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In the recent issue of Experimental Neurology, a study by Leinders et al. investigated the role of microRNAs 

(miRNA) in chronic neuropathic pain (NP) (Leinders et al., 2016). Specifically, the potential biomarker utility 

and pro-nociceptive effects of miR-132-3p were assessed in patients with neuropathy (painful and non-painful) 

vs. healthy controls and in a spared nerve injury model in mice (SNI). Several notable results were derived 

from the miR-132-3p expression analysis conducted in patients vs. healthy controls, i.e. miR-132-3p was 

significantly up-regulated in the white blood cells (WBC) in chronic NP patients, perhaps signifying miRNA-

mediated neuro-immune mechanisms in pain generation (Soreq and Wolf, 2011). Moreover, a significant 

increase of miRNA-132-3p was found in sural nerve biopsies of neuropathy patients with pain versus patients 

without pain (n=81) and perhaps more eloquent, a significant positive correlation between miR-132-3p 

expression and pain levels was observed. In the context of the latter finding, the 1.2 fold-change observed in 

miR-132-3p expression is relatively modest, and as stated by the authors it is unclear to which extent < 2-fold-

changes of miRNA-expression have significant biological implications (Dalman et al., 2012). The data on 

miR-132-3p expression in a cohort of patients suffering from chronic NP constitutes a contribution to the 

highly sparse current knowledge regarding miRNAs as modulatory molecules and biomarkers of pain 

conditions (Andersen et al., 2014, Kynast et al., 2013) first explored by Orlova et al. (2011) in complex 

regional pain syndrome (CRPS). Interestingly, this first study in the field also found aberrant expression of 

circulatory miR-132 in the CRPS group, although it was not specified whether this was the “-3p” (sense) or “-

5p” (antisense) miRNA strand (Orlova et al., 2011). The study by Leinders et al. applied a much-revered back-

translational research approach in which a “bedside observation”, i.e. miRNA-132-3p expression data obtained 

from 111 patients suffering from neuropathy and 30 healthy controls were further explored in a preclinical 

model of neuropathic pain and hyperalgesia. In the SNI model miR-132-3p expression levels were found 

increased in the dorsal root ganglia and spinal cord of rats after injury and subsequent pharmacological 

modulation of miR-132-3p expression with miRNA antagonists applied intrathecally, dose-dependently 

reversed mechanical allodynia and eliminated pain behavior in a place escape avoidance paradigm. Moreover, 

intrathecal administration of miR-132-3p mimetic in naïve rats dose-dependently generated pain behavior. 

 

The need for novel and effective treatment options in neuropathic pain disorders 
It is well-established that NP conditions, caused by a disease or a lesion affecting the somatosensory nervous 

system, have a pronounced detrimental effect on quality-of-life and represents a substantial individual and 

societal economic burden (Attal et al., 2011, IASP, 2011, Langley et al., 2012). A large survey conducted in 

the French general population estimated the total point prevalence of chronic pain with neuropathic 

characteristics to be 6.9% [95% CI: 6.6–7.2] and found that ≈ 74% of these respondents experienced pain 

classified as “moderate-to-severe” (Bouhassira et al., 2008). Despite a large variety of etiologies of NP, it is 

now regarded as a distinct clinical entity wherein a common feature is the generally accepted notion that 

traditional analgesics are ineffective in providing pain amelioration (Baron et al., 2010, Finnerup et al., 2015). 

Several epidemiological studies have shown that a large fraction of patients with neuropathic pain currently 

receive suboptimal treatment (Dworkin et al., 2012, Martinez et al., 2014). Two of the primary reasons behind 

this inadequate treatment appear to be diagnostic accuracy and ineffective analgesic drugs for NP (Martinez et 
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al., 2014). For instance, a recent meta-analysis on pharmacotherapy for neuropathic pain found relatively high 

combined numbers needed to treat (NNT) for common first line drugs such as pregabalin (NNT = 7.7) and 

gabapentin (NNT = 7.2) (Finnerup et al., 2015). Hence, there is definite room for treatment optimization and 

forward-thinking research initiatives to improve patient outcomes.  

 

MicroRNAs and their role in nociceptive processing and clinical pain conditions 

MiRNAs are a class of gene regulating molecules exhibiting their functions post-transcriptionally by inhibiting 

the expression of target mRNAs. First discovered in humans in 2000 (Pasquinelli et al., 2000), they have since 

been shown to be essential to almost all known biological processes as well as numerous pathophysiological 

conditions (Kinet et al., 2013, Winter and Diederichs, 2011), including chronic pain conditions (Andersen et 

al., 2014). Approximately 1.500 miRNAs are encoded within the human genome and since in silico predictions 

and genome-wide identification of miRNA targets shows that each miRNA can inhibit the expression of 

hundreds of different mRNAs, it is estimated that at least 50% of the human protein coding genes are under 

miRNA regulation (Jonas and Izaurralde, 2015). Notably, miRNAs can exert their regulatory function of gene 

expression in several different ways, i.e. by mRNA cleavage, translational repression or mRNA deadenylation 

within the cells where they were initially transcribed (Jonas and Izaurralde, 2015, Winter et al., 2009). 

However, more recently it has been asserted that miRNAs are also exchanged between cells as a means of 

inter-cellular communication e.g. via exosomes (Stoorvogel, 2012), and that at least some miRNAs present in 

the extracellular space may directly interact with surface receptors (Fabbri et al., 2012). For instance in the 

context of pain, it was recently shown that the miRNA Let-7b acts as an agonist on toll-like receptor 7 and 

transient receptor potential cation channel, A1 (TRPA1) and hence constitute a novel pain mediator (Park et 

al., 2014).  

With the rapid increase in published papers exploring miRNA as key players in tuning nociceptive 

processes and as biomarkers in pain conditions, a couple of key questions arise: 1) does miRNA expression 

assessed in WBCs, cerebrospinal fluid (CSF) or serum constitute a viable biomarker strategy for the purpose of 

diagnosis, prognosis, prediction, patient stratification etc.? 2) Could miRNA-based analgesic therapy of 

nociceptive and neuropathic pain be an avenue for future drug development and which prerequisites 

(especially drug-delivery related challenges) must be met to attain progress in this regard? In the sections 

below conceptual outlines of approaches to applying miRNA for biomarker and treatment purposes in the 

future are provided.  

 

The potential use of microRNA as biomarkers in pain conditions 

While the idea of using miRNAs quantified from various bio fluids and biopsies as biomarkers for diagnosis, 

prognosis and segmentation, are highly progressed in fields such as oncology (Calin and Croce, 2006, 

Henriksen et al., 2014) and cardiology (Kinet et al., 2013, Weber et al., 2010), the concept have only quite 

recently been applied in pain conditions. Advantages associated with using miRNAs for biomarkers purposes 

are their relative stability (when linked to proteins or contained in extracellular vesicles), their apparent 

sensitivity and their presence in virtually all biofluids (Jung et al., 2010, Kemppainen et al., n.d., Tomaselli et 
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al., 2012). The first study investigating the association between circulating miRNA signatures and pain in a 

clinical cohort was conducted by Orlova et al. (2011). Here, whole blood samples were obtained from patients 

with CRPS and miRNA expression was quantified alongside cytokines and numerous clinical parameters, 

upon which the data were compared to healthy matched controls. Subsequent correlational analyses revealed 

that several of the aberrantly expressed miRNAs were significantly correlated with pain levels, miR-150 

expression was correlated with the frequency of migraine attacks within the cohort and multiple miRNAs was 

found to correlate with the levels of circulating cytokines. Similarly, a recent study investigated miRNA 

expression profiles in CSF of patients suffering from fibromyalgia and found 10 miRNAs to be differentially 

expressed between affected patients vs. healthy controls, amongst which decreased levels of miR-145-5p were 

associated with increased pain intensity and fatigue (Bjersing et al., 2013). More recently, aberrant circulating 

miRNA profiles have also been shown in conditions such as migraine, osteoarthritis and rheumatoid arthritis 

(Andersen et al., 2016, Beyer et al., 2015, Furer et al., 2010, Pauley et al., 2008, Tafuri et al., 2015). Despite 

the mentioned advantages and promising findings on miRNAs as biofluid biomarkers in pain conditions 

numerous obstacles adhere, particularly related to standardization of quantification procedures, normalization 

and appropriate housekeeping miRNAs, as well as the lack of comprehensive normative data grouped by age, 

gender, obesity, hormonal, and metabolic factors (Allegra et al., 2012, Blondal et al., 2013, Tomaselli et al., 

2012).  

 

Considerations on the design and delivery of RNA-interfering medicines in neuropathic pain disorders 

As for therapeutic utilization, the ability of microRNAs to post-transcriptionally modulate the expressional 

profile of effector molecules (proteins), and their dysregulated expression levels in most known diseases, 

implies an obvious potential either as therapeutic targets or as a drug themselves (Hammond, 2015). However, 

the translation of in vitro findings into in vivo or clinical value is severely hampered by the unstable nature of 

the RNA molecule (Miele et al., 2012). This is largely mediated through RNA degradation by nucleases 

present in many compartments of the human organism, especially in the systemic circulation, which lowers the 

circulatory properties of RNA molecules such as miRNAs. In addition, ‘naked’ RNA molecules are only taken 

up by cells to a relatively low degree, further decreasing the usability in a clinical setting (Miele et al., 2012). 

Such issues can be circumvented by employing different measures, namely by modifying the RNA molecule 

itself or by packaging the RNA molecule into drug carriers that can improve their circulatory properties and 

targeting towards specific areas of disease. 

 Modifications of the RNA molecule can be performed in several ways, often by the attachment of 

specific chemical groups (Juliano et al., 2008). A highly used chemical modification that stabilizes the RNA 

structure is the creation of a phosphorothioate in the oligonucleotide backbone, but other and more stable 

constructs are receiving increasing attention including the 2’OH modification, peptide nucleic acid (PNA), 

hexitol nucleic acid (HNA) and (as used by Leinders et al.) locked nucleic acid (LNA) (Juliano et al., 2008). 

LNAs are characterized by a methylene bridge that constrains the ribose ring and creates a favourable 

conformation for binding a target RNA sequence. The LNA molecule and the resulting duplex with a target 

RNA sequence is therefore resistant to endo- and exonuclease activity (Petri et al., 2009, Vester and Wengel, 
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2004). LNAs has been used as a modulator of several types of RNA molecules in different settings, especially 

targeting specific miRNAs to reduce or abolish their inhibition on target mRNA sequences (Zhang et al., 

2012). E.g. in a cancer context, targeting of an oncogenic miRNA would release tumor suppressor mRNA 

sequences to be translated into functional proteins (Henriksen et al., 2014, Møller et al., 2013). Most 

prominently, the LNA technology has been used as a therapeutic compound for the treatment of chronic 

hepatitis C virus lead by the Danish biotech company Santaris Pharma (now Roche Ltd). By targeting miR-

122, which is a conserved, liver-specific miRNA, with LNAs, they were able to reduce both the viral load and 

the resulting liver-related disease symptoms in rodents and primates (Elmén et al., 2008a, 2008b, Lanford et 

al., 2010). Interestingly, this LNA-mediated knockdown was reversible with levels of miR-122 increasing to 

more than 50 % of its original expression level one week after treatment (Elmén et al., 2008b). We note that 

indications of the expressional profile changing over time past administration of the drug was also observed by 

Leinders et al., and this raises the question as to whether a stable knockdown can be achieved and which 

number of drug administrations this would necessitate. The LNA drug (Miravirsen) is currently in phase II of 

clinical development for the treatment of hepatitis C in combination with other antiviral drugs 

(NCT02452814). It is therefore likely that the LNA technology will constitute a relevant drug entity in the 

future, hereby underscoring the relevance of the findings by Leinders et al. and other previous studies 

indicating that miRNA-based therapy could be relevant for analgesic purposes. 

 The cellular uptake of the LNAs may need to be improved in order to reach clinical benefit from the 

miRNA knockdown. In addition, even though the LNAs have a characteristic high stability and good 

circulatory properties in vivo, passive accumulation of these molecules in most tissues of the body would likely 

lead to severe off-target effects, especially if the targeted miRNA has an endogenous role in other tissues than 

the diseased one (Mook et al., 2010). In order to increase the cellular uptake of the LNAs, Leinders et al. used 

both a cholesterol modification of the LNA molecule and a subsequent packaging into a lipid nanoparticle by 

way of a commercial transfection reagent (i-FectTM). While not completely irrelevant, the use of commercial 

transfection reagents for drug delivery may not easily translate into clinical relevance, since these reagents are 

optimized for another purpose (e.g. transfection of cells in vitro). The resulting lipid nanoparticle will therefore 

have a number of ‘design flaws’ with respect to administration in a clinical setting, such as reduced circulatory 

properties, unspecific uptake in surrounding cells, toxicity and short storage life (Allen and Cullis, 2013). Still, 

the main component of these transfection reagents, i.e. cationic lipids, are not without clinical relevance 

(Zimmermann et al., 2006). Cationic lipids are optimal for mediating a high uptake of a nanoparticle-nucleic 

acid construct, since they readily interact with the negatively charged cell membrane, however, they can also 

mediate detrimental side effects due to their chemical properties (Allen and Cullis, 2013, Filion and Phillips, 

1997). It is therefore important to optimize the lipid composition of the drug carrier in order to reduce side 

effects and still mediate a high level of cell uptake and subsequent miRNA inhibition (Heyes et al., 2005, 

Semple et al., 2010).  

 

Direct tissue targeting of RNA-interfering medicines for future therapy of neuropathic pain disorders 



6 

With an optimal design of the nanoparticle by tuning the particle surface charge, it is possible to mediate 

efficient RNA interference both in primates and in humans (Kranz et al., 2016, Zimmermann et al., 2006). 

Nevertheless, this will not necessarily secure specific delivery of the LNAs, because tuning of the nanoparticle 

surface charge can only ensure precise delivery to certain tissues in the human body. An important aspect for 

the efficacy of treatment in Leinders et al. is delivery of the LNAs to areas of the CNS via intrathecal injection. 

This administration route is inarguably relevant in order to achieve local delivery of the drug, but it may also 

be too invasive as compared to a drug formulation administrated orally or via intravenous injection (although 

this route is feasible in certain clinical scenarios (Bruel and Burton, 2016)). However, by using these more 

viable traditional administration routes, new challenges are encountered in the form of the blood-brain and 

blood-spinal cord barriers (BBB and BSCB, respectively), which severely reduce the transport of drugs and 

drug carriers from the periphery to the CNS (Rossi et al., 2013). One way to overcome this challenge could be 

to target the drug carriers towards the myelinated, peripheral nerves themselves (Lee et al., 2013), and deliver 

LNAs to reduce the expression of ion channels like transient receptor potential cation channel V1, TRPA1 and 

Nav1.7. For central delivery of the LNAs, which requires passage of the BSCB, a dual-targeting approach 

could be employed, first traversing the barrier membrane via transferrin receptor-mediated transcytosis 

followed by direct delivery to, or modulation of, specific neurons e.g. by targeting the N-methyl-D-aspartate 

receptor (Johnsen and Moos, 2016, Rungta et al., 2013). Another approach to use for improving the drug 

delivery in pain-related disorders and decrease side effects could be to take advantage of the distorted 

microenvironment characteristic of the particular disease process (Torchilin, 2014). Hence, nanoparticles could 

be designed to only release its contents when stimulated with specific enzymes or changes in the redox state 

(Bruun et al., 2015, Gjetting et al., 2014, Poon et al., 2011, Torchilin, 2014). For example, this would mediate 

drug release at sites with high expression of matrix metalloproteinases or hypoxia, as seen in neuropathic pain, 

and thus decrease the amount of off-target effects (Cameron et al., 2001, Ji et al., 2009, Lakhan et al., 2013, 

Lim et al., 2015, Thomson et al., 2011). We believe that with optimization of the delivery approach, the 

concept brought forward by Leinders et al. and other studies exploring the role of miRNAs in pain processing 

could hold a great potential in the future treatment of neuropathic pain. 

 

In summary, as shown by Leinders et al. miRNAs are aberrantly expressed in chronic NP patients and are 

capable of greatly modulating nociceptive signaling in animal models of NP. Hence, these small noncoding 

RNAs molecules are an attractive opportunity for future biomarker development and targeted gene-regulatory 

therapy in pain conditions as well as in numerous other clinical conditions. However, missing pieces of the 

puzzle and significant challenges associated with methodology and drug delivery warrants additional studies 

before clinical utilization in patients suffering from pain can be achieved.  

 

 

 



7 

 

References: 
 
Allegra, A., Alonci, A., Campo, S., Penna, G., Petrungaro, A., Gerace, D., Musolino, C., 2012. Circulating 

microRNAs: new biomarkers in diagnosis, prognosis and treatment of cancer. Int. J. Oncol. 41, 1897–912. 

Allen, T.M., Cullis, P.R., 2013. Liposomal drug delivery systems: from concept to clinical applications. Adv. Drug 
Deliv. Rev. 65, 36–48. 

Andersen, H.H., Duroux, M., Gazerani, P., 2016. Serum MicroRNA Signatures in Migraineurs During Attacks and 
in Pain-Free Periods. Mol. Neurobiol. 53, 1494–1500. 

Andersen, H.H., Duroux, M., Gazerani, P., 2014. MicroRNAs as modulators and biomarkers of inflammatory and 
neuropathic pain conditions. Neurobiol. Dis. 71, 159–168. 

Attal, N., Lanteri-Minet, M., Laurent, B., Fermanian, J., Bouhassira, D., 2011. The specific disease burden of 
neuropathic pain: Results of a French nationwide survey. Pain 152, 2836–2843. 

Baron, R., Binder, A., Wasner, G., 2010. Neuropathic pain: diagnosis, pathophysiological mechanisms, and 
treatment. Lancet Neurol. 9, 807–819. 

Beyer, C., Zampetaki, A., Lin, N.-Y., Kleyer, A., Perricone, C., Iagnocco, A., Distler, A., Langley, S.R., Gelse, K., 
Sesselmann, S., Lorenzini, R., Niemeier, A., Swoboda, B., Distler, J.H.W., Santer, P., Egger, G., Willeit, J., 
Mayr, M., Schett, G., Kiechl, S., 2015. Signature of circulating microRNAs in osteoarthritis. Ann. Rheum. 
Dis. 74, e18. 

Bjersing, J.L., Lundborg, C., Bokarewa, M.I., Mannerkorpi, K., 2013. Profile of cerebrospinal microRNAs in 
fibromyalgia. PLoS One 8, e78762. 

Blondal, T., Jensby Nielsen, S., Baker, A., Andreasen, D., Mouritzen, P., Wrang Teilum, M., Dahlsveen, I.K., 2013. 
Assessing sample and miRNA profile quality in serum and plasma or other biofluids. Methods 59, S1–6. 

Bouhassira, D., Lantéri-Minet, M., Attal, N., Laurent, B., Touboul, C., 2008. Prevalence of chronic pain with 
neuropathic characteristics in the general population. Pain 136, 380–387. 

Bruel, B.M., Burton, A.W., 2016. Intrathecal Therapy for Cancer-Related Pain. Pain Med. [Epub ahead of print]. 

Bruun, J., Larsen, T.B., Jolck, R.I., Eliasen, R., Holm, R., Gjetting, T., Andresen, T.L., 2015. Investigation of 
enzyme-sensitive lipid nanoparticles for delivery of siRNA to blood – brain barrier and glioma cells. Int. J. 
Nanomedicine 10, 5995–6008. 

Calin, G.A., Croce, C.M., 2006. MicroRNA-cancer connection: the beginning of a new tale. Cancer Res. 66, 7390–
7394. 

Cameron, N.E., Eaton, S.E., Cotter, M. a, Tesfaye, S., 2001. Vascular factors and metabolic interactions in the 
pathogenesis of diabetic neuropathy. Diabetologia 44, 1973–1988. 

Dalman, M.R., Deeter, A., Nimishakavi, G., Duan, Z.-H., 2012. Fold change and p-value cutoffs significantly alter 
microarray interpretations. BMC Bioinformatics 13 Suppl 2, S11. 

Dworkin, R.H., Panarites, C.J., Armstrong, E.P., Malone, D.C., Pham, S. V., 2012. Is treatment of postherpetic 
neuralgia in the community consistent with evidence-based recommendations? Pain 153, 869–875. 

Elmén, J., Lindow, M., Schütz, S., Lawrence, M., Petri, A., Obad, S., Lindholm, M., Hedtjärn, M., Hansen, H.F., 
Berger, U., Gullans, S., Kearney, P., Sarnow, P., Straarup, E.M., Kauppinen, S., 2008a. LNA-mediated 
microRNA silencing in non-human primates. Nature 452, 896–899. 



8 

Elmén, J., Lindow, M., Silahtaroglu, A., Bak, M., Christensen, M., Lind-Thomsen, A., Hedtjärn, M., Hansen, J.B., 
Hansen, H.F., Straarup, E.M., McCullagh, K., Kearney, P., Kauppinen, S., 2008b. Antagonism of microRNA-
122 in mice by systemically administered LNA-antimiR leads to up-regulation of a large set of predicted 
target mRNAs in the liver. Nucleic Acids Res. 36, 1153–1162. 

Fabbri, M., Paone, A., Calore, F., Galli, R., Gaudio, E., Santhanam, R., Lovat, F., Fadda, P., Mao, C., Nuovo, G.J., 
Zanesi, N., Crawford, M., Ozer, G.H., Wernicke, D., Alder, H., Caligiuri, M.A., Nana-Sinkam, P., Perrotti, D., 
Croce, C.M., 2012. MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response. 
Proc. Natl. Acad. Sci. 109, E2110–E2116. 

Filion, M.C., Phillips, N.C., 1997. Toxicity and immunomodulatory activity of liposomal vectors formulated with 
cationic lipids toward immune effector cells. Biochim. Biophys. Acta - Biomembr. 1329, 345–356. 

Finnerup, N.B., Attal, N., Haroutounian, S., McNicol, E., Baron, R., Dworkin, R.H., Gilron, I., Haanpää, M., 
Hansson, P., Jensen, T.S., Kamerman, P.R., Lund, K., Moore, A., Raja, S.N., Rice, A.S.C., Rowbotham, M., 
Sena, E., Siddall, P., Smith, B.H., Wallace, M., 2015. Pharmacotherapy for neuropathic pain in adults: a 
systematic review and meta-analysis. Lancet Neurol. 14, 162–173. 

Furer, V., Greenberg, J.D., Attur, M., Abramson, S.B., Pillinger, M.H., 2010. The role of microRNA in rheumatoid 
arthritis and other autoimmune diseases. Clin. Immunol. 136, 1–15. 

Gjetting, T., Jølck, R.I., Andresen, T.L., 2014. Effective Nanoparticle-based Gene Delivery by a Protease Triggered 
Charge Switch. Adv. Healthc. Mater. 3, 1107–1118. 

Hammond, S.M., 2015. An overview of microRNAs. Adv. Drug Deliv. Rev. 87, 3–14. 

Henriksen, M., Johnsen, K.B., Andersen, H.H., Pilgaard, L., Duroux, M., 2014. MicroRNA expression signatures 
determine prognosis and survival in glioblastoma multiforme—A systematic overview. Mol. Neurobiol. 1–18. 

Heyes, J., Palmer, L., Bremner, K., MacLachlan, I., 2005. Cationic lipid saturation influences intracellular delivery 
of encapsulated nucleic acids. J. Control. Release 107, 276–287. 

IASP, 2011. International association for the study of pain (ISAP): Pain terms - A Current List with Definitions and 
Notes on Usage. Available at: http://www.iasp-pain.org Accessed August 9, 2013. 

Ji, R.R., Xu, Z.Z., Wang, X., Lo, E.H., 2009. Matrix metalloprotease regulation of neuropathic pain. Trends 
Pharmacol. Sci. 30, 336–340. 

Johnsen, K.B., Moos, T., 2016. Revisiting nanoparticle technology for blood-brain barrier transport: Unfolding at 
the endothelial gate improves the fate of transferrin receptor-targeted liposomes. J. Control. Release. 

Jonas, S., Izaurralde, E., 2015. Towards a molecular understanding of microRNA-mediated gene silencing. Nat. 
Rev. Genet. 16, 421–433. 

Juliano, R., Alam, M.R., Dixit, V., Kang, H., 2008. Mechanisms and strategies for effective delivery of antisense 
and siRNA oligonucleotides. Nucleic Acids Res. 36, 4158–4171. 

Jung, M., Schaefer,  a., Steiner, I., Kempkensteffen, C., Stephan, C., Erbersdobler,  a., Jung, K., 2010. Robust 
MicroRNA Stability in Degraded RNA Preparations from Human Tissue and Cell Samples. Clin. Chem. 56, 
998–1006. 

Kemppainen, J., Shelton, J., Kelnar, K., Volz, S., Peltier, H., Szafranska, A., Ovcharenko, D., Illmer, T., Labourier, 
M., Latham, G., Brown, D., n.d. MicroRNAs as Biomarkers in Blood and Other Biofluids - Commercial 
publication. AsuraGen 1. 

Kinet, V., Halkein, J., Dirkx, E., Windt, L.J. De, 2013. Cardiovascular extracellular microRNAs: emerging 
diagnostic markers and mechanisms of cell-to-cell RNA communication. Front. Genet. 4, 214. 



9 

Kranz, L.M., Diken, M., Haas, H., Kreiter, S., Loquai, C., Reuter, K.C., Meng, M., Fritz, D., Vascotto, F., Hefesha, 
H., Grunwitz, C., Vormehr, M., Hüsemann, Y., Selmi, A., Kuhn, A.N., Buck, J., Derhovanessian, E., Rae, R., 
Attig, S., Diekmann, J., Jabulowsky, R.A., Heesch, S., Hassel, J., Langguth, P., Grabbe, S., Huber, C., Türeci, 
Ö., Sahin, U., 2016. Systemic RNA delivery to dendritic cells exploits antiviral defence for cancer 
immunotherapy. Nature 534, 396–401. 

Kynast, K.L., Russe, O.Q., Geisslinger, G., Niederberger, E., 2013. Novel findings in pain processing pathways: 
implications for miRNAs as future therapeutic targets. Expert Rev. Neurother. 13, 515–525. 

Lakhan, S.E., Kirchgessner, A., Tepper, D., Leonard, A., 2013. Matrix metalloproteinases and blood-brain barrier 
disruption in acute ischemic stroke. Front. Neurol. 4, 32. 

Lanford, R.E., Hildebrandt-Eriksen, E.S., Petri, A., Persson, R., Lindow, M., Munk, M.E., Kauppinen, S., Orum, H., 
2010. Therapeutic Silencing of MicroRNA-122 in Primates with Chronic Hepatitis C Virus Infection. Science. 
327, 198–201. 

Langley, P.C., Van Litsenburg, C., Cappelleri, J.C., Carroll, D., 2012. The burden associated with neuropathic pain 
in Western Europe. J. Med. Econ. 1–11. 

Lee, S., Ashizawa, A.T., Kim, K.S., Falk, D.J., Notterpek, L., 2013. Liposomes to Target Peripheral Neurons and 
Schwann Cells. PLoS One 8, e78724. 

Leinders, M., Üçeyler, N., Pritchard, R.A., Sommer, C., Sorkin, L.S., 2016. Increased miR-132-3p expression is 
associated with chronic neuropathic pain. Exp. Neurol. 

Lim, T.K.Y., Shi, X.Q., Johnson, J.M., Rone, M.B., Antel, J.P., David, S., Zhang, J., 2015. Peripheral Nerve Injury 
Induces Persistent Vascular Dysfunction and Endoneurial Hypoxia, Contributing to the Genesis of 
Neuropathic Pain. J. Neurosci. 35, 3346–3359. 

Martinez, V., Attal, N., Vanzo, B., Vicaut, E., Gautier, J.M., Bouhassira, D., Lantéri-Minet, M., 2014. Adherence of 
French GPs to chronic neuropathic pain clinical guidelines: Results of a cross-sectional, randomized, ‘e’ case-
vignette survey. PLoS One 9. 

Miele, E., Spinelli, G.P., Miele, E., Fabrizio, E. Di, Ferretti, E., Tomao, S., Gulino, A., 2012. Nanoparticle-based 
delivery of small interfering RNA: Challenges for cancer therapy. Int. J. Nanomedicine 7, 3637–3657. 

Møller, H.G., Rasmussen, A.P., Andersen, H.H., Johnsen, K.B., Henriksen, M., Duroux, M., 2013. A systematic 
review of microRNA in glioblastoma multiforme: micro-modulators in the mesenchymal mode of migration 
and invasion. Mol. Neurobiol. 47, 131–44. 

Mook, O., Vreijling, J., Wengel, S.L., Wengel, J., Zhou, C., Chattopadhyaya, J., Baas, F., Fluiter, K., 2010. In vivo 
efficacy and off-target effects of locked nucleic acid (LNA) and unlocked nucleic acid (UNA) modified 
siRNA and small internally segmented interfering RNA (sisiRNA) in mice bearing human tumor xenografts. 
Artif. DNA. PNA XNA 1, 36–44. 

Orlova, I. a, Alexander, G.M., Qureshi, R. a, Sacan, A., Graziano, A., Barrett, J.E., Schwartzman, R.J., Ajit, S.K., 
2011. MicroRNA modulation in complex regional pain syndrome. J. Transl. Med. 9, 195. 

Park, C.-K., Xu, Z.-Z., Berta, T., Han, Q., Chen, G., Liu, X.-J., Ji, R.-R., 2014. Extracellular MicroRNAs Activate 
Nociceptor Neurons to Elicit Pain via TLR7 and TRPA1. Neuron 82, 47–54. 

Pasquinelli, A.E., Reinhart, B.J., Slack, F., Martindale, M.Q., Kuroda, M.I., Maller, B., Hayward, D.C., Ball, E.E., 
Degnan, B., Müller, P., Spring, J., Srinivasan, A., Fishman, M., Finnerty, J., Corbo, J., Levine, M., Leahy, P., 
Davidson, E., Ruvkun, G., 2000. Conservation of the sequence and temporal expression of let-7 heterochronic 
regulatory RNA. Nature 408, 86–89. 

Pauley, K.M., Satoh, M., Chan, A.L., Bubb, M.R., Reeves, W.H., Chan, E.K., 2008. Upregulated miR-146a 
expression in peripheral blood mononuclear cells from rheumatoid arthritis patients. Arthritis Res. Ther. 10, 



10 

R101. 

Petri, A., Lindow, M., Kauppinen, S., 2009. MicroRNA silencing in primates: Towards development of novel 
therapeutics. Cancer Res. 

Poon, Z., Chang, D., Zhao, X., Hammond, P.T., 2011. Layer-by-layer nanoparticles with a pH-sheddable layer for in 
vivo targeting of tumor hypoxia. ACS Nano 5, 4284–4292. 

Rossi, F., Perale, G., Papa, S., Forloni, G., Veglianese, P., 2013. Current options for drug delivery to the spinal cord. 
Expert Opin. Drug Deliv. 10, 385–396. 

Rungta, R.L., Choi, H.B., Lin, P.J., Ko, R.W., Ashby, D., Nair, J., Manoharan, M., Cullis, P.R., MacVicar, B.A., 
2013. Lipid Nanoparticle Delivery of siRNA to Silence Neuronal Gene Expression in the Brain. Mol. Ther. 
Acids 2, e136. 

Semple, S.C., Akinc, A., Chen, J., Sandhu, A.P., Mui, B.L., Cho, C.K., Sah, D.W.Y., Stebbing, D., Crosley, E.J., 
Yaworski, E., Hafez, I.M., Dorkin, J.R., Qin, J., Lam, K., Rajeev, K.G., Wong, K.F., Jeffs, L.B., Nechev, L., 
Eisenhardt, M.L., Jayaraman, M., Kazem, M., Maier, M.A., Srinivasulu, M., Weinstein, M.J., Chen, Q., 
Alvarez, R., Barros, S.A., De, S., Klimuk, S.K., Borland, T., Kosovrasti, V., Cantley, W.L., Tam, Y.K., 
Manoharan, M., Ciufolini, M.A., Tracy, M.A., de Fougerolles, A., MacLachlan, I., Cullis, P.R., Madden, T.D., 
Hope, M.J., 2010. Rational design of cationic lipids for siRNA delivery. Nat. Biotechnol. 28, 172–176. 

Soreq, H., Wolf, Y., 2011. NeurimmiRs: microRNAs in the neuroimmune interface. Trends Mol. Med. 17, 548–55. 

Stoorvogel, W., 2012. Functional transfer of microRNA by exosomes. Blood 119, 646–648. 

Tafuri, E., Santovito, D., de Nardis, V., Marcantonio, P., Paganelli, C., Affaitati, G., Bucci, M., Mezzetti, A., 
Giamberardino, M.A., Cipollone, F., 2015. MicroRNA profiling in migraine without aura: Pilot study. Ann. 
Med. 47, 468–473. 

Thomson, D.W., Bracken, C.P., Goodall, G.J., 2011. Experimental strategies for microRNA target identification. 
Nucleic Acids Res. 39, 6845–6853. 

Tomaselli, S., Panera, N., Gallo, A., Alisi, A., 2012. Circulating miRNA profiling to identify biomarkers of 
dysmetabolism. Biomark. Med. 6, 729–42. 

Torchilin, V.P., 2014. Multifunctional, stimuli-sensitive nanoparticulate systems for drug delivery. Nat. Rev. Drug 
Discov. 13, 813–827. 

Vester, B., Wengel, J., 2004. LNA (Locked Nucleic Acid): High-Affinity Targeting of Complementary RNA and 
DNA †. Biochemistry 43, 13233–13241. 

Weber, C., Schober, A., Zernecke, A., 2010. MicroRNAs in arterial remodelling, inflammation and atherosclerosis. 
Curr. Drug Targets 11, 950–956. 

Winter, J., Diederichs, S., 2011. MicroRNA biogenesis and cancer. Methods Mol. Biol. 676, 3–22. 

Winter, J., Jung, S., Keller, S., Gregory, R.I., Diederichs, S., 2009. Many roads to maturity: microRNA biogenesis 
pathways and their regulation. Nat. Cell Biol. 11, 228–234. 

Zhang, Y., Roccaro, A.M., Rombaoa, C., Flores, L., Obad, S., Fernandes, S.M., Sacco, A., Liu, Y., Ngo, H., Quang, 
P., Azab, A.K., Azab, F., Maiso, P., Reagan, M., Brown, J.R., Thai, T.H., Kauppinen, S., Ghobrial, I.M., 2012. 
LNA-mediated anti-miR-155 silencing in low-grade B-cell lymphomas. Blood 120, 1678–1686. 

Zimmermann, T.S., Lee, A.C.H., Akinc, A., Bramlage, B., Bumcrot, D., Fedoruk, M.N., Harborth, J., Heyes, J. a, 
Jeffs, L.B., John, M., Judge, A.D., Lam, K., McClintock, K., Nechev, L. V, Palmer, L.R., Racie, T., Röhl, I., 
Seiffert, S., Shanmugam, S., Sood, V., Soutschek, J., Toudjarska, I., Wheat, A.J., Yaworski, E., Zedalis, W., 
Koteliansky, V., Manoharan, M., Vornlocher, H.-P., MacLachlan, I., 2006. RNAi-mediated gene silencing in 



11 

non-human primates. Nature 441, 111–114. 

 


