Small Players Acting Wide. Genes 2014, 5,
865–886. [CrossRef]

85. Yu, T.; Ma, P.; Wu, D.; Shu, Y.; Gao, W. Functions and mechanisms of microRNA-31 in human cancers. Biomed. Pharmacother. 2018,
108, 1162–1169. [CrossRef]

86. Szafranska, A.E.; Davison, T.S.; John, J.; Cannon, T.; Sipos, B.; Maghnouj, A.; Labourier, E.; Hahn, S.A. MicroRNA expression
alterations are linked to tumorigenesis and non-neoplastic processes in pancreatic ductal adenocarcinoma. Oncogene 2007, 26,
4442–4452. [CrossRef]

87. Lodygin, D.; Tarasov, V.; Epanchintsev, A.; Berking, C.; Knyazeva, T.; Korner, H.; Knyazev, P.; Diebold, J.; Hermeking, H.
Inactivation of miR-34a by aberrant CpG methylation in multiple types of cancer. Cell Cycle 2008, 7, 2591–2600. [CrossRef]

88. Hardwick, J.M.; Youle, R.J. SnapShot: BCL-2 proteins. Cell 2009, 138, 404.e1–404.e2. [CrossRef]
89. Chen, Y.B.; Aon, M.A.; Hsu, Y.T.; Soane, L.; Teng, X.; McCaffery, J.M.; Cheng, W.C.; Qi, B.; Li, H.; Alavian, K.N.; et al. Bcl-xL

regulates mitochondrial energetics by stabilizing the inner membrane potential. J. Cell Biol. 2011, 195, 263–276. [CrossRef]
90. Nam, E.J.; Yoon, H.; Kim, S.W.; Kim, H.; Kim, Y.T.; Kim, J.H.; Kim, J.W.; Kim, S. MicroRNA expression profiles in serous ovarian

carcinoma. Clin. Cancer Res. 2008, 14, 2690–2695. [CrossRef]
91. Iorio, M.V.; Ferracin, M.; Liu, C.G.; Veronese, A.; Spizzo, R.; Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.; Campiglio, M.; et al.

MicroRNA gene expression deregulation in human breast cancer. Cancer Res. 2005, 65, 7065–7070. [CrossRef]

http://doi.org/10.1371/journal.pone.0143755
http://doi.org/10.1002/ijc.22394
http://doi.org/10.1038/bjc.2015.252
http://doi.org/10.1159/000447302
http://doi.org/10.1158/1078-0432.CCR-11-0679
http://doi.org/10.1245/s10434-011-1602-x
http://doi.org/10.1016/j.cub.2007.06.068
http://doi.org/10.1038/s41467-017-02283-9
http://doi.org/10.1038/s41598-020-66561-1
http://doi.org/10.1371/journal.pone.0006816
http://doi.org/10.3390/molecules171214733
http://doi.org/10.1093/abbs/gmv129
http://doi.org/10.3892/ijo.2018.4380
http://doi.org/10.3390/genes5040865
http://doi.org/10.1016/j.biopha.2018.09.132
http://doi.org/10.1038/sj.onc.1210228
http://doi.org/10.4161/cc.7.16.6533
http://doi.org/10.1016/j.cell.2009.07.003
http://doi.org/10.1083/jcb.201108059
http://doi.org/10.1158/1078-0432.CCR-07-1731
http://doi.org/10.1158/0008-5472.CAN-05-1783

	Introduction 
	mtDNA Alterations in PDAC: A Prognostic Marker? 
	Changes in mtDNA Content 
	mtDNA Haplogroups, Single-Nucleotide Polymorphisms (SNPs), and PDAC Risk 
	mtDNA Mutations Accumulate in PDAC Metastases 

	MitomiR and Mitochondria-Related miR Variations in PDAC: Diagnostic, Prognostic, and Therapeutic Biomarkers 
	MitomiRs in PDAC 
	Mitochondria-Related miRs in PDAC 

	Conclusions 
	References

