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Abstract 

Title of Dissertation: Effects of Physiological Temperature Changes on Micro RNA 

Expression and Their Functional Consequences. 

Ratnakar Potla, Doctor of Philosophy, 2015 

Dissertation Directed by: (Dr. Jeffrey Hasday, Dr. Herbert Berger Professor of Medicine, 

and Head of the Division of Pulmonary and Critical Care) 

Physiological changes in human core body temperature have important biological 

consequences for host response to infection, inflammation and survival. Work from our 

lab and others have shown that changes in temperature within clinically relevant range 

modify the expression of many chemokines, cytokines and other signaling molecules. 

Previous studies have focused on transcriptional regulation of temperature-dependent 

gene expression. In our present studies, we analyzed the mechanisms of temperature-

dependent post transcriptional gene regulation by small non coding RNAs called micro 

RNAs (miRNAs). We found that exposure to clinically relevant hypothermia (32°C) 

within physiological range increased the expression of a surprisingly limited subset of 

miRNAs with some unusual characteristics. These miRNAs represent the passenger 

strands of miRNA duplex that are usually less abundant at 37°C. The same miRNAs 

tended to decrease at 39.5°C. Three of these miRNA targeted protein kinase C alpha 

(PKCα), a key player in cell cycle regulation. PKCα protein levels decreased with 

temperature and were rescued by miRNA inhibition at 32°C. The PKCα-dependent block 

of G1-S cell cycle transition was reversed at 32°C, and the effects of 32°C abrogated by 

miRNA inhibition. We further studied the effects of physiological temperature change on 



 

 

 

Wnt signaling pathway, which contains several predicted targets of temperature-sensitive 

miRNAs. Exposure to 32°C reduced and exposure to 39.5°C increased Wnt signaling as 

measured by Wnt-dependent gene expression and a Wnt-dependent reporter plasmid. 

Hypothermia reduced cell levels of the Wnt-dependent transcription factor, TCF7 and 

this was reversed by miRNA inhibitors. The potential impact of these temperature 

changes on lung injury, repair, and fibrosis was evaluated by analyzing expression of 

genes involved in epithelial mesenchymal transition, which were reduced at 32°C and 

increased at 39.5°C. These genes, including collagen-1, TWIST1, N-cadherin, and 

MMP7 have all been shown to markers of human lung fibrosing diseases. These studies 

suggest that fever may worsen and hypothermia mitigate lung fibrosis and identifies a set 

of temperature-sensitive miRNAs as one potential mechanism 
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Chapter 1 A brief review on the role of temperature in gene regulation and miRNA 

biogenesis 

Introduction 

Animals are classified as poikilotherms or homeotherms, based on how body temperature 

is regulated. The core body temperature of poikilothermic animals fluctuates with 

ambient temperature and can vary greatly. Homeothermic animals, including humans, 

have very efficient heating and cooling effector pathways that can minimize fluctuations 

in body temperature in the face of variations in ambient conditions. Human core 

temperature undergoes diurnal variations during homeostasis but usually is maintained 

within 1°C of 37°C by balancing heat gain and heat loss effector mechanisms. However, 

human body temperature can increase further when heat gain exceeds endogenous 

cooling capacity as may occur in individuals exposed to high environmental temperatures 

and/or during vigorous physical activity (1). In contrast with environmental/exertional 

hyperthermia, fever is a temporary regulated increase in temperature due to a 

prostaglandin E2/cyclic AMP-induced reduction in the firing rate of temperature-sensitive 

hypothalamic neurons, which predictably occurs in response to infection, injury and 

inflammation (2, 3). During fever or environmental/exertional hyperthermia, body 

temperature can exceed normal levels by >4°C.  

Similarly, human body temperature can drop several degrees below basal levels during 

exposure to extreme hypothermia, in response to certain drugs (including recreational 

drugs), accidental hypothermia, in severe sepsis, during certain viral infections and 

during intentional therapeutic cooling protocols. In addition, organs are typically stored at 

cold temperatures between procurement and transplant. Thus, humans can experience 
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prolonged periods of hypothermia and hyperthermia, often occurring in the face of 

infection, injury, or other stresses. Work from multiple laboratories has demonstrated that 

changes in temperature within the clinical range exert effects on gene expression that 

have important biological and clinical outcomes (1, 4-12). However, the mechanisms by 

which temperature shifts alter gene expression patterns are only partially understood. 

These mechanisms include transcriptional regulation of pro- and anti- inflammatory 

genes, post transcriptional regulation by non-coding RNAs and RNA binding proteins, 

translational and post translational regulation. This review focuses on more recent studies 

of posttranscriptional gene regulation by small non-coding RNAs called micro-RNAs 

(miRNAs). 

Biological effects of Temperature Shifts and Consequences for Human Health and 

Disease 

Hyperthermia, Fever and Heat shock response 

Cells respond to numerous endogenous and environmental stresses by an array of 

biochemical pathways constituting the cellular stress response program. Each pathway 

can be induced by a set of partially overlapping stresses. Cells respond to thermal, 

chemical, or physical stress by induction of a highly conserved biochemical pathway 

called the heat shock response (HSR), which is characterized by selective expression of 

multiple heat shock proteins. While the heat shock response is a cellular safeguard 

mechanism to cope with unavoidable environmental stresses, fever is a complex 

physiologic response during which an animal transiently subjects itself to thermal stress, 

(1). Fever is a component of acute-phase response to infection in mammals and birds. 

Even poikilotherms consistently generate a fever during infection through warmth 
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seeking behavior. By analyzing modern day poikilothemic and homeothermic animals 

that achieve fever through endothermic regulation or by warm-seeking behavior, the 

strategy of fever in the response to infection and injury is estimated to have originated 

approximately 600 million years (1). The large metabolic cost of increasing core 

temperature in endothermic animals and the dangers imposed by warm seeking behavior 

underscore the potential benefits conferred by this strategy. On the other hand, heat shock 

response is a cellular stress response accompanied by reprograming the transcriptional 

and translational machinery to produce a class of proteins called heat shock proteins 

(HSPs). In eukaryotes, stress activated transcription factors called heat shock factors 

(HSFs) regulates the expression of these HSPs. There are four HSFs in mammals - HSF1, 

HSF2, HSF3 and HSF4 of which HSF1 is the only heat inducible HSF (13-16). HSF1 

exists in a dynamic equilibrium between inactive HSF1 monomers within cytosolic 

multiprotein complexes and active intranuclear homotrimers. In vitro experiments 

demonstrate that HSF1 spontaneously trimerizes in a concentration dependent manner 

and that the equilibrium constant (Kd) for trimerization increases with increasing 

temperature or oxidative or pH stress (17-19). The temperature range for trimerization 

and activation is species- and tissue-dependent, and can be further shifted by various 

soluble mediators and protein modifying signaling events (11).  

Cellular effects of febrile range hyperthermia (FRH, 39.5°C) 

HSF1 trimerization and nuclear localization are not sufficient to activate HSP 

transcription, which requires additional posttranslational modification of HSF1 (11). 

Although exposing human cells to 38.5° - 41°C stimulates similar levels of HSF1 

trimerization; HSP70 gene activation is temperature-dependent over this range and 
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increases greatly between 41° and 42°C (20). Exposure to FRH (39.5°C) not only 

activates expression of multiple HSPs, it also modifies expression of several non-HSP 

gene products (4, 6, 20) and exerts profound effects on host response to infection and 

injury. Exposing animals to FRH accelerates pathogen clearance and improves survival in 

experimental peritonitis (6, 7, 21) but worsens lung injury and reduces survival in 

experimental pneumonia (10) by increasing endothelial permeability and neutrophil 

recruitment through a p38-MAPK-dependent process and augmenting epithelial apoptosis 

(9).  

Hypothermia, Cold shock response (CSR) and therapeutic hypothermia (TH) 

Hypothermia is defined as a drop in core body temperature caused by heat loss that is 

greater than compensatory heat conserving/generating mechanisms. CSR is a cellular 

protective response to extreme low temperatures and involves expression of some HSPs 

and other glycine-rich proteins (22). TH with target core temperature 32-34°C has been 

shown to improve neurologic outcome and survival after ventricular fibrillation cardiac 

arrest and return of spontaneous circulation and is recommended treatment following 

cardiac arrest with suspected neurologic injury (23-25). TH is known to delay the 

induction of proinflammatory cytokines, chemokines and leukotrienes (26, 27), but it also 

prolongs NFκB activation and TNFα production by LPS-stimulated mononuclear 

phagocytes (5, 28). Rewarming to normothermia is known to induce IL6 production (29). 

Human fetal lung cells subject to rewarming following cold shock (25°C for 5 days) 

exhibited increase in auto phagosome associated LC3II and AKT phosphorylation (22). 

Cell culture at mild hypothermia (35°C) reduced unwanted spontaneous differentiation of 

human embryonic stem cells (hESC) and induced pluripotent stem cells (iPSC) while not 
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affecting their pluripotency (30). Hypothermia inhibited expression of CD11b (MAC-1) 

and CD162 (PSGL-1) on monocytes during extracorporeal circulation of human blood 

(31). 

Exposure to 32°C induces cold-inducible RNA-binding protein (CIRP) expression in 

several mammals and has been shown to inhibit neuron apoptosis through the suppression 

of the mitochondria apoptosis pathway in rats (32). The 1h and 8h expression of TLR2 

and TNFα in the lung decreased following LPS induced acute lung injury in rats 

maintained at 32.5-33.0°C (33). 30°C hypothermia was more effective than 33°C 

hypothermia in increasing the expression of glial fiber acidic protein (GFAP) by 

decreasing caspase-3 expression and increasing Bcl-2 expression in rat cerebral neurons 

induced by brief asphyxia followed by cardiopulmonary resuscitation thereby inhibiting 

apoptosis and reducing brain injury (34). Anesthesia-induced (30°C) hypothermia 

reduced ERK activation and decreased Arc protein levels, which play an important role in 

memory consolidation in rats (35). 30°C hypothermia briefly delivered during ischemia 

decreased the infiltration of lymphocytes, neutrophils and macrophages into the ischemic 

brain. It helped maintain lymphocytes, neutrophils and macrophage levels in peripheral 

blood and spleen. It enhanced T-cell proliferation in vitro and delayed-type 

hypersensitivity in vivo. 30°C hypothermia inhibited mRNA expression of the anti-

inflammatory cytokine IL-10 as well as proinflammatory mediators INF-γ, TNF-α, IL-2, 

IL-1β and MIP-2 within the rat brain (36). 33°C hypothermia applied to the head 

decreased the expression of MMP9, TIMP1 Tau-1 and β-APP in rats with cerebral 

ischemia/reperfusion injury (37). Hypothermia applied to right side of scalp using 

aluminum plate maintained at 6°C is an effective treatment for edema formation and 
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blood-brain barrier disruption via the upregulation of tight junction proteins and the 

suppression of TNF-α and IL-1β after intracerebral hemorrhage in rats (38). Moderate 

hypothermia in the range of 31°C -33°C applied immediately following second degree 

burns in rats, increased expression of several skin-protective genes such as CCL4, CCL6 

and CXCL13 and decreased expression of tissue remodeling genes such as matrix 

metalloprotease-9 resulting in decreased burn depth progression (39). 33°C Hypothermia 

enhanced induction of protective protein metallothionein under ischemia in cultured 

bEnd.3 brain mouse endothelial cells (40). However, the full extent of biological effects 

of TH exposure is not completely understood. 

Evolution of gene regulation: 

The diverse cellular responses to a variety of environmental stresses can be better 

understood by studying the evolution of complex multi layered gene regulatory 

mechanisms. The complex and multilayered gene regulation required to orchestrate 

precise gene expression is well studied at the transcriptional level. Gene Transcriptional 

regulators called transcription factors often act together forming gene regulatory 

networks (GRNs). 

GRNs consist of the following components: a) GRN kernels – highly conserved and 

inflexible sub-circuits that play a key role upstream, b) Plugin sub-circuits – repeatedly 

used in unique combinations to produce diverse end results, c) Input/output gene switches 

– which serve to turn on or off the GRN based on input stimuli, d) Differentiation gene 

batteries – terminal components of GRNs yielding differentiated phenotypes. The rate of 

evolution is not uniform across the entire GRN components. GRN kernels by definition 

are highly conserved and the distal components like differentiation gene batteries are 
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more amenable to evolutionary change accounting for the observed intra-species 

phenotypic differences (41). The post transcriptional gene regulation involving 

endogenous, short non coding RNAs called microRNAs (or miRNAs) is an active area of 

research. MicroRNAs tend to function at the level of terminal, flexible components of the 

GRNs serving to reduce the less specific, low amplitude background signaling (42). 

MicroRNAs evolved independently in animals, land plants (43), chlorophyte green algae 

(44-46), demosponges (47), slime molds (48, 49) and other fungi (50) and brown algae 

(51, 52). Many Transcription factor (53) and miRNA families (54) are highly conserved 

even though their target binding sequences vary greatly over large evolutionary distances.  

Large scale studies utilizing technologies like CHIP-seq indicate conservation of 

transcription factor binding affinity and complete divergence of targets over short 

evolutionary distances (55, 56). Computationally predicted miRNA target binding sites 

are poorly conserved between nematodes, Drosophila and vertebrates (42). Transcription 

factor binding sites evolve faster than miRNA binding sites. On the other hand, new 

transcriptional factor families have evolved slowly in comparison to new miRNA 

families in animals (42). A new transcription factor with a unique binding specificity can 

be created by duplication of existing transcription factor gene followed by mutations or 

by large scale loss or gain of an existing functional domain (57). New miRNAs are 

proposed to arise from random alternative transcription of an existing hairpin structure 

encoded in the animal genome (58, 59). It is proposed that newly created miRNAs are 

initially expressed weakly in specific tissues to facilitate deletion of deleterious miRNA 

binding sites on mRNA followed by increased expression in diverse tissues (42). 
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In order to increase the complexity of body organization, developmental pathways 

needed to be used with greater degree of plasticity. Hence, with a growing need for new 

layers of regulation, the transcription factor binding sites and 3’ UTR sequences rapidly 

diverged to select for beneficial miRNA-target interactions and select out the deleterious 

pairs (41, 60). Even though few new transcription factor families are formed during 

animal evolution, miRNA families evolved continuously and kept pace with increased 

complexities in body plans and organs (60-62). 

Molecular mechanisms of eukaryotic gene regulation:  

Living organisms evolved to respond to various environmental stresses, including 

changes in temperature, which is essential for their survival. Certain proteins play key 

catalytic roles in stress response pathways and are therefore regulated at multiple levels 

from chromatin remodeling, transcription of mRNA from genomic DNA, mRNA 

splicing, export of mRNA into cytosol, mRNA localization within cytosol to protein 

translation and post translational modifications. This multilevel regulation ensures rapid 

changes in protein profile of the cell even while new mRNAs are transcribed and 

processed. In order to understand the multiple levels at which temperature regulates gene 

expression, a brief review of molecular mechanisms of eukaryotic gene regulation is 

warranted. 

Nuclear transcription and mRNA processing 

A typical eukaryotic mRNA has a 7-methyl Guanosine (m7G) cap, 5’UTR, coding region 

and 3’UTR. The process of converting a pre mRNA into mature mRNA involves 

5’capping, splicing and/or alternative splicing, endonucleolytic cleavage and addition of a 

poly (A) tail before being exported into the cytosol for translation into a protein. As the 
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pre mRNA is being transcribed, the m7G cap is added by the sequential activities of RNA 

triphosphatase, guanylyl transferase, and 7-methyltransferase. Introns are then removed 

by the spliceosome complex consisting of five uridine-rich small nuclear ribonucleic 

particles (UsnRNPs) and many other proteins (63). Serine/Arginine rich (SR) proteins 

and heterogeneous nuclear ribonucleoproteins (hnRNPs) play a role in splice site 

selection (64). Alternative splicing, which occurs in about 60-80% human genes (65, 66), 

can alter the length and composition of 3’UTR and coding regions increasing the 

diversity of mRNA and protein pools. Endonucleolytic cleavage of pre mRNA at a 

sequence specific site is determined by the binding of a multiprotein complex consisting 

of cleavage and polyadenylation specificity factor (CPSF), cleavage factor I (CF Im), 

cleavage factor II (CF IIm) and cleavage stimulation factor (CstF) (67). Further, a poly 

(A) tail of up to 250 nucleotides is added to the cleaved pre mRNA by Nuclear poly (A) 

polymerases α (PAPOLA), β (PAPOLB), or γ (PAPOLG), the precise length being 

determined by the nuclear poly (A)-binding protein 1 (PABPN1) (68). The mature 

mRNA is then exported into the cytosol.  

Cytosolic mRNA translation 

Canonical eukaryotic mRNA translation involves cap dependent translation initiation, 

elongation and termination among which initiation serves as the rate-limiting step. 

Translation initiation involves recruitment of 40s ribosome subunit to the m7G cap of 

desired mRNA facilitated by a complex of eukaryotic initiation factors (eIFs) consisting 

of eIF4G, eIF4A and eIF4E together called eIF4F. eIF4G serves a large scaffold for 40s 

subunit and its binding partners. eIF4E binds to the m7G cap of target mRNA. eIF4A is a 

RNA helicase which unwinds the secondary structures in 5’UTR of mRNA making them 
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more accessible to the translation initiation complex. eIF4G binds poly (A) binding 

protein (PABP) and eIF4B thereby circularizing the mRNA and stabilizing the mRNA-

initiation complex. A ternary complex consisting of eIF2, methionyl-tRNAi and GTP is 

then recruited to the initiation complex. The 40s ribosomal subunit bound to these 

initiation factors scans the 5’UTR of the mRNA until it finds the start codon AUG. Once 

it reaches the start codon, eIF2-GTP is hydrolyzed by eIF2 followed by dissociation of 

tRNAi and release of initiation factors. eIF2-GDP thus released is recycled by guanine 

nucleotide exchange factor (GEF) eIF2B. The 80s subunit is then recruited to start codon 

followed by translation elongation. 

Molecular mechanisms of temperature-dependent gene regulation 

Effects of Hypothermia on regulation of transcription and translation 

Most of the studies on understanding the effects of hypothermia involve hibernating 

mammals. Hibernating mammals serve as good model systems not only for studying the 

effects of hypothermia on systemic physiological changes but also understanding specific 

cellular responses including regulation of transcription and translation. Global 

transcription (69) and translation (70) are reduced during hibernation while small subsets 

of stress response pathways are activated to promote cell survival (71). Total histone H3 

acetylation and phosphorylation are reduced leading to a decrease in transcriptional 

activity during hibernation (69). Various transcription factors are differentially regulated 

during hibernation to facilitate selective expression of stress response genes.  

Alternative splicing plays an important role in sustaining selective gene expression at 

lower temperatures (71). For example, aberrant alternative splicing in β-globin mRNA is 
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diminished at temperatures below 30°C in HeLa cells (72). GEMIN2 facilitates 

spliceosome assembly of circadian clock genes by tightly controlling alternative splicing 

(73). Poly (A) tail lengths are conserved during hibernation. Despite the short half-life of 

mRNA in principle and decreased global transcription during hibernation, total pool of 

mRNA remains constant. Therefore there is a global reduction in mRNA degradation 

pathways (71). Exposure of mammalian cells to mild hypothermia (32
o
C) causes a 

general decrease in translation followed by an increase in translation of specific proteins. 

The general decrease in translation is caused by an increase in phosphorylation of eIF2α 

and a decrease in synthesis of eIF3i, a subunit of initiation factor 3(74). Phosphorylated 

eIF2α acts a competitive inhibitor of eIF2B preventing eIF2 recycling and formation of 

initiation complex (75). eIF4E binding proteins (4E-BP) are hypo phosphorylated during 

hibernation resulting in their strong binding to eIF4E thereby preventing the formation of 

eIF4F initiation complex required for active cap dependent translation. During 

rewarming, 4E-BPs are hyper phosphorylated reversing the translation blockade (76).  

Cold-shock proteins like cold inducible RNA binding protein (CIRP) contain internal 

ribosome entry sites (IRES) that facilitate alternative ribosome entry during global 

suppression of cap dependent translation (77). As a consequence of reduced cap-

dependent translation, polysomes largely disaggregate during hibernation and reassemble 

during arousal. Many proteins, including splicing factors, have been shown to localize to 

nuclear bodies during hibernation and are rapidly released following arousal. The 

nucleolus serves as a ‘molecular jail’ for proteins involved in pre mRNA processing, 

quarantining them during hibernation and rapidly releasing them during arousal to 

facilitate rapid mRNA maturation (78). 
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Effects of heat stress on regulation of transcription and translation 

Heat stress evokes a conserved heat shock response in cells characterized by cellular 

reprograming of transcriptional and translational machinery to preferentially express 

inducible HSPs. Heat stress induces heat shock factor 1 (HSF1) trimerization, which 

binds to heat shock response elements (HREs) in the promoters of HSP genes, and 

activates their transcription (1, 11). RNA splicing is interrupted at heat shock 

temperatures (79) due to the disruption of U4.U5.U6 small nuclear ribonucleoprotein 

particle (snRNP) complex (80) and is restored by production of heat-shock proteins 

HSP104 and HSP70 (81). Alternative splicing and mis-splicing increases with 

temperature (82). Under heat shock conditions, Poly (ADP-ribose) polymerase 1 

(PARP1) inhibits polyadenylation by adding branched ADP-ribose units onto poly (A) 

polymerase (PAP) (83). However, Poly (A) tail length of a HSPs mRNAs is increased by 

severe heat stress (84). Global translation of non-HSPs is decreased under heat shock due 

to a decrease in the phosphorylation of eIF2α (85), eIF4E (86), an increase in the binding 

of hypo phosphorylated 4EBP to eIF4E (87), and binding of HSP27 to eIF4G (88). Such 

translationally paused mRNAs are shuttled to cytoplasmic stress granules. HSPs evade 

this translational repression by utilizing mechanism such as ribosome shunting (89) and 

alternative ribosomal entry using IRES (85). 

However, there is a significant difference between protein profiles and corresponding 

mRNA profiles of cells under various forms of temperature stress underscoring the 

importance of post transcriptional gene regulation by small non coding RNAs like 

miRNA. 
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MicroRNA-mediated post-transcriptional gene regulation  

Multiple classes of small RNAs evolved in eukaryotes to regulate various signaling 

pathways making them important players in the gene regulatory networks. Small RNAs 

are classified into microRNAs (miRNAs), small interfering RNAs (siRNAs) and PIWI-

interacting RNAs (piRNAs) based on their length and association with Argonaute (AGO) 

proteins. More than 60% of human protein-coding genes contain at least one conserved 

binding site for miRNA (90). 

Micro RNA biogenesis 

Mature miRNAs are generated through a multistep process that comprises intranuclear 

and cytosolic processes (Figure 1.1). The nuclear phase of miRNA biogenesis includes: 

(1) transcription of primary miRNA (pri-miRNAs) transcripts; (2) post-transcriptional 

pri-miRNA editing; (3) processing of pri-miRNAs to precursors of mature miRNAs (pre-

miRNA); and (4) nuclear export of pre-miRNA. The cytoplasmic phase of miRNA 

biogenesis includes: (1) pre-miRNA loading onto the RNA-induced silencing complex 

(RISC); (2) cleavage of the hairpin by DICER; and (3) strand selection. 

Nuclear phase of miRNA biogenesis 

Transcription of pri-miRNA 

Primary miRNA transcripts are processed from independent miRNA genes or from 

introns of protein coding genes and may contain single or multiple miRNAs. Most of the 

independent miRNA genes are located on chromosomes at sites of genomic instability, 

including duplications (91). Most pri-miRNAs are transcribed by RNA polymerase II (eg. 

miR-23a/miR-27a/miR-24-2 cluster) and possess a 5’ 7-methyl guanylate cap (m
7
G-cap) 
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and 3’ poly (A) tail (92, 93), but some are transcribed by RNA polymerase III (eg.C19 

MC human miRNA cluster) (94). Independent miRNA genes often are co-localized in 

genomic clusters, but miRNAs within the same cluster are often regulated independently 

of one another (95). Various factors influence specific pri-miRNA transcription including 

the same transcription factors that regulate mRNA expression (eg. C-Myc (96), p53 (97)) 

and promoter-associated histone methylation (98-100). The mechanisms that regulate 

gene specific and global miRNA transcription are incompletely understood but this is an 

active area of research. 

Post-Transcriptional editing of pri-miRNA 

Of the multiple known RNA editing processes (nucleotide insertion, deletion, and 

substitution), only one type of RNA editing involving the conversion of adenosine 

residues to inosine (A→I RNA editing) in double-stranded RNAs (dsRNAs) through the 

action of ADARs (adensosine deaminase acting on RNA) has been reported to occur in 

some pri-miRNA transcripts (101-105). Since inosine acts like guanosine rather than 

adenosine, A→I RNA editing of miRNA precursors can alter their sequence, structure, 

and stability, and affect their further processing and target recognition capacity. For 

example, A→I RNA editing of pri-miR-142 inhibits its cleavage by Drosha endonuclease 

and results in degradation by Tudor-SN ribonuclease (105, 106). However, A→I RNA 

editing of pri-miR-197 and pri-miR-203 enhances their processing by Drosha (102). 

Moreover, a single A→I RNA editing in miR-376 precursor redirects its mature product 

to a new target protein in mice (103).(107) 
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Ref: Nature Reviews Molecular Cell Biology 11, 252-263 (April 2010) 

Figure 1.1 Canonical pathway for miRNA biogenesis. pri-miRNAs are transcribed in the nucleus and 

processed by Drosha-DGCR8 microprocessor complex to produce pre-miRNA. pre-miRNAs are 

transported into the cytosol by Exportin 5. Dicer cleaves the dsRNA into single stranded mature RNAs. 

One of the two strands thus produced is finally loaded onto the RISC containing Ago2 and its specific 

mRNA target. The target mRNA undergoes either translational repression or de-adenylation and decay. 
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Primary miRNA transcript processing by Drosha-DGCR8 microprocessor complex-- 

Formation of pre-miRNA 

A typical human pri-miRNA has three regions for each miRNA sequence: (1) a 33 base 

pair double stranded hairpin stem sequence, (2) a terminal loop and (3) two single-

stranded flanking regions at the 5’ and 3’ ends of hairpin. Primary miRNA transcripts are 

endonucleolytically cleaved by nuclear microprocessor complex formed by RNase III 

Drosha (RNASEN) and the DiGeorge critical region 8 (DGCR8) proteins. The flanking 

single strands on either end of pri-miRNA facilitate DGCR8 (pasha in C.elegans and 

D.melanogaster) binding to the pri-miRNA using its two RNA binding domains (108, 

109). Drosha is then recruited to form the microprocessor complex and cleaves the 

hairpin of pri-miRNA at a distance of ~11bp from the stem-ssRNA junction with DGCR8 

probably serving as the molecular ruler (110). The processed fragments thus formed by 

the Drosha microprocessor complex are called pre-miRNAs. They are ~60-70 nt in length 

and exported to the cytosol for further processing into mature miRNA. Drosha cleavage 

of both independently transcribed and intron encoded miRNAs occurs during 

transcription. Drosha cleavage of miRNA-containing introns precedes pre-mRNA 

splicing allowing generation of both pre-miRNA and mRNAs from the same transcript 

(111). Mirtrons are a unique class of miRNAs formed by splicing of mRNA transcripts. 

In some cases, splicing generates introns with an appropriate length that allows formation 

of a hairpin and pre-miRNA function, thus bypassing the requirement for cleavage by 

Drosha microprocessor complex (112, 113).  

A majority of pri-miRNA are processed by the basic microprocessor complex containing 

Drosha and DGCR8. Additional heterogeneous ribonulceoproteins (hnRNPs) are known 
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to specifically regulate the processing of certain pri-miRNAs by the microprocessor 

complex. For example, hnRNP A1 binds to the conserved loop of pri-miR-18a and 

facilitates specific (114) and more efficient processing by Drosha- DGCR8 

microprocessor complex (115). LIN-28 is a conserved cytosolic RNA binding protein 

known to block let-7A miRNA processing specifically in stem cells by binding to the 

conserved bases in terminal loop of pri-let-7 (116-119). Approximately 35% of pri-

miRNAs are processed by a larger microprocessor complex consisting of Drosha, 

DGCR8, RNA helicases p72 and p68, hnRNPs and Ewing’s sarcoma protein (109, 120). 

RNA helicases (p72 and p68) may rearrange the hairpin facilitating better and stable 

access for Drosha to cleave the pri-miRNA. RNA helicases are known to recruit other co-

activators or co-repressors in response to specific transcription factor signaling. For 

example, TGF-β and BMP mediated recruitment of SMADs to the larger microprocessor 

complex enhances processing of pri-miR-21(121). RNA helicases p68 can directly bind 

to activated ERα and control the processing of pri- miR-27b cluster by the large 

microprocessor complex (122). 

The two core components of microprocessor complex regulate each other. Drosha cleaves 

two hairpin loops in DGCR8 mRNA targeting it for degradation (110). DGCR8 in turn 

serves to stabilize Drosha through an interaction of its c-terminal domain with middle 

domain of Drosha (123). 

Export of pre-miRNAs from nucleus to cytosol 

Pre-miRNAs are exported through nuclear pores into the cytoplasm by Exportin-5 

(XPO5) in complex with Ran-GTP (124). Once translocated to the cytoplasm, the GTP 

hydrolyzes and the complex is dissembled releasing the pre-miRNA into cytosol. XPO5 
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recognizes pre-miRNAs with desired double strand length (>14bp) and short 3’ 

overhangs independent of their sequence, ensuring that export is limited to adequately 

processed pre-miRNAs (125-127). The XPO5-Ran-GTP-pre-miRNA complex resembles 

a ‘baseball mitt’ with a positively charged inner surface and a basic tunnel at the end of 

the mitt (128). The 3’ short over hangs strongly interact with this basic tunnel. XPO5 also 

plays a role in the stability of pre-miRNAs as knocking it down does not lead to a nuclear 

accumulation of pre-miRNAs (124, 126, 129). 

Cytosolic phase of miRNA biogenesis 

RISC Loading 

The formation of RISC (Figure 1.2) and its effector functions are mediated by a multi-

protein complex consisting of the RNase III superfamily member Dicer, a double 

stranded RNA-binding protein called Tar RNA binding protein (TRBP), protein activator 

of PKR (PACT), molecular chaperons Hsc70/Hsp90, various co-chaperons and the core 

protein Argonaute-2 (Ago2), together called the miRNA RISC loading Complex 

(miRLC). Dicer and Ago2 are essential while TRBP and PACT redundantly facilitate 

efficient miRNA processing (130, 131). TRBP stabilizes Dicer and binds Ago2 along 

with PACT (132). Hsc70/Hsp90 chaperone machinery is required for loading small RNA 

duplexes onto the Ago proteins in vitro (133-135) through an ATP-requiring mechanism 

(134). Inhibition of Hsc70/Hsp90 chaperone complex formation reduces the levels of 

Ago2 in mammalian cells (136-138) and is therefore a key player in the homeostatic 

expression of Ago2 (138-140). The Hsc70/Hsp90 chaperone complex contains multiple 

co-chaperones such as Fkbp4/5 (141) 
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Ago2 is the only human Ago protein to exhibit slicer activity. Ago2 slicer activity endo-

nucleolytically cleaves the 3’ arm of pre-miRNAs, which exhibit a high degree of 

complementarity along the stem of hairpin, thereby generating the Ago2-cleaved 

precursor miRNA (ac-pre-miRNA) (142). Dicer-independent miRNAs such as pre-miR-

451 and ac- pre-miRNA precursors are directly loaded onto Ago2 by the Hsc70/Hsp90 

chaperone complex forming the miRNA-precursor deposition complex (miPDC) (143). 

miPDC can either serve as a depot for the unused pre-miRNA or it can recruit Dicer and 

its cofactors to form the miRLC (144) and proceed with miRNA biogenesis. The 

processes that determine the fate of pre-miRNAs are yet to be understood. 

Dicer mediated Cleavage of the hairpin into a duplex 

Dicer cleaves the pre-miRNAs exported into cytoplasm yielding small RNA duplexes. 

Dicer is a type III endonuclease with c-terminal tandem RNase III domains forming an 

intramolecular dimer constituting its catalytic center. It has an N-Terminal ATP binding 

domain and a DExD/H-box (helicase) that binds TRBP and facilitates pre-miRNA 

recognition by interacting with terminal loop. TRBP binding activates Dicer by inducing 

a conformational change eliminating the inhibition by helicase domain on the catalytic 

center (145). The PAZ domain is located in between the two ends and binds to termini of 

pre-miRNA. A positively charged helix connects the PAZ domain with the catalytic 

center. This positively charged helix binds negatively charged phosphodiester bond 

backbone of the dsRNA helix and functions as a molecular ruler determining the length 

of the mature miRNAs to be generated by Dicer cleavage at the catalytic site. The PAZ 

domain has two basic pockets which bind 5’ and 3’ two nucleotide overhangs generated 

by the Drosha processing. In general, the cleavage site is 21-35 nucleotides from the 3’ 
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binding terminus of the dsRNA (3’-counting rule). In flies and mammals, Dicer binds to 

the 5’ phosphorylated end and cleaves 22 nucleotides from the 5’ binding site (5’-

counting rule), but this rule holds true only when the 5’ terminal base pair is 

thermodynamically unstable (non G:C base pairing).  
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Ref: Nature Reviews Molecular Cell Biology 15, 509–524 (2014) 

Figure 1.2 Cleavage of pri-miRNAs and pre-miRNAs a) The Drosha - DGCR8 microprocessor complex 

recognizes the single-stranded RNA tails, ~35 bp stem and a terminal loop of the primary microRNA (pri-

miRNA). Microprocessor complex measures ~11 bp from the basal junction and ~22 bp from the apical 

junction, and the pri-miRNAs are cleaved by Drosha at this position. b) Dicer recognizes the pre-miRNA 

termini using its PAZ (PIWI –Argonaute (AGO)–ZWILLE) domain, which contains two basic pockets. 

One pocket interacts with the 5′-phosphorylated end of the pre-miRNA and the other pocket interacts with 

the 3′ end. The pre-mRNA is aligned with its stem along the axis of Dicer, so that it can measure a set 

distance from both termini (hence the name 'molecular ruler'). The Dicer catalytic domains - RNase III 

domain a (RIIIDa) and RIIIDb are placed ~22 nucleotides (nt) away from the terminal phosphate. 
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Regulation of Dicer-mediated cleavage of the pre-miRNA hairpin 

Human Dicer activity is maintained under basal conditions by negative feedback 

regulation between DICER1 mRNA and one of the products of DICER cleavage, miRNA 

let-7 (146), which silences DICER1 translation by targeting the coding region of human 

DICER1 mRNA (147). Some double stranded RNA-binding-domain-containing proteins 

(dsRBDPs) like TAR RNA-binding protein (TRBP) and p53 associated cellular protein 

(PACT) bind Dicer, modulate pre-miRNA cleavage, and influence strand selection of 

certain pre-miRNAs. However, for most pre-miRNAs, the processing efficiency of Dicer 

alone is comparable to the processing efficiency of Dicer-dsRBDP complex (131). TRBP 

and PACT bind Dicer in a mutually exclusive manner (148). TRBP and PACT are 

reported to play an important role in miRNA isoform (isomiR) processing thereby 

generating identical miRNAs of different lengths and altered target specificity (149, 150). 

TRBP phosphorylation is known to stabilize Dicer (151) and binding of dsRBDPs to 

Dicer ensures the global fidelity of miRNA strand selection (148). 

AGO protein-dependent formation of the RISC effector complex 

Following Dicer cleavage of pre-miRNA to generate miRNA duplexes, an effector 

complex consisting of the miRNA duplex, AGO protein, and Hsp90/Hsc70 is formed. 

This complex can be formed either by the disassembly of miRLC (dissociation of Dicer-

TRBP/PACT) (Dicer dependent AGO loading model) or by AGO-chaperone complex 

binding the small RNA duplexes in the cytosol.  

Flies and worms selectively sort small RNA duplexes to their AGO family proteins based 

on the RNA sequence. In Drosophila, miRNAs containing a 5’ uridine are loaded 

exclusively onto AGO1 due to the presence of central mismatches in the strand destined 
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to be the future mature miRNA (guide strand) (152-156). In Drosophila, small interfering 

RNAs (siRNAs) containing a 5’ cytosine are preferentially loaded onto AGO2 by a 

Dicer-2 (Dcr-2) and R2D2 complex (152-154). In C. elegans, miRNAs are loaded onto 

ALG-1 and ALG-2 proteins while siRNAs are loaded onto RDE-1 proteins (157, 158). 

However, human AGO proteins appear to be much more promiscuous without any 

obvious sorting selectivity. All four human AGO proteins are reported to incorporate 

both siRNA and miRNA duplexes containing central mismatches with no specific protein 

preference (159-161). 

AGO proteins have a bilobal architecture. The N-terminal lobe consists of the N-terminal 

domain and PAZ domain. The C-Terminal lobe consists of middle (MID) and PIWI 

domains (162). A 5’-phosphate-binding-pocket located between the MID and PIWI 

domains binds the 5’ monophosphate of the RNA strand that will be retained in the 

complex as the miRNA guide strand (163-165). A uridine or adenosine at the 5’ terminus 

of the guide strand contacts the nucleotide specificity loop in the MID domain (166). The 

guide strand threads through basic channel formed between the AGO MID-PIWI 

domains to bind the PAZ domain using its 3’ tail. In human AGO2 but not the other 

human AGO proteins, the PIWI domain contains a slicer site that cleaves the target 

mRNA transcripts between nucleotide positions 10 and 11 (referenced to the 5’ end of the 

guide strand) (164). 
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Ref: Science 25 May 2012: Vol. 336 no. 6084 pp. 1037-1040  

Figure 1.3 Structure of  human AGO2 a) Schematic representation of human AGO2 consisting of n-

terminal domain, PAZ domain, MID domain and PIWI domain. b) Structure of human AGO2 with a 

generic guide RNA interacting with the protein (based on crystal structure). 

MicroRNA duplex unwinding (“Rubber band model” of RISC loading) 

ATP and Hsc70/Hsp90 are required for loading of small RNA duplexes onto the RISC, 

but not for duplex unwinding. According to this popular model, it is speculated that the 

Hsc70/Hsp90 complex utilizes ATP to actively induce a dynamic conformational change 

in Ago protein structure, stretching around the bulky, rigid, small RNA duplex (134). 

Once the duplex is loaded, the tension imposed by Hsc70/Hsp90 is eased and Ago 

structure returns to a more closed form, which causes the unwinding of the bulky small 

RNA duplex which can no longer be accommodated in the closed conformation of AGO 

protein. The guide strand with its 5’ phosphate bound to the phosphate binding pocket 

between the MID and PIWI domains of the Ago protein is retained while the unbound 

passenger strand is discarded (167). 
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MicroRNA strand selection 

Which strand of the miRNA duplex is retained as the guide strand during AGO 2 loading 

is influenced by several factors. The strand with the least 5’ thermodynamic stability is 

usually retained in the RISC as the guide strand (168, 169) while the other strand of the 

duplex is discarded. Additionally, the presence of a 5’ uridine further increases the 

probability of selection as the guide strand (152, 153, 155). Strand selection is also 

influenced by the dsRBDP composition of the RISC. PACT enhances and TRBP 

diminishes the selection of duplexes with central and seed mismatches (170). In the 

absence of dsRBDPs, the fidelity of strand selection is lost. IsomiRs are mature miRNAs 

formed from the same pre-miRNA but differing in their sequence length or composition. 

There are four main mechanisms by which isomiRs are produced: 3’ trimming, 

5’trimming, 3’ nucleotide addition and nucleotide substitution. The dsRBDPS facilitate 

the production of isomiRs, by ensuring their preferential binding to A-form pre-miRNA 

duplexes thereby positioning an additional base pair within the length measuring domain 

of Dicer resulting in addition or deletion of an extra nucleotide at 3’ or 5’ end of the 

mature miRNA. dsRBDPs have the ability to slide along RNA duplexes and 

preferentially bind the more thermodynamically stable end (the end closer to being 

shorter, more compact right handed ‘A form’ helix) of the duplex. This leaves the less 

stable end free to bind the MID domain of AGO2 protein (148) and be retained in the 

RISC as the guide strand.  

The released passenger strand is quickly degraded, thereby increasing the ratio of guide-

to-passenger strands in the cellular miRNA pool. However, this selection process is not 

absolute and both strands of certain miRNAs are present at similar levels in the cellular 
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miRNA pool. Alternative strand selection can occur depending on the tissue type. For 

example pri-miR-142 is processed into 3 distinct pre-miR-142s and finally into 4 distinct 

mature miRNAs with high degree of 5’ polymorphism amongst various hematopoietic 

tissues (171). 

RISC silencing function 

Once targeted mRNAs are selectively recruited to the RISC by its mature miRNA, the 

protein elements of the RISC exert multiple actions that combine to silence translation. 

These actions include translational repression and mRNA deadenylation and degradation 

predominantly by AGO proteins.  

Principles of miRNA-mRNA interaction 

Metazoan miRNAs interact with mRNA targets through imperfect complementary base 

pairing involving an approximately eight nucleotide sequence. Based on experimental 

and bioinformatics analyses of miRNA-mRNA interactions, a set of predictive rules have 

been developed (172-176), but exceptions to these rules are not uncommon. First, there 

must be perfect and contiguous miRNA-mRNA base pairing of nucleotide positions 2-8 

of the miRNA, known as the ‘seed region’ with little tolerance for mismatches and 

bulges. Second, bulges and mismatches are required in the central region of the miRNA-

mRNA duplex. Third, a reasonable 3’ complementarity should exist at miRNA 

nucleotide positions 13-16 nt positions providing a ‘secondary seed region’ that further 

stabilizes the miRNA-mRNA interaction especially when the primary (seed) interaction 

is weak. Secondary structure of mRNA may obscure miRNA targets, thereby reducing 

effective silencing activity of the miRNAs. Hence, miRNA binding targets located in A-
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U rich regions of mRNAs in close proximity to the poly (A) tail are more likely to be 

targeted and silenced by miRNAs (175-178). 

MicroRNAs can target 3’ and 5’UTRs (179) as well as the coding regions of mRNAs. 

Each mRNA usually has multiple miRNA binding sequences including binding 

sequences for multiple miRNAs and multiple binding sequences targeted by each 

miRNA. The net silencing is determined by the sum of effects on individual binding sites 

and is amplified when multiple binding sequences are in close proximity (within 10-40 nt 

apart) (172, 175).  

Mechanisms of miRNA mediated repression 

MicroRNAs are known to decrease the target protein levels by causing deadenylation and 

translational repression of target mRNA transcripts. These two processes are initiated 

independently but synergize to achieve translational silencing. Although repression is an 

integral part of miRNA mediated target silencing, degradation of targeted mRNA 

transcripts contributes to the reduced protein synthesis for most genes. While miRNAs 

ensure target specific binding of the miRNPs to the targeted mRNA, the miRNAs are not 

essential for target translational repression per se. 

MicroRNA mediated mRNA deadenylation and decay 

Binding of miRNAs induces deadenylation of the targeted mRNAs and subsequent 

transcript decay, which accounts for most of the reduction in target protein levels (180-

184). Gly-Trp (GW) repeats located N-proximal of GW182 binding PIWI domain of 

AGO is required for miRNA-mediated mRNA deadenylation and decay (180). CAF1, a 

component of CCR4-NOT deadenylase complex and poly(A) binding protein (PABP) 

binding to the C-Terminal PAM2 motif of GW182 are required for miRNA-mediated 
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mRNA deadenylation in vitro (185). Transcript deadenylation requires interactions 

between Gly, Trp, Ser/Thr-rich W-motifs of GW182 and other components of CCR4-

NOT and PAN2/PAN3 complexes (186).The CCR4-NOT is a complex of ~10 

evolutionarily conserved subunits with CNOT1 at the core and CNOT9 surrounded by 

CAF1 deadenylase among other sub-units. C-NOT interacting Motif (CIM)-1 and CIM-2 

located in the C-Terminal silencing domain of GW182 interact with CNOT9 subunit 

which in turn binds the CNOT1 subunit of the CCR4-NOT complex. The resulting 

complex recruits DEAD-box RNA helicase/ATPase DDX6 (RCK/p54), which represses 

both poly (A)
+
 and poly (A)

-
 target mRNAs (187, 188). Hence, CNOT1-DDX6 

interaction and its ATPase activity play an important role in mRNA deadenylation as 

well as translation repression. 

MicroRNA mediated Translational repression 

MicroRNAs repress translation of certain mRNAs through an m
7
G cap-dependent 

mechanism (189). For these mRNAs, potential miRNA targets include m
7
G cap 

recognition, 5’UTR scanning, joining of the 60S ribosomal subunit, peptide elongation, 

and premature translational termination. eIF4A2 is recruited to the miRISC by CNOT1 

MIF4G domain thereby attenuating the translation initiation by eIF4A1 interaction with 

eIF4G resulting in 5’ UTR scanning block (190). DDX6 may contribute to translational 

repression through multiple potential mechanisms, including: (1) remodeling of the 

initiation complex; (2) steric hindrance of eIF4A scanning along 5’UTR; (3) binding to 

and enhancing activity of inhibitory proteins like eIF4E and eIF4E-T; (4) forming 

oligomers along the mRNA transcript, which prevents peptide elongation (191); and (5) 
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interacting with decapping activators like Pat1, Edc3(192), which may facilitate removal 

of the 5’ m
7
G cap from target mRNA. 

Translational repression has been shown to precede mRNA decay in in vitro cell culture 

and in vivo animal models. However, at later time points, mRNA destabilization makes 

the greatest contribution to protein reduction. Although translational repression has been 

shown to precede mRNA degradation there are, to the best of our knowledge, no data 

demonstrating that translational repression is a prerequisite for mRNA destabilization. 

Alternatively, the observed temporal order of events might be due to variables like rates 

of assembly of the translation repression complex vs. mRNA decay apparatus within the 

cell (191).  

Regulation of AGO proteins 

AGO proteins are stabilized by loading miRNAs. Unloaded AGO proteins are degraded 

by proteasomes (140) and autophagy (138). AGO proteins incorporated in the RISC can 

be hydroxylated, phosphorylated on various serine and tyrosine residues and poly-

ribosylated. Type I collagen prolyl 4-hydroxylase (4PH or C-P4H (I)) prolyl 4-

hydroxylates human AGO2 at proline 700 increasing its stability (193). Under hypoxic 

conditions, prolyl-hydroxylation of Ago2 by C-P4H (I) promotes the association of 

AGO2 with Hsp90 and results in translocation of AGO2 to stress granules (SGs) (194). 

MAPKAPK2 (195, 196) and AKT3 (197) phosphorylate AGO2 at Ser387 resulting in its 

localization to P-bodies where mRNAs are either degraded or preserved for later use (see 

below). Epidermal growth factor receptor (EGFR) phosphorylates AGO2 at Tyr393 

under hypoxic conditions leading to the dissociation of AGO2 from Dicer resulting in 

decreased miRNA processing for certain miRNAs (195). Under cell stress conditions or 
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following viral infections, human AGO proteins are poly-ADP-ribosylated, which 

reduces RISC silencing activity (198). 

Role of Processing bodies (P-bodies) in miRNA mediated repression 

P-bodies (also known as GW bodies) are well-defined granules present in the cytoplasm 

of eukaryotic cells, which are rich in proteins involved in mRNA catabolism (decapping, 

deadenylation and degradation) and translational repression. The core components of P-

bodies are highly conserved and include the decapping enzyme complex DCP1-DCP2, 

the decapping activator RCK/p54, the deadenylase complex CAF1-CCR4-NOT, the 

5’3’ exonuclease XRN1, and the translational repressor eIF4E-T (199-203). Metazoan 

P-bodies also contain miRNP components like AGO, GW182 and miRNAs. The number 

and contents of P-bodies changes as a function of cell cycle and translation blockade. The 

mRNAs targeted to P-bodies may be either degraded or stored for future use. However, 

P-bodies are not essential for miRNA-mediated repression and therefore the 

accumulation of miRNPs in the P-bodies is likely a consequence rather than the 

mechanism of translational repression (204). It is important to note that miRNA-mediated 

repression may be reversed under suitable conditions with the previously repressed 

mRNA re-recruited to the polysomes and translation resumed (205). 

miRNA turnover and stability 

MicroRNA abundance can also be regulated by pre-miRNA degradation by 

endoribonucleases such as the ER-stress-induced IRE1α (206, 207)  and MCPIP1 (207). 

However, mature miRNAs are generally very stable but in limited cases may be degraded 

by 3’-5’ exonucleases (208-210). In cases where there is high complementarity between 

miRNA and its mRNA target, the targeted mRNA itself may regulate miRNA stability by 
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tailing and trimming (211-215). In some cases, viruses can selectively destabilize host 

miRNAs by deploying their own snRNAs (212, 216). 

Biological consequences of miRNA-mediated gene silencing 

Understanding the biological consequences of a single miRNA mediated repression is 

challenging because: (1) pri-miRNAs are expressed as families of redundant genes, each 

of which usually code for multiple miRNAs; (2) each miRNA targets multiple mRNAs 

with diverse functional consequences so that it is difficult to prioritize targets that might 

contribute to observable biological effects for experimental validation; (3) miRNAs 

reduce levels of their target protein by only modest degrees, usually by less than 50% 

(217). Since haplo-insufficient phenotypes are rare for most genes, the 50% reduction in 

level of a protein due to the action of a single miRNA is not likely to produce an obvious 

phenotype. However, inhibition of all miRNA biogenesis (such as by knocking out Dicer) 

has been shown to impair a wide array of essential biological processes like pluripotency, 

cell division and differentiation (218-220). Collectively, these data suggest that while 

individual miRNAs and target mRNAs have little or no biological consequence, networks 

of miRNAs and their multiple mRNA targets can profoundly influence critical signaling 

pathways. Signaling pathways comprise dynamic, short lived and non-stoichiometric 

molar ensembles of enzyme, substrate and scaffolding proteins, which produce well 

established dose dependent responses to a given stimulus. By targeting multiple 

components of a signaling pathway, a network of miRNAs can alter the stimulus-induced 

signaling response (221). 
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Basic principles of signaling pathway targeting by miRNA 

Cell signaling pathways have evolved to tightly control the magnitude, temporal, and 

spatial aspects of gene expression. Signaling may be either constitutive or context-

dependent and may result in either transcriptional activation or repression of target genes. 

MicroRNAs targeting constitutive signaling - basal repression 

This type of cell signaling and subsequent gene expression is constitutively repressed 

under basal conditions and activated only after a specific stimulus is applied. Such genes 

are regulated at the transcriptional level by activators binding to responsive elements in 

gene promoters. It is an OFF-ON signaling event in the absence of additional layers of 

regulation. By targeting the positive mediators interposed between the stimulus and 

transcriptional activation, miRNAs raise the stimulus threshold for pathway activation 

and reduce the amplitude of response. The consequence of this type of miRNA-mediated 

signal modification is to filter out weak and transient stimuli, including background noise 

resulting in more accurate stimulus interpretation. Examples of this type of signal 

modification include: (1) miR-200c targeting of Transcription Factor (TCF) and other 

upstream positive mediators of canonical Wnt signaling in mouse cells under basal 

conditions (222) and (2) hsa-miR-324-5p targeting of GLI1 and constitutive suppression 

of hedgehog signaling in human medulloblastomas promoting tumor formation (223).  

MicroRNAs targeting constitutive signaling – basal activation 

This type of cell signaling is constitutively activated under basal conditions and is 

repressed only after a specific stimulus is applied. Examples of miRNAs that fine tune 

this type of signaling include miR-372 and miR-373 targeting of large tumor suppressor 

(LATS) kinase, which is responsible for phosphorylation of Yes-associated protein 
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(YAP) and Taffazin (TAZ) and prevention of their nuclear localization thereby causing 

uncontrolled proliferation of tumor cells (224, 225). 

MicroRNAs targeting context dependent signaling 

In this type of cell signaling, an extracellular signal does not directly determine the 

cellular response; rather the cell interprets the signal using contextual cues based on its 

own repertoire of mediators and the cellular microenvironment to activate distinct gene 

expression programs (226). This type of contextual signaling allows for greater plasticity 

in biological outcomes from limited set of signals. The available miRNA pool varies with 

cell type and hence plays an important role in regulation of this contextual cellular 

signaling. For example, In Xeonopus laevis embryos miR-15 and -16 restrict activity of 

the TGFβ superfamily ligand, nodal, to future dorsal and anterior surfaces. Nodal activity 

is required for formation of Spemann’s organizer and these miRNAs target the nodal 

receptor ACVR2A on the ventral side of the embryo attenuating nodal activity (227). 

In some cases extracellular signals are amplified by cellular machinery to increase 

sensitivity and ensure optimal biological responses. MicroRNAs may play a key role in 

regulating such signaling pathways at risk for inducing senescence or cancer initiation in 

the absence of adequate negative regulation. For example, miR-126 targets SPRED1 and 

PIK3R2 (both negative regulators of VEGF signaling) and amplifies the pro-oncogenic 

VEGF signaling in endothelial cells (228). MicroR-21 targets PTEN and SPRY and 

enhances receptor tyrosine kinase signaling in general thereby accelerating tumor 

formation (229, 230).  
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Role of miRNAs in cross talk between various signaling pathways 

Regulated miRNA expression in response to certain stimuli can lead to modification of 

alternative signaling pathways that may result in unconventional biological outcomes. 

Such signaling cross talk networks participate in regulating many cellular processes and 

contribute to the pathogenesis of many diseases.  

For example, TGFβ-mediated activation of AKT enhances glomerular mesangial 

cell survival and hypertrophy resulting in renal fibrosis in diabetic mouse models. TGFβ 

also induces miR-192 transcription which in turn downregulates ZEB2. ZEB2 

downregulation de-represses transcription of miR-216a and miR-217 which in turn 

downregulate PTEN resulting in AKT activation (231). Akt activation then contributes to 

renal fibrosis. In a similar way miR-203 facilitates cross talk between Wnt/β-catenin-

mediated regeneration signaling and p63-mediated stem cell maintenance signaling by 

targeting LEF1 and p63, respectively (232, 233). 

Role of miRNAs in maintaining the signaling strength of various signaling networks 

It is advantageous for most signaling networks to maintain constant stimulus-response 

relationships despite endogenous and environmental perturbations. MicroRNAs can 

reduce overall signal strength by targeting agonist-antagonist pairs (dampening effect), 

modulate relative agonist-antagonist levels to ensure optimal signaling (balancing effect), 

or as discussed above, reduce sensitivity to background noise (buffering effect) (234). 

In silico analyses predict miRNAs to play a key role in regulating both coherent and 

noncoherent networks (235-239). In a coherent network, the miRNA and its mRNA 

target are transcriptionally regulated in opposing directions. Thus, miRNAs would serve 

as reinforcers and/or functional backups for existing transcriptional regulators. The 
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miRNA and its target are expressed in mutually exclusive domains e.g. miR-1 and miR-

124 expression in D.melanogaster embryos (240). The miRNAs participating in coherent 

networks serve to potentiate the effects of the driving stimulus irrespective of their 

relative abundance to targets. 

In an incoherent network, the miRNA and its mRNA target are regulated in the 

same direction. They are usually co-activated or co-repressed by the same stimulus. The 

miRNAs that participate in these networks dampen network activity, prevent aberrant 

network activation by background noise, and maintain relatively stable levels of target 

protein. For example, ES cell pluripotency factor OCT4 turns on Nodal antagonist Lefty 

as well as activate miR-290-miR-295 cluster, which targets Lefty (241). 

Feedback regulation between miRNAs and their Targets 

A miRNA may be negatively regulated by its own mRNA target, which converts a 

transient signal into a longer lasting cellular response. Such cellular responses can 

continue long after signal termination. This type of miRNA-target interaction serves as a 

toggle switch for signaling networks. For example, miR-200 represses ZEB1 and ZEB2, 

which in turn repress miR-200. This facilitates TGFβ mediated epithelial-to-

mesenchymal transition (EMT) signaling that continue to manifest even in distant 

descendants of the original cell long after the inciting EMT stimulus has terminated (242, 

243). 
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Summary 

Temperature sensing and regulation of downstream gene expression involves utilizing the 

already existing, limited transcription factor repertoire in specific ways to promote cell 

survival. The diverse responses to temperatures across animal kingdom might involve a 

divergence in 3’ UTRs of these genes. MicroRNAs play a key role in 3’ UTR mediated 

regulation of specific genes. In fact, miRNA biogenesis itself involves a number of 

thermodynamics-dependent steps from pre-miRNA transcription to endoncleolytic 

processing by drosha and dicer, RISC formation, RISC loading and above all miRNA 

strand selection.  

We therefore explored the consequences of physiological temperature shifts on miRNA 

expression and its functional consequences in mammalian cells.  
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Our Central Hypothesis is that shifts in temperature within the physiologic range will 

modify expression levels of certain miRNAs, which converge on mRNAs involved in 

critical cellular processes and exert important downstream biological effects. 

We used human small airway epithelial cells (SAECs) as a platform to understand how 

moderate shifts in temperature modified miRNA expression, targeted gene expression 

and biological functions. Specifically, we proposed to: 

1. Analyze the effects of shifting incubation temperature from 37°C to 32°C or 

39.5°C on miRNA expression profile in primary cultured human SAECs and 

evaluate the consequences for expression of predicted target genes. 

2. Analyze the effects of SAEC incubation temperature change within the 32°C to 

39.5°C range on predicted molecular signaling pathways and their predicted 

biological effects. 
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Chapter 2 Shifts in temperature within the physiologic range modify strand-Specific 

expression of select human micro-RNAs  

Introduction:
1
 

Human core body temperature is homeostatically maintained within a narrow range (244, 

245). The surface-to-core temperature gradient increases during cold exposure, extending 

to subcutaneous and muscle tissues up to 4 cm deep (246). Core temperature itself can 

increase by several degrees during fever (247), exertional/environmental hyperthermia 

(248), or as part of adverse drug reactions (249). A decrease by several degrees may 

occur during accidental (250) or therapeutic hypothermia (251), sepsis (252), trauma 

(253) or certain drug intoxications (254, 255). Solid organs harvested for transplantation 

may be stored at more extreme hypothermia for prolonged periods prior to transplant. 

Work from our group and others has shown that modest changes in temperature within 

the physiological range alters expression level of certain genes with important 

physiologic and clinical consequences (5, 7, 8, 256-280). Most of the studies of 

temperature-dependent gene expression have focused on transcriptional regulation (256, 

268, 270, 274, 280-283), but post-transcriptional regulation by small noncoding RNAs 

like microRNA (miRNA) may be as important as transcriptional regulation for ~30% of 

all genes (174).  

The classical pathway to generation of mature miRNAs is a stepwise process that 

progresses from primary transcripts (pri-miRNAs) that fold into imperfect dsRNA-like 

hairpins by sequential action of two RNase III family nucleases. In the first step, a Class 

2 RNase III enzyme Drosha cleaves the sequences 5’ and 3’ to the hairpin structure 

                                                 
1
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releasing the ~70 nt pre-miRNA, which contains the mature miRNA duplex within its 

hairpin structure. The pre-miRNAs are exported to the cytoplasm and incorporated into 

the RNA-induced Silencing Complex (RISC) where the endocuclease Dicer cleaves the 

loop structures to yield ~21-nt miRNA duplexes with protruding 2-nucleotide 3′ ends 

(Reviewed (284)). Only one strand of the duplex is retained as the mature miRNA and 

the other is usually degraded (285). Considering this study is focused on temperature-

dependent miRNA expression, it is noteworthy that the strand with the 5′ terminus 

located at the thermodynamically less-stable end of the duplex is usually retained in the 

RISC as the mature miRNA (286). 

Based on previous studies showing that transcription of certain mRNAs is 

temperature-dependent and considering the reported importance of thermodynamics to 

miRNA strand selection, we hypothesized that changes in temperature within 

physiological range may also alter expression of certain mature miRNAs, which might 

have impact on expression of gene products with important potential consequences for 

homeostasis and disease pathogenesis. We utilized two complementary methods to 

analyze miRNA expression profiles in primary cultured human small airway epithelial 

cells (hSAECs) and Human Embryonic Kidney cells (HEK 293T) cells incubated at 

32°C, 37°C, and 39.5°C. We confirmed temperature-responsive miRNA expression using 

quantitative RT-PCR, performed an in silico analysis of potential targets of multiple 

temperature-responsive miRNAs, and analyzed the impact of temperature changes on 

protein expression of PKCα, an important signaling molecule and predicted target of 

multiple temperature-sensitive miRNAs. 
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Materials and Methods: 

Cell culture and treatment 

Primary cultured hSAECs were purchased from the ATCC (Manassas, VA) and 

maintained in airway epithelial cell basal medium supplemented with the small airway 

cell growth kit (ATCC). To analyze miRNA expression, hSAECs (lot no. 58704924) 

isolated from a 37 year old Caucasian male were growth factor-starved by culturing in 

basal medium without growth factors for 24 h at 37°C and 5% CO2, then incubated in 

basal medium with or without 1 ng/ml rhTNFα (R&D Systems; Minneapolis, MN) at 

32°C, 37°C, or 39.5°C for 24 h in automatic CO2 incubators. The incubators were 

certified to have <0.2°C temperature variation (Forma; Marietta, OH) and were calibrated 

for each experiment using an electronic thermometer (FLUKE Instruments model 5211, 

Everett, WA). A total of five independent experiments were performed for the microarray 

and Nanostring nCounter™ assays (NanoString Technologies, Seattle, WA, USA). 

Human SAECs from the original donor and a second lot of hSAECs from a 20 year old 

Caucasian female donor (lot no. 60747453) were similarly treated for confirmation of 

specific miRNA expression by quantitative RT-PCR. HEK 293T cells were obtained 

from ATCC and were maintained at 37°C in Dulbecco’s Minimal Essential Medium 

(DMEM) with 4.5 g/L glucose and supplemented with 5% fetal bovine serum (FBS). 

RNA extraction and RNA quality control 

Total RNA was extracted from treated cells using Trizol™ (Life Technologies; Grand 

Island, N.Y.) as per the manufacturer’s instructions. The purity and concentration of 

RNA samples were determined by absorbance at 260 and 280 nm measured using a dual 

beam UV spectrophotometer (Nanodrop; Thermo-Fisher Scientific) and RNA integrity 
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was evaluated by capillary electrophoresis using the RNA 6000 Nano Lab-on-a-Chip kit 

and the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) as per the 

manufacturer’s instructions. Only sets of samples with acceptable RNA quality for all six 

treatments were used for the miRNA analysis. miRNA expression profiles in three of the 

five sets of RNA samples were analyzed by microarray hybridization. The same three 

sets of samples and one additional set of samples were analyzed using the Nanostring 

nCounter™ solution hybridization assay. 

Array Hybridization and Analyses 

MiRNA microarray analysis was performed by Genome Explorations (Memphis, TN). 

RNA was processed and labeled according to standard RT-IVT methods. Labeled cRNA 

(15.0 ug) was fragmented by ion-mediated hydrolysis and hybridized for 16 h at 45°C to 

Affymetrix miRNA v2.0 array (Santa Clara, CA). The arrays were read and the log2 

mean intensities were used for further analysis. Data was first filtered for human miRNA 

and miRNA probe sets with at least one detection call among the eighteen samples were 

included for Principal Components Analysis (PCA) to identify outlier samples. One 

39.5°C sample was identified as an extreme outlier and removed from further analysis. 

ANOVA was performed for all 6 groups (with and without Benjamini-Hochberg FDR 

correction). Independent t-tests were performed for each pairwise comparison. Data were 

filtered for ANOVA pvals < 0.05 and an absolute Log2 fold change > 0.585 (1.5-fold) 

and t-test pval < 0.05 in each pairwise comparison were selected for further validation. 

Nanostring nCounter assays 

A novel multiplex assay for miRNA expression was performed using nCounter™ 

miRNA Expression Assay Kits at NanoString Technologies. This method enables 
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multiplexed direct digital counting of miRNA molecules (287). To prepare miRNA 

molecules for hybridization in the nCounter assay, proprietary DNA sequences called 

miRtags were ligated to the mature miRNAs using bridging oligonucleotides. After 

ligation and purification, the tagged mature miRNAs were hybridized to color-coded 

reporter probes and biotinylated capture probes, immobilized onto a cartridge, and each 

immobilized miRNA was identified based on its color code and quantified. A total of 811 

human and human-associated viral miRNAs were simultaneously assayed. All assays 

were performed using 100 ng of total RNA following the standard nCounter miRNA 

Assay Protocol. Hybridizations were performed automatically by mixing 5 µL of each 

miRNA multiplex assay with 20 µL NanoString nCounter reporter probe mix and 5 µL 

capture probe mix (30 µL total reaction volume), and hybridizing at 65°C for 18 h. The 

raw miRNA counts were analyzed using the nSolver software and normalized using the 

top 100 normalization method. The normalized values were then subject to two-way 

ANOVA and individual pair wise t-tests. miRNA with ANOVA pvals < 0.05 and fold 

change > 1.5-fold and t-test pval < 0.05 in each pairwise comparison were selected for 

further validation. The capture efficiency is approximately 1%. 

Real time quantitative RT-PCR for miRNA  

Complementary DNA was prepared from total RNA and real time quantitative PCR was 

performed using Taqman miRNA assays for hsa-miR-92a-1-5p, hsa-miR-27b-5p, hsa-

miR-18a, and hsa-miR-1260a as per manufacturer’s instructions. qRT-PCR for hsa-miR-

1260a and both mature strands of hsa-miR-181a, hsa-miR-27a, hsa-miR-27b, and hsa-

miR-92a, and were analyzed using (Quanta Bioscience) qscript™ miRNA assays. The 

pre- forms of hsa-miR-181a, hsa-miR-27a, hsa-miR-27b, and hsa-miR-92a were analyzed 
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using qPCR of the cDNAs prepared for each miRNA using the Quanta kit and primers 

designed to target pre-sequence outside the mature miRNA sequences. Ct values were 

normalized to hsa-miR-23a, which was shown to be unaltered under these treatment 

conditions by the nCounter assay, and fold-change vs. 37°C was calculated using the 

delta-delta method (288). To quantify the primary transcripts for these miRNAs RNA 

from the same cell lysates were reverse transcribed using commercial reverse 

transcriptase and oligo (DT) primers (Promega) and primers designed to exclude pre-

form sequence. The Ct values for the primary transcripts were normalized to GAPDH. 

The products of the Quanta qRT-PCR assays of the temperature-responsive mature 

miRNAs were isolated using Qiagen (Valencia, CA) minElute columns, then cloned into 

the T-vector™ cloning plasmid (Promega; Madison, WI) according to the manufacturer’s 

protocol. Plasmids were prepared using Qiagen miniprep columns and DNA was 

sequenced using T7 primer (Eurofins Genomics; Huntsville, AL).  

Estimation of absolute miRNA expression levels 

The total number of mature hsa-miR-1260a and the opposite strands of the other 

temperature-responsive miRNAs, hsa-miR-27a-3p, hsa-miR-27b-3p, hsa-miR-92a-1-3p, 

and hsa-miR-181a-5p, were calculated from the Nanostring data using total number of 

hybridization events, assuming a collection efficiency of 1% (provided by Nanostring) 

and a total RNA isolation yield of 20 µg per million hSAECs. This method estimated let-

7a-5p as 204 copies per hSAEC cell, which is similar to the reported let-7a-5p expression 

level in A549 cells of 200 copies per cell (289). 

Thermodynamic analysis of Temperature-responsive miRNAs 

Thermodynamic stabilities of miRNA duplex and each of its ends comprising the 



 

44 

 

terminal 3 bp and 2-nt 3′ overhangs were calculated using nearest-neighbor methods 

(290) with adjustment for the composition of the 3’ overhang (291) using University of 

Vienna RNAFold Program (292). For each miRNA, the total free energy of the duplex 

and the free energy with either the first 5 nucleotides of the 5-p arm or 3-p arm forced to 

be unpaired was calculated. The free energy of each end was estimated by subtracting the 

free energy values of each terminal unpaired constraint from the total free energy. The 

absolute value of the difference in free energy of the two ends was calculated as a 

measure of thermodynamic asymmetry of the miRNA duplex. 

Transfection of miRNA inhibitors 

HEK 293T cells were seeded in 6 x 35mm cell culture dishes (Corning Biosciences) and 

transfected 24h later with pEZX-AM03 vector containing complementary sequence 

against hsa-miR-92a1-5p, hsa-miR-27b-5p and hsa-miR-1260a or scrambled sequence. 

Cells were incubated at 37°C for 24 h followed by incubation at 32°C, 37°C, or 39.5°C 

for next 24 h. Cells were lysed in RIPA at the end of 24h and immunoblotting was 

performed as described below. A total of four independent experiments were performed. 

Interaction of temperature-sensitive miRNAs with PKCα 3’UTR 

A 406 nt DNA designed to include the predicted targets of temperature-sensitive 

miRNAs in PKCα 3’UTR was synthesized as gBlocks® and cloned between XbaI and 

SacI sites in pMiRGLO (Promega, Madison, WI) to generate pmirGLO-PKCα-WT. This 

sequence contains three predicted binding sites each for hsa-miR-27b-5p and hsa-miR-

92a-1-5p and one binding site for hsa-miR-1260a. A control plasmid, pmirGLO-PKCα-

Mut, was similarly generated in which each of the predicted miRNA targeted sequences 

was mutated (Figure 5B). HEK 293T cells were transfected with a combination of 
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synthetic miR mimics for hsa-miR-92a1-5p (50nM), hsa-miR-27b-5p (50nM) and hsa-

miR-1260a (25nM) or scrambled sequence (125nM) (Sigma MISSION® microRNA 

Mimics) and 5ng pmirGLO-PKCα-WT or pmirGLO-PKCα-Mut using Lipofectamine 

2000 (life technologies). Cells were then incubated at 37°C for 48 h and lysed in Passive 

lysis buffer (Promega) and analyzed using a commercial dual luciferase assay (Promega) 

according to the manufacturer’s protocol using a Perkin Elmer Victor3 Multilabel Plate 

reader. The firefly to renilla luminescence ratio was calculated for each well and a mean 

luminescence ratio was calculated for each treatment group. A set of four independent 

experiments were performed. 

Analysis of PKCα protein expression 

Human SAECs and HEK 293T cells were incubated at 32°C, 37°C, or 39.5°C for 24 h, 

lysed in RIPA buffer containing protease and phosphatase inhibitors, resolved by SDS-

PAGE, transferred to PVDF membrane (Immobilon-FL Transfer Membrane, Millipore), 

blocked with Odyssey™ Blocking Buffer (LI-COR), probed with primary antibodies 

against protein kinase C (PKC)-α (Cell Signaling Tech. Cat#2056S) or β-tubulin 

(Millipore Cat#MAB3408) and IRDye 800CW Goat anti-Rabbit IgG, IRDye 680RD 

Goat anti-Mouse IgG (LI-COR) secondary antibodies. In some experiments, HEK 293T 

cells were transfected with inhibitors of hsa-miR-92a-1-5p, hsa-miR-27b-5p and hsa-

miR-1260a or with controls targeted to a scrambled sequence 24 h prior to changing 

culture temperature. The bands were detected and quantified using Odyssey-CLX 

infrared imaging system. The density of each PKCα band was expressed as a ratio to the 

β-tubulin band density from the same sample and was compared with 37°C control for 

each experiment.  
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Cell cycle Analysis by Flow cytometry 

Human SAECs were cultured at 37°C in complete growth medium (ATCC) for 24 h, then 

were growth factor-starved by culturing in basal medium (ATCC) without growth factors 

for next 24 h at 37°C. The serum-starved cells were then either incubated in serum-free 

basal medium or complete growth medium containing 5% serum for an additional 24 h at 

32°C, 37°C, or 39.5°C to analyze the effects of incubation temperature on cell cycle in 

the presence and absence of exogenous mitogen. Cells were harvested using trypsin-

EDTA, fixed in cold 70% ethanol for 1 h at -20°C, washed twice with PBS and treated 

with RNAse (Qiagen). The cells were then stained with Propidium Iodide at a final 

concentration of 200 ng/ml (Sigma) and analyzed for cell cycle using a Becton-Dickinson 

Flow cytometer and the Watson cell cycle algorithm in the manufacturer’s FlowJo 

software. HEK 293T cells were transfected with miRNA inhibitors and subjected to the 

same cells cycle analysis as hSAECs. 

Statistics 

For quantitative RT-PCR and immunoblot data, differences between treatment groups 

were analyzed by repeat Mann-Whitney test using JMP 9 (SAS Institute, Inc; Cary, 

N.C.). Differences among >2 treatment conditions was analyzed by one-way ANOVA. In 

some cases we applied a post-hoc Tukey’s Honestly Significant Difference test. Effects 

of temperature and TNFα were distinguished using a two-way ANOVA. 
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Results 

Mature human miRNA detection by both platforms 

Human SAECs were incubated for 24 h with or without 1 ng/ml TNFα at 32°C, 

37°C, or 39.5°C and total RNA was isolated. RNA samples were analyzed for quality by 

capillary electrophoresis. Samples from four experiments were found to be high quality 

and were analyzed for miRNA expression profile. RNA samples from all four 

experiments were analyzed for miRNA profile using the nCounter™ miRNA assay. 

Samples from three of these experiments were also analyzed by Affymetrix™ miRNA 

microarray. The microarray and nCounter platforms comprised 632 and 811 probe sets, 

respectively, for mature human miRNAs. The two platforms shared 425 common probe 

sets. Of the 386 unique miRNAs probed by the nCounter miRNA assay, 64 were detected 

in at least one sample in all four sample sets. Of the 207 unique miRNAs probed by 

microarray, 131 were detected in at least one sample in all three sample sets. Of the 425 

common miRNAs, 139 were detected by both platforms, 18 were detected only by 

nCounter, and 153 only by microarray. Thus of the 1018 miRNAs probed, 505 (49.6%) 

were detected in at least one sample per experiment by one or both assays. 

Identification of differentially expressed miRNA 

To model accidental or therapeutic hypothermia or exertional/environmental 

hyperthermia, hSAECs were exposed to 32°C or 39.5°C, respectively, in the absence of 

TNFα. To model sepsis-related hypothermia and fever these cells were exposed to 32°C 

or 39.5°C, respectively, in the presence of 1 ng/ml TNFα, a proinflammatory cytokine 

that plays a central role in the pathogenesis of sepsis (293). Of the 505 miRNAs detected 

in hSAECs, only 11 were differentially expressed in cells incubated for 24 h at 32°C 
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and/or 39.5°C with or without TNFα (Figure 2.1A; Table 2.1). Of these, ten were 

detected by microarray and one was detected by nCounter™. Seven of the temperature-

responsive miRNAs that were detected by microarray were not included in the 

nCounter™ probe set. The other three miRNAs found to be temperature-responsive by 

microarray, hsa-miR-3195, hsa-miR-1468, and hsa-miR-564, were present in the 

nCounter™ probe set but were not detected in any of the samples and were not included 

in the subsequent analysis. For hsa-miR-18b, the temperature-response pattern was 

influenced by the presence or absence of TNFα. Without TNFα, hsa-miR-18b expression 

levels were reduced at both 32°C and 39.5°C compared with 37°C, but when the hSAECs 

were treated with TNFα, miR-18b expression levels were higher at 32°C and 39.5°C 

compared with 37°C. For the other six temperature-responsive miRNAs identified by 

microarray, the temperature-response pattern was unaffected by the presence or absence 

of TNFα. Four of these miRNAs, hsa-miR-181a-3p, hsa-miR-27a-5p, hsa-miR-27b-5p, 

and hsa-miR-92a-1-5p, exhibited a similar expression pattern with highest expression at 

32°C and lowest at 39.5°C. For the other two miRNAs, hsa-miR-380-5p and hsa-miR-

3188, gene expression was lower at both 32° and 39.5°C than at 37°C (Figure 1B, C). 

The only temperature-responsive miRNA detected exclusively by the nCounter™ 

miRNA assay, miR-1260a, exhibited a temperature-response pattern similar to miR-181a, 

and 2-way ANOVA analysis failed to show an effect of TNFα.  

  



 

49 

 

 

Figure 2.1 Microarray and nCounter analysis of the effects of incubation temperature on miRNA 

expression pattern in human SAECs. (A) HEATMAP of selected miRNAs detected by microarray in 

hSAECs following 24 h incubation at 32°C, 37°C or 39.5°C in the absence or presence of 1 ng/ml rhTNFα. 

(B and C) Microarray data for 7 miRNAs exhibiting temperature-dependent expression and nCounter data 

for miR1260a expression expressed as fold-change vs. 37°C cells in the absence (B) or presence (C) of 

TNFα. Mean ± SEM. * denotes P < 0.01 vs. 37°C. N = 3 for microarray and 4 for nCounter™ 
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Confirmation of selected miRNA by quantitative PCR 

The six miRNAs (hsa-miR-18b, hsa-miR-27a-5p, hsa-miR-27b-5p, hsa-miR-92a-1-5p, 

hsa-miR-181a-3p, and hsa-miR-1260a) shown to exhibit consistent patterns of 

temperature-dependent expression by microarray and nCounter™ assays were further 

analyzed by qRT-PCR. Five of these miRNAs (hsa-miR-27b-5p, hsa-miR-92a-1-5p, hsa-

miR-27a-5p, hsa-miR-181a-3p and hsa-miR-1260a) showed similar patterns of 

temperature-responsiveness by RT-PCR and microarray or nCounter™ analysis (Figure 

2.2A-E). The identities of each qRT-PCR product were confirmed as the miRNA of 

interest by sequencing and the chromatograms are shown in Figure 2.2.  The absolute 

expression level of each of the five temperature responsive miRNAs was estimated from 

the Nanostring™ data and is shown on the right hand y-axis in the Fig. 2.2A-E. The 

temperature responsiveness demonstrated for hsa-miR-18b by microarray was not 

confirmed by qRT-PCR (Figure 2.2F). Four of these confirmed miRNAs represent the 

star strand, which is accepted as the less abundant strand for the corresponding mature 

miRNA duplex (285).  
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Figure 2.2 Quantitative RT-PCR confirmation of temperature effects on miRNA expression pattern 

in human SAECs. Human SAECs from two lots were incubated for 24 h at 32°C, 37°C, or 39.5°C without 

or with 1 ng/ml rhTNFα. Total RNA was collected and levels (A) hsa-miR-92a-1-5p (B) hsa-miR-27b-5p 

(C) hsa-miR-1260a (D) hsa-miR-27a-5p (E) hsa-miR-181a-3p and (F) hsa-miR-18b were analyzed by 

qRT-PCR as described in methods and expressed as a fold change vs. 37°C cells without TNFα. The right 

hand axis displays the total expression level in copies per cell, which was calculated as described in 

Methods. Mean ± SEM. * denotes P < 0.05 vs. 37°C; † denotes P < 0.05 vs. 39.5°C; § denotes P < 0.05 vs. 

37°C with TNFα; ¶ denotes P < 0.05 vs. 39.5°C with TNFα, n = 4.  

 

Levels of the opposite miRNA strand and corresponding long form stem loop 

precursors (pre-miRNA) and primary transcripts (pri-miRNA) for four of the five 

confirmed temperature-responsive miRNAs were quantified by qRT-PCR (Fig. 2.3). A 

similar analysis of hsa-miR-1260a was not possible since its pre-miRNA sequence is 

embedded in exon 3 of the neuroglobin gene and its 3p arm has not been defined. The 

corresponding opposite strands, the pre-, and pri- forms for three of these miRNAs, hsa-

miR-92a-3p, hsa-miR-27b-3p, and hsa-miR-27a-3p, were not affected by either 

temperature change (Fig. 2.3A-C) or TNFα treatment (data not shown). In contrast, for 

hsa-miR-181a-5p, expression levels of both mature strands, pre- and pri- forms tended to 

be higher at both 32°C and 39.5°C compared with 37°C (Figure 2.3D). In addition, pre-

miRNA forms for three of the temperature-sensitive miRNAs, hsa-miR-92a, hsa-miR-

27a, and hsa-miR-1260a, were included in the microarray probe set and shown to have 

similar expression levels at all three temperatures (Table 2.1).  
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Figure 2.3 Quantitative RT-PCR analysis of temperature effects on pri-miRNA, pre-miRNA, and 

opposite strand expression pattern in human SAECs. Human SAECs from two lots were incubated for 

24 h at 32°C, 37°C, or 39.5°C without rhTNFα. Total RNA was collected and levels the temperature 

responsive strand, the sister strand, the pri-miRNA, and the pre-miRNA for (A) hsa-miR-92a-1 (B) hsa-

miR-27b (C) hsa-miR-27a and (D) hsa-miR-181a were analyzed by qRT-PCR as described in methods and 

are expressed relative to expression of each in 37°C hSEAECs. Mean ± SEM,  n = 4. The p-values from 

one-way ANOVA are indicated. 
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Table 2.1: Microarray analysis of the effect of incubation temperature on expression 

levels of pre- and mature miRNAs. 

 

 
 

1
All pre-miRNAs and indicated mature miRNAs measured by microarray. 

2
Indicated mature miRNAs also measured by nCounter™ (fold change values are from microarray). 

3
Mature 1260a measured only by nCounter™. 

4
Pre-miRNA not present in probe set. 
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Thermodynamic properties of temperature-responsive miRNAs 

We analyzed the mature miRNA duplexes corresponding to four of the five temperature-

responsive miRNAs for predicted overall stability, the stability of each end of the duplex, 

the asymmetry of stability from one end to the other, and its relationship to the mature 

temperature-responsive miRNA strand. We compared each of the temperature responsive 

miRNAs with the other non-temperature responsive miRNAs from the same cluster, 

which were identified using mIRBase (294) (Table 2.2). A similar analysis of hsa-miR-

1260a was not possible because it p-arm has not been unambiguously identified. Hsa-

miR-27a and hsa-miR-27b were the most stable miRNAs in their respective clusters and 

hsa-miR-92a-1 was the second most stable of six miRNAs in its cluster. There was only 

one other miRNA in the hsa-miR-181a-1 cluster, hsa-miR-181b-1, and both had the same 

predicted free energy. Three of the four temperature-responsive miRNAs exhibited the 

greatest difference in predicted stability between their two ends compared with other 

miRNAs in their cluster. Interestingly, all four of the temperature-responsive miRNAs 

were derived from the strand with greater duplex stability at its 5’ end and therefore 

predicted to be the less abundant or star strand (286). 
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Table 2.2: Thermodynamic properties of temperature-responsive miRNAs and their 

cluster-mates. 

 Free Energy at 37°C (kcal/mol) 5p – 3p 

absolute 

difference
3
 

Less stable 

end miRNA Total 5p end
1, 2

 3p end
1, 2

 

hsa-miR-27a -22 -7.9 -6.6 1.3 3p 

hsa-miR-23a -20.9 -5.4 -5.7 0.3 5p 

hsa-miR-24-2 -18.5 -4.1 -4.4 0.3 5p 

      

hsa-miR-27b -18.9 -9.8 -6.0 3.8 3p 

hsa-miR-23b -18.6 -3.1 -3.4 0.3 5p 

hsa-miR-3074 -17.0 -3.2 -2.3 0.9 3p 

hsa-miR-24-1 -15.9 -4.1 -1.8 2.3 3p 

      

hsa-miR-181a-

1 

-17.8 -5.4 -9.0 3.6 5p 

hsa-miR-181b-

1 

-17.8 -6.0 -8.7 2.7 5p 

      

hsa-miR-92a-1 -23.8 -9.0 -7.8 1.2 3p 

hsa-miR-17 -22.1 -5.2 -13.4 8.2 5p 

hsa-miR-18a -17.8 -6.0 -8.7 2.7 5p 

hsa-miR-19a -23.5 -7.1 -9.7 2.6 5p 

hsa-miR-20a -26.6 -5.2 -13.4 8.2 5p 

hsa-miR-19b-1 -19.7 -7.1 -8.6 1.5 5p 
1
Refers to duplex end containing 5’ terminus of 5p and 3p arm, respectively. 

2
Calculated as the difference between total unconstrained miRNA free energy and the free energy when the 

5 terminal nucleotides of the 5p or 3p end are forced to be unpaired. 

3
The absolute difference between free energy of the 5p and 3p ends were calculated as a measure of duplex 

asymmetry. 
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Target prediction and validation 

Potential gene targets of the temperature responsive miRNAs were identified using the 

miRTar algorithm (295). Three of the five miRNAs, hsa-miR-92a-1-5p, hsa-miR-27b-5p, 

and hsa-miR-1260a, were predicted to target the PRKCA gene encoding PKCα, an 

important signaling molecule. To determine whether the observed temperature-

responsive changes in miRNA expression are biologically relevant and impact expression 

levels of target protein, we analyzed the effects of hypo- and hyperthermia on PKCα 

protein levels in hSAECs (Figure 2.4A) and HEK 293T cells (Figure 2.4B) by Western 

blotting. Compared with 37°C HEK 293T cell cultures, levels of PKCα were 37% lower 

in cells incubated at 32°C for 24 h and 35% higher in cells incubated at 39.5°C. The 

pattern of temperature-dependent PKCα protein expression level was similar in hSAECs. 

To determine the potential contribution of the hypothermia-induced miRNAs to changes 

in PKCα protein levels, we pre-loaded HEK 293T cells with miRNA inhibitors against 

hsa-miR-92a-1-5p, hsa-miR-27b-5p and hsa-miR-1260a for 24 h prior to a 24 h exposure 

to 32°C, 37°C, or 39.5°C and analyzed of PKCα protein levels (Figure 2.4B). Cells that 

were preloaded with these three miRNA inhibitors increased PKCα levels at all three 

temperatures with the greatest increase occurring in the cells incubated at 32°C. 
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Figure 2.4 Clinically relevant temperature change induced expression of miRNAs alters the PKCα 

protein levels. (A) Human SAECs were incubated at 32°C, 37°C or 39.5°C for 24 h and cell lyates were 

immunoblotted for PKCα. Representative of 4 similar blots and quantified band densities for PKCα 

normalized to ß-tubulin and expressed as percent of levels in 37°C cells.  
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(B) HEK 293T cells were transfected either with a combination of miRNA inhibitors against hsa-miR-27b-

5p, hsa-miR-1260a, and hsa-miR-92a-1-5p or an equal concentration of a non-targeting scrambled-

sequence inhibitor control. Transfected and untransfected cells were incubated at 32°C, 37°C or 39.5°C for 

24 h and immunoblotted for PKCα. A representative immunoblot and quantified band densities from four 

similar blots normalized to ß-tubulin and expressed as percent of levels in untreated 37°C cells are shown. 

Mean ± SEM. * denotes P < 0.05, † denotes p<0.04 vs. untreated 37°C and 39.5°C cells and miRNA 

inhibitor-treated 32°C cells, ¶ denotes p<0.02 vs. untreated 39.5°C cells; n = 4.  

 

To further demonstrate the specificity of hsa-miR-92a-1-5p, hsa-miR-27b-5p and hsa-

miR-1260a for the PKCα 3’UTR, multiple potential binding sites for these three miRNAs 

were identified in the 3’UTR of PRKCA gene using PITA (Kertesz et al. 2007) and 

incorporated into pmirGLO dual luciferase miRNA reporter plasmid (Figure 2.5A, B). 

pmirGLO-PKCα-WT contained three binding sites each for hsa-miR-92a-1-5p and hsa-

miR-27b-5p and one binding site for hsa-miR-1260a and pmirGLO-PKCα-Mut contained 

an identical sequence except inactivating mutations were introduced into each of the 

putative miRNA binding sequences. HEK 293T cells were transfected with miRNA 

mimics for hsa-miR-92a-1-5p, hsa-miR-27b-5p, and hsa-miR-1260a or with scrambled 

mimic and with pmirGLO-aPKCα-WT or pmirGLO-PKCα-Mut and were lysed and 

analyzed for luciferase activities 48 h later (Figure 2.5C). The miRNA mimics inhibited 

firefly luciferase translation from pmirGLO-PKCα-WT by 49.5% compared with 

scrambled mimic. In contrast, the miRNA mimics had no effect on pmirGLO-PKCα-Mut 

activity.  
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Figure 2.5 Functional analysis of the PKCα 3’UTR binding sites for the temperature-sensitive 

miRNAs. (A) The putative binding sequences for hsa-miR-27b-5p, hsa-miR-1260a and hsa-miR-92a-1-5p 

in PKCα 3’UTR are shown. (B) Sequence of pmirGLO-PKCα-WT or pmirGLO-PKCα-Mut generated by 

cloning repeats of the putative miR binding sites or mutated sequences, respectively, into pmirGLO. The 

mutated nucleotides in each miR target sequence is indicated by black text for pmirGLO-PKCα-Mut.  
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(C) HEK 293T cells were transfected with a combination of synthetic miRNA mimics for hsa-miR-27b-5p, 

hsa-miR-1260a, and hsa-miR-92a-1-5p or an equal concentration of non-targeting scrambled control mimic 

and pmirGLO-PKCα-WT (Wild-type) or pmirGLO-PKCα-Mut (Mutant), incubated at 37°C for 24 h, and 

dual luciferase assays were performed. Mean ± SEM. * denotes P < 0.05, n = 4.  

 

Downstream Biological consequences for changes in temperature   

To understand the potential biological impact of altered PKCα protein levels, we 

analyzed cell cycle progression in growth factor starved hSAECs incubated for 24 h at 

32°C, 37°C, and 39.5°C in serum-containing growth medium (Figure 2.6A). Human 

SAECs incubated at 32°C exhibited relatively fewer cells in G1 phase and more cells in S 

phase compared with 37°C and 39.5°C cells. To evaluate the contribution of the 

temperature-responsive PKCα-targeting miRNAs we transfected HEK 293T cells with 

miRNA inhibitors against hsa-miR-92a-1-5p, hsa-miR-27b-5p and hsa-miR-1260a 24h 

prior to growth factor starvation at 32°C or 37°C, then replaced the medium with serum-

containing growth medium for an additional 24 h (Figure 2.6B). As we found for 

hSAECs, the G1:S ratio was lower in HEK 293T incubated at 32°C cells than in 37°C 

cells and the difference was reduced by pretreating 32°C cells with mIRNA inhibitors. 
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Figure 2.6 Effect of incubation temperature on cell cycle progression in human SAECs. (A) Human 

SAECs were serum-starved for 24 h at 37°C, then incubated at 32°C, 37°C or 39.5°C for an additional 24 h 

in serum-containing growth medium, stained with propidium iodide and the proportion of cells in G1, S, 

and G2 phases was determined using flow cytometry. (B) HEK 293T cells were transfected with a 

combination of synthetic miRNA inhibitors for hsa-miR-27b-5p, hsa-miR-1260a, and hsa-miR-92a-1-5p or 

an equal concentration of non-targeting scrambled control inhibitor. After 24 h recovery, the cells were 

serum-starved for 24 h at 37°C, then incubated in serum-containing growth medium at 32°C or 37°C for 24 

h and cell cycle analysis performed and the G1:S ratio calculated. Mean ± SEM, n = 5 * denotes P < 0.05 in 

panel A. P-values indicated in panel B. 
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Discussion 

Deviations from the normal core temperature range may have important consequences for 

health and disease (12, 296-298). Although hypothermia is generally considered to be 

anti-inflammatory and pro-survival (299-301), moderate hypothermia can prolong TNFα 

and IL-1β expression (302, 303) and increase expression of CD14 (304) in mononuclear 

phagocytes. While moderate hyperthermia is usually considered pro-inflammatory (10, 

271, 272, 305-307), moderate hyperthermia reduces expression of TNFα (261, 270, 283), 

G-CSF (308), IL-1β (256, 281, 309, 310), c-fos (311), and IL-18 (312). Our previous 

studies have demonstrated that modest deviations from normothermia can alter stress-

induced and proinflammatory signaling pathways, including heat shock factor-1 (HSF-1), 

p38 MAP kinase, and NFκB (275, 298, 302, 303, 313) and modify expression of 

important genes. We identified several mechanisms by which shifts in temperature within 

the physiologic range modify gene transcription (261, 268, 270, 283). In this paper we 

have expanded these studies by analyzing how shifts in temperature within the clinical 

range modify expression of a discrete subset of miRNAs, the consequences for post-

transcriptional regulation, and the effects on protein expression of an important predicted 

miRNA target, PKCα, and the impact on cell proliferation. 

Since the primary cultured hSAECs used in this study are isolated from airways 

that are ≤1 mm in diameter that are close to core temperature in vivo (314), the in vitro 

exposure temperatures used in this study are similar to the temperatures these cells 

experience in vivo during clinically relevant hypothermic, normothermic, and 

hyperthermic states. The following four comparison groups were studied to simulate 

clinically relevant conditions: hypothermia (32°C vs 37°C), hyperthermia (39.5°C vs 



 

64 

 

37°C), therapeutic hypothermia (32°C with TNFα vs 37°C with TNFα) and fever (39.5°C 

with TNFα vs 37°C with TNFα). Microarray and Nanostring™ assays with confirmation 

by qRT-PCR identified only 5 (1%) of 505 miRNAs detected in hSAECs that exhibited 

temperature dependent expression and this pattern was not influenced by the presence of 

TNFα. 

Billeter et al. (315) analyzed miRNA expression in ex vivo whole human blood 

stimulated with low dose (1 ng/ml) LPS using microarray and found only 3% of screened 

miRNAs showed temp-responsiveness to temperature changes between 34°and 40°C. 

One of these was hsa-miR181a, which demonstrated a similar pattern to its expression in 

hSAECs, was increased in hypothermic cells and reduced in hyperthermic cells. Truettner 

et al. (316) analyzed the effect of 4 h exposure to hypothermia or hyperthermia on 

miRNA expression in brain in a rat traumatic brain injury model. They found that post-

trauma brain levels of miR-27b were higher in rats exposed to hypothermia than in 

normothermic rats. While these two studies showed similar effects of temperature shifts 

on expression of miR-181a and miR-27b as found in our current study, these authors did 

not consider whether the temperature-responsive miRNAs were the 3p- or 5p-arm. 

Nonetheless, these two studies and the results of our current study demonstrate that 

clinically relevant hypothermic temperatures induce expression of surprisingly few 

miRNA genes.  

In our current study, miRNAs were profiled using two assay platforms that had 

significant overlap in the miRNAs probed but with important differences. While the 

Affymetrix™ microarray contains probe sets for both precursor and mature miRNA, the 

nCounter™ solution hybridization assay only contains probe sets for mature miRNA. The 
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microarray probes for both strands of most mature miRNAs, while the nCounter™ probe 

sets are biased towards the more abundant (guide) strand of mature miRNA and probed 

for few star (less abundant ‘passenger’) strands. Since most of the temperature-sensitive 

miRNAs detected by microarray were the star strands, these miRNAs would be largely 

undetectable by the nCounter™ probe set. None of the miRNAs that were detected by 

both platforms exhibited temperature-sensitive expression patterns. However, the 

temperature-responsive expression patterns detected for five miRNAs by either the 

microarray or nCounter™ method were confirmed by strand-specific qRT-PCR. Of these, 

hsa-miR-27b and hsa-miR-1260a exhibited much higher absolute expression levels, 18 

and 7 copies per cell, than the other three temperature-responsive miRNAs. 

The mechanism by which expression levels of hsa-miR-92a-5p, hsa-miR-27a-5p, hsa-

miR-27b-5p, hsa-miR-1260a, and hsa-miR-181a-3p increase in hypothermic cells is not 

clear. It is also not certain whether the same mechanism is responsible for the increase of 

all five miRNAs. MicroRNA precursors are transcribed by the same machinery that 

transcribes mRNA (312). Some such as hsa-miR-92a are expressed as a miRNA cluster 

from a polycistronic gene coding for multiple miRNAs (317). The sequence for hsa-miR-

1260a precursor is embedded in exon 3 of the neuroglobin gene. Mature miRNA is 

processed stepwise from pri-miRNAs to ~70 nt pre-miRNAs, ~21-nt miRNA duplexes 

with protruding 2-nucleotide 3′ ends, and finally to the single strand mature miRNA, 

which is incorporated into the RISC (Reviewed (318)). Several lines of evidence from 

our study suggest that the expression profiles of most of these temperature-responsive 

mature miRNAs result from altered post-transcriptional processing. Quantitative RT-PCR 

analysis of the opposite strands and the pre- and pri- forms for three of the temperature-
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sensitive mature miRNAs, hsa-miR-92a-1, hsa-miR-27a, and hsa-miR-27b showed 

similar expression levels at all three temperatures and the Affymetrix microarray 

platform showed similar levels of 1260a pre-miRNA at all three temperatures (Table 1). 

By contrast, qRT-PCR analysis of hsa-miR-181a showed that both mature miRNA 

strands and the pre- and pri- forms showed a similar pattern of increased expression 

levels at 32°C and 39.5°C compared with 37°C, suggesting that the temperature-

dependent expression of miR-hsa-181a-3p reflected altered transcription rates. 

Quantitative RT-PCR demonstrated different temperature-dependent expression profiles 

for the star and guide strands for three of the temperature-responsive miRNAs (Figures 

3). While the two strands of Drosophila miRNA duplexes are loaded by different 

Argonaute proteins (319, 320), a similar Argonaute protein-specific miRNA strand 

sorting mechanism has not been demonstrated in mammalian cells. Considering past 

studies showing that the fate of each of the two strands in the miRNA duplex is 

influenced by its thermodynamic stability (321) and its interaction with Ago2 and Dicer 

when complexed with trans-activation response RNA-binding protein (TRBP) or protein 

activator of PKR (PACT) (322), strand selection is an attractive candidate for a 

temperature-sensitive step in miRNA processing. We found that the mature duplex forms 

of temperature-responsive miRNAs tended to have higher predicted stability and more 

asymmetry in stability than other miRNAs in their respective clusters and the 

temperature-responsive strands represented the usually less abundant strand (322). 

However the mechanisms for temperature-dependent strand selection, the reason for its 

restriction to so few miRNAs, and the extensive bias toward star strands remains 

incompletely understood.  
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The potential consequence of temperature-dependent miRNA expression for 

target gene expression in hypothermic and hyperthemic conditions was investigated by 

analyzing protein expression levels of PKCα, which contains multiple predicted targets 

sequences for three of temperature-dependent miRNAs, hsa-miR-92a1-5p, hsa-miR-27b-

5p and hsa-miR-1260a, in its 3’UTR region. We validated miRNA binding activity of the 

putative miRNA binding sites using dual luciferase vectors containing wild type or 

mutated binding sites from PKCα. Since animal miRNA may cause translational 

repression with or without mRNA decay (323), we measured PKCα protein levels in 

hSAECs and HEK 293T cells exposed for 24 h to 32°, 37°C and 39.5°C. As expected 

based on the increased expression of PKCα-targeting miRNAs, PKCα protein levels were 

significantly decreased in both the 32°C hSAECs and HEK293T cells compared with 

37°C cell cultures. Furthermore, the effect of hypothermia on PKCα protein levels in 

HEK 293T cells was blunted by inhibitors against the three putative PKCα-targeting 

miRNAs. PKCα expression is known to be extensively regulated by miRNAs. The 

miRTar algorithm identified 372 miRNAs predicted to target the PRKCA 3’UTR, 

including three of our temperature-responsive miRNAs. PRKCA targeting by hsa-miR-

200b (324), hsa-miR-216b (325), hsa-miR-203 (326) and hsa-miR-24-2* (327) have been 

confirmed experimentally. PKCα levels have been shown to increase with increasing 

levels of hsa-miR-328 in A549 cells (328). PKCα has been reported to upregulate hsa-

miR-1 (329), hsa-miR-101 (330) and hsa-miR-15a (331). Our results show that three of 

the miRNAs that target PKCα are expressed at higher levels during hypothermia, which 

may contribute to unanticipated consequences of hypothermia exposure. 
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Considering that PKCα blocks G1/S and promotes G2/M transitions (332-335), 

we compared cell cycle profiles in hSAEC cells incubated for 24 h at 32°C, 37°C, and 

39.5°C. Incubating hSAECs at 32°C, which reduces PKCα protein levels, reduced the 

proportion of cells in G1 and increased the proportion in S phase compared with 37°C 

cells. These results are consistent with a loss of G1/S transition block that would be 

expected with lower PKCα levels in the 32°C cells. Treatment with the same miRNA 

inhibitors that blunted the effect of hypothermia on PKCα protein levels also mitigated 

the effect of hypothermia on cell cycle progression in HEK 293T cells. Although we 

cannot exclude other effects of hypothermia that modify cell cycling, these data suggest 

that the miRNA targeting of PKCα contributes to altered cell cycle progression of cells 

exposed to clinically relevant hypothermia. 

In summary, we have shown that clinically relevant temperature deviations can 

modify expression levels of a narrow subset of miRNAs, which appear to largely reflect 

altered post-transcriptional processing. Three of the miRNAs that increase in 

hypothermic cells target PKCα with a predicted impact on cell cycle transition. These 

previously unappreciated effects of temperature shifts may have important consequences 

in clinical hypothermic and hyperthermic states. 
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Chapter 3 Effects of physiological temperature change on Wnt signaling pathway in 

SAECs 

Introduction 

2
Human core body temperature is usually maintained within a narrow range, but can 

increase or decrease by up to 5°C with exposure to extreme ambient temperatures, during 

exercise, as an endogenous response to injury and infection, and during certain 

therapeutic interventions. There are no clear data to confirm whether treating fever is 

beneficial or harmful in most clinical contexts, although our own data suggest that fever 

may be particularly harmful in acute lung injury (247, 336). Our previous studies 

identified p38 MAPK and heat shock factor-1 signaling pathways as two temperature-

dependent signaling pathways that impact on biologically and clinically relevant gene 

expression (297, 336, 337). Studies by others have shown that fever during post-cardiac 

arrest care is known to be associated with poor survival outcomes (338). Furthermore, 

cooling to 32-34°C has been shown to decrease morbidity and improve neurologic 

outcome and survival in survivors of cardiac arrest (23, 25) and is now an American heart 

association recommendation for management of unresponsive cardiac arrest patients 

(338). We recently reported that exposing human lung epithelial cells to therapeutic 

hypothermia-relevant temperature (32°C) induced expression of a small subset of 

microRNAs that converged on PKCα and relieved the PKCα-dependent block in G1 to S 

transition (339). 

                                                 
2
 Ratnakar Potla, Mohan E. Tulapurkar, Ishwar Singh, Sergei Atamas, Jeffrey D Hasday 

In preparation for submission to Scientific Reports 
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Wnt signaling plays a key role in embryonic development (340), wound healing (341), 

and fibrosis (342, 343). While the germline mutations in the Wnt pathway cause several 

hereditary diseases, somatic mutations in Wnt signaling pathway genes contributes to 

carcinogenesis in multiple tissues, including lung and gastrointestinal tract (344). 

Abnormal Wnt signaling also plays a central pathogenic role in fibrosis of multiple 

organs, including lung (345-347), heart (348), kidney (349, 350), liver (351), skin (352), 

systemic sclerosis (353) etc. Canonical Wnt signaling is activated by one of several Wnt 

family proteins through the post-translational changes and redistribution of ß-catenin 

(reviewed here (354)). In the absence of Wnt agonist, β-catenin is bound and 

phosphorylated by the cytosolic destruction complex consisting of adenomatous 

polyposis coli (APC), Axin proteins, glycogen synthase kinase 3 beta (GSK3β) and 

casein kinase I (CKI). Phosphorylated β-catenin is polyubiquitinated and continuously 

degraded by proteasomes keeping β-catenin levels low and restricted to the cell 

membrane through its association with transmembrane cadherin (355). Engagement of 

surface receptors of the Frizzled (Fz) family and low density lipoprotein receptor related 

protein 5 or 6 (LRP5/6) by Wnt agonists stimulates assembly of a large receptor 

associated signaling complex, which inhibits the activity of destruction complex. The 

reduced ß-catenin phosphorylation results in increased β-catenin protein levels increase 

and translocation to the nucleus. Within the nucleus, β-catenin complexes with 

transcription factor 7 (TCF7), which binds to specific elements in the promoter of Wnt-

dependent genes and activates gene expression (reviewed here (356)). Previous studies 

from other groups indicated temperature dependent activation and modulation of 

canonical Wnt signaling. For example, exposing human MG-63 osteoblast-like cells to 
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hyperthermia (44.8°C – 46.6°C for 10 min) increased nuclear levels of β-catenin and 

activated canonical Wnt signaling (357). The neuroprotective effects of moderate 

hypothermia (30°C) in a rat ischemic stroke model were accompanied by stabilization of 

β-catenin in the ischemic penumbra and prevention of the post-infarct reduction in ß-

catenin levels that occurred in normothermic animals (358). 

The purpose of this study is to understand how exposure to clinically relevant 

hypothermia and hyperthermia temperature alters Wnt signaling in human lung 

epithelium, to evaluate the contribution of temperature-sensitive miRNAs, and to 

evaluate the impact on gene expression profile relevant to lung epithelial differentiation 

and repair. 

  



 

72 

 

Materials and methods 

Cell culture and treatment 

Primary cultured human small airway epithelial cells (hSAECs; lot no. 58704924) 

isolated from a 37 year old Caucasian male were purchased from the ATCC (Manassas, 

VA) and maintained in airway epithelial cell basal medium supplemented with the small 

airway cell growth kit (ATCC). at 37°C and 5% CO2, in automatic CO2 incubators. The 

incubators were certified to have <0.2°C temperature variation (Forma; Marietta, OH) 

and were calibrated for each experiment using an electronic thermometer (FLUKE 

Instruments model 5211, Everett, WA). HEK 293T cells were obtained from ATCC and 

were maintained at 37°C in Dulbecco’s Minimal Essential Medium (DMEM) with 4.5 

g/L glucose and supplemented with 5% fetal bovine serum (FBS) and 1% penicillin-

streptomycin. Recombinant human Wnt-3a (Wnt-3a) was purchased from R&D 

Biosystems (cat# 5036-WN-010). 

TOPFLASH dual luciferase assay 

HEK 293T cells were seeded at 70,000 cells/well in 24-well plates, transfected 24 h later 

with 500 ng/well TOP or FOP luciferase constructs (Addgene) and 5 ng renilla luciferase 

vector (pRL) (Promega) using lipofectamine 2000 (Life technologies) as per 

manufacturer instructions, and recovered for 24 h at 37°C. Each TOPFlash-transfected 

cell monolayer was paired to an identically treated FOPFlash monolayer. Cells were then 

switched to 32°C, 37°C, or 39.5°C incubators for the next 24 h, followed addition of 

200ng/ml Wnt-3a (R&D Biosystems) and incubation at 37°C for an additional 24 h. The 

cells were lysed, firefly and renilla luciferase activities measured using a dual luciferase 

assay kit performed using the manufacturer’s protocol (Promega). The firefly luciferase 



 

73 

 

activity from TOP or FOP constructs was normalized to the renilla luciferase activity, and 

the ratio of normalized TOPFlash to FOPFlash activity for each pair of cell monolayers 

calculated.  

Real time quantitative RT-PCR for Wnt-3a responsive genes 

hSAECs monolayers were established at 37°C for 24 h and then incubated at 32°C, 37°C, 

or 39.5°C for the next 24 h.  The cells were then switched back to 37°C, 200ng/ml 

recombinant human Wnt-3a was added, and the cells were incubated for 3 h at 37°C, then 

lysed and RNA isolated using Trizol™ (Life Technologies; Grand Island, N.Y.) and the 

manufacturer’s protocol. The purity and concentration of RNA samples were determined 

by absorbance at 260 and 280 nm (Nanodrop; Thermo-Fisher Scientific). Total RNA (1 

µg) was reverse transcribed using iScript™ cDNA Synthesis Kit (Bio-Rad cat #1708891) 

and qRT-PCR was performed using SsoFast™ EvaGreen® Supermix (Bio-Rad cat 

#1725204) on a StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific Inc) 

as per the manufacturer’s instructions. Primer sequences are provided in table 3.1. Ct 

values were normalized to GAPDH, and fold-change vs. 37°C was calculated using the 

delta-delta method (288). 

miRNA mimics and inhibitor transfection  

HEK 293T cells were seeded in 6-well cell culture plates (BD Biosciences) and 24 h later 

transfected with miRNA mimics (Sigma) or inhibitors of hsa-miR-92a-1-5p 

(Genecopoeia cat# HmiR-AN0831-AM03-B), hsa-miR-27b-5p (Genecopoeia cat# 

HmiR-AN0360-AM03-B) and hsa-miR-1260a (Genecopoeia cat# HmiR-AN0100-

AM03-B) or with controls targeted to a scrambled sequence (Genecopoeia cat# CmiR-

AN0001-AM03-B) using lipofectamine 2000 (life technologies) as we have previously 
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described (339). Cells were incubated at 32°C, 37°C, or 39.5°C for next 24 h, then lysed 

in RIPA buffer for Western blotting of TCF7 and ß-catenin protein as described below or 

switched to 37°C and stimulated with Wnt3a as describe below.  

Analysis of TCF7 and β-catenin protein expression  

HEK 293T cells were seeded in 100mm cell culture dishes (BD falcon) and 24 h later 

incubated at 32°C, 37°C, or 39.5°C for next 24 h, lysed in RIPA buffer containing 

protease and phosphatase inhibitors, resolved by SDS-PAGE, transferred to PVDF 

membrane (Immobilon-FL Transfer Membrane, Millipore), blocked with Odyssey™ 

Blocking Buffer (LI-COR), probed with primary antibodies against β-Catenin  (BD 

biosciences cat#610154),TCF7 (Novus biologicals cat#H00006932-M01,H00006932-

M02), LamininB1(Pierce cat#PA5-19468) or β-tubulin (Millipore Cat#MAB3408) and 

IRDye 800CW Goat anti-Rabbit IgG, IRDye 680RD Goat anti-Mouse IgG (LI-COR) 

secondary antibodies. The bands were detected and quantified using Odyssey-CLX 

infrared imaging system. The density of each band was expressed as a ratio to the β-

tubulin band density from the same sample (whole cell lysate and cytosolic fractions) or 

to LamininB1 band density from the same sample (nuclear fractions) and was compared 

with untreated or untransfected control for each experiment. 

Immunoflourescence microscopy  

Human SAECs were seeded at 10,000 cells per well in Millicell EZ SLIDE 4-well glass 

slides (EMD Millipore Corp.) and incubated at 37°C for 24 h and switched to 32°C, 

37°C, or 39.5°C for next 24 h. The cells were then treated with 200 ng/ml Wnt-3a and 

switched back to 37°C for 3 h. Cells were washed twice with ice cold PBS and fixed in 

4% paraformaldehyde in PBS (USB corp.). The cells were blocked for 1 h at room 
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temperature (RT) in blocking buffer (PBS, 0.03%Triton, 1% BSA and 1% donkey 

serum), incubated overnight with mouse anti-β-Catenin (BD biosciences cat#610154) in 

blocking buffer, and washed twice with wash buffer (PBS, 0.03%Triton). The cells were 

then incubated with goat anti-mouse CY3-conjugate (Jackson Immunoresearch) for 1 h at 

RT, washed twice with wash buffer, stained with 4, 6-diamidine-2-phenylindole, 

dihydrochloride (DAPI) (Kirkegaard & Perry Laboratories, Inc cat# 710301) for 5 min at 

RT, washed once with wash buffer and the slides were sealed with coverslips. Cells were 

visualized using Olympus confocal microscope and Olympus Fluo View software. 

Measuring Wnt-3a induced genes involved in Epithelial Mesenchymal Transition (EMT)  

Human SAECs seeded in 60mm cell culture dishes (BD biosciences) were incubated 24 h 

later at 32°C, 37°C, or 39.5°C for next 24 h, switched back to 37°C and treated with 

200ng/ml recombinant human Wnt-3a (R&D Biosystems) for 24h. Total RNA was 

extracted and qRT-PCR performed as described above. Primer sequences are provided in 

Table 3.1. Ct values were normalized to GAPDH, and fold-change vs. untreated control 

at each temperature was calculated using the delta-delta method (288). 

Statistics  

For quantitative RT-PCR and immunoblot data, differences between treatment groups 

were analyzed by t-test (for two groups) or one-way ANOVA for >2 groups using JMP 9 

(SAS Institute, Inc; Cary, N.C.). In some cases we applied a post-hoc Tukey’s Honestly 

Significant Difference test.  
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Results 

Effect of Incubation Temperature on canonical Wnt-3a signaling 

To determine whether exposure to hypothermia or hyperthermia modifies Wnt signaling 

pathways, human SAECs were incubated at 32°C, 37°C, or 39.5°C for 24 h, then 

switched back to 37°C, treated with 200ng/ml Wnt-3a for 3 h, and known Wnt-dependent 

gene expression was analyzed by qRT-PC.(Figure 3.1 A-E). All five genes analyzed, 

Axin2, cyclin D1 (CCND1), matrix metallopeptidase 2 (MMP2), matrix metallopeptidase 

7 (MMP7), and avian v-myc myelocytomatosis viral oncogene homolog (c-Myc) 

exhibited a similar temperature-dependent expression pattern that was directly 

proportional to the pre-Wnt incubation temperature. A similar analysis of Axin2 

expression in HEK293T cells revealed a similar temperature-dependent expression 

pattern (Figure 3.1 F). To confirm that pre-Wnt exposure temperature impacted Wnt-

specific signaling, we utilized the TOPFlash Wnt reporter plasmid transiently transfected 

in HEK293T cells. After transfection and 24 h recovery at 37°C, the transfected cells 

were treated with the same pre-exposure and Wnt3a stimulation protocol as used to 

analyze Wnt-dependent gene expression, except cells were lysed and analyzed 24 h after 

addition of Wnt-3a. The pattern of TOPFlash activity paralleled the gene expression 

patterns, lowest at 32°C and highest at 39.5°C (Figure 3.1 G).   
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Figure 3.1 Effects of physiological temperature changes on canonical Wnt-3a signaling. SAECs were 

incubated at 32°C, 37°C or 39.5°C for 24 h, switched back to 37°C, treated with recombinant human Wnt-

3a for 3 h, total RNA was collected and qRT-PCR for A) AXIN2 B) Cyclin D2 (CCND2) C) Avian v-myc 

myelocytomatosis viral oncogene homolog (c-Myc) D) Matrix metallopeptidase 2 (MMP2) E) Matrix 

metallopeptidase 7 (MMP7) and in HEK 293T cells treated similarly looking for F) Axin2. G) Temperature 

dependent transactivation of Wnt-3a dependent genes measured by TOPFLASH assay in HEK 293T cells. 

n = 3 for SAEC and HEK qpCR experiments, n = 6 for TOPFLASH assay. * p< 0.05 vs. 37°C  , † p<0.01 

vs. 32°C. 
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Effect of Incubation Temperature on levels and distribution of TCF7 and β-Catenin 

We have previously demonstrated that incubating hSAECs at 32°C activates expression 

of a small subset of miRNAs, including hsa-miR-92a-1-5p, hsa-miR-27b-5p and hsa-

miR-1260a (339). Using the miRTar algorithm (359) to identify potential gene targets of 

these temperature responsive miRNAs, we identified several Wnt signaling elements as 

potential targets, including TCF7 and ß-catenin (Table 3.1).  

Table 3.1 Primer sequences 
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To determine whether hypothermia or hyperthermia reduced whole cell levels of either 

TCF7 or ß-catenin, we incubated hSAECs at 32°C, 37°C, or 39.5°C for 24 h, then 

measured TCF7 and ß-catenin by immunoblotting whole cell lysates (Figure 3.2 A, B). 

After 24 h exposure to 32°C, levels of TCF7 were reduced by a third and ß-catenin levels 

tended to be ~20% lower (p=0.075) compared with control cells incubated at 37°C. To 

further analyze the impact of incubation temperature on ß-catenin levels and distribution, 

we established hSAEC monolayers on microscope slides, exposed them to 32°C, 37°C, or 

39.5°C for 24 h, then fixed and immunostained the cells for ß-catenin or switched back to 

37°C and stimulated with 200ng/ml Wnt-3a for 3 h before fixing and immunostaining. 

The ß-catenin staining pattern was analyzed by confocal immunofluorescence 

microscopy. Prior to Wnt3a treatment, the total cell staining for ß-catenin was lowest in 

32°C cells and highest in 39.5°C cells. Treatment with Wnt3a stimulated the greatest 

increase in nuclear ß-catenin staining in 39.5°C cells and the least nuclear staining in 

32°C cells (Figure 3.2 C), paralleling the effects of incubation temperature on Wnt-

dependent gene expression and TOPFlash reporter plasmid activity. 
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Figure 3.2 Effect of temperature change on levels and distribution of TCF7 and β-Catenin. A) HEK 

293T cells incubated at 32°C, 37°C or 39.5°C for 24 h, whole cell protein was analyzed by western blotting 

probing for β-Catenin and Transcription factor 7 (TCF7) B) SAECs incubated at 32°C, 37°C or 39.5°C for 

24 h, switched back to 37°C, treated with recombinant human Wnt-3a for next 3 h and immunofluorescent 

stained for β-Catenin (red) and DAPI stained for nucleus (blue). n = 4 for HEK experiments and n = 3 for 

SAEC experiments. 
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Role of temperature-sensitive miRNAs in reducing TCF7 protein levels, thereby 

reducing expression of Wnt-dependent genes in hypothermia-exposed cells 

HEK 293T cells were transfected with a cocktail of miRNA inhibitors against the 

temperature-sensitive miRNAs, hsa-miR-92a-1-5p, hsa-miR-27b-5p and hsa-miR-1260a 

or a non-targeting (scrambled) inhibitor control at 37°C, then incubated at 32°C and 

TCF7 in whole cell lysates was measured as described in the previous paragraph. 

Treatment with inhibitors of the temperature-sensitive miRNAs restored TCF7 levels to 

those occurring in untreated 37°C cells (Figure 3.3A, B). To demonstrate that these three 

temperature-sensitive miRNAs reduced Wnt signaling capacity, we treated HEK293T 

cells with a cocktail of mimics for the three temperature-sensitive miRNAs, and after 24 

h recovery, incubated the cells at 39.5°C for 24 h, then stimulated with Wnt3a at 37°C for 

3 h and analyzed axin2 mRNA levels. The miRNA mimics tended to reduce Wnt3a-

induced axin2 expression by 45% (p=0.2), but the scrambled control mimic had no effect 

(Figure 3.3C). To further demonstrate that the mIR-dependent reduction of TCF7 in 

32°C cells impacted Wnt-dependent gene expression, we treated HEK293T cells with a 

cocktail of inhibitors against the three temperature-sensitive miRNAs as in Figure 3A, 

but following 24 h exposure to 32°C, we stimulated with Wnt3a and analyzed axin2 

mRNA levels (Figure 3.3D). Although the inhibitors restored the depressed TCF7 levels 

in 32°C cells, it failed to restore Wnt-dependent gene expression to levels in 37°C cells. 
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Figure 3.3 Role of temperature-sensitive miRNAs in reducing TCF7 protein levels and the expression 

of Wnt-dependent genes A) HEK 293T cells were transfected with inhibitors against three temperature 

sensitive miRNAs, 24 h later incubated at 32°C, 37°C or 39.5°C for next 24 h and whole cell protein was 

analyzed by western blotting probing for Transcription factor 7 (TCF7) B) Densitometry of TCF7 bands in 

fig 3.A. HEK 293T cells were transfected with C) miRNA mimics against three temperature sensitive 

miRNAs (miR x 3) or scrambled sequence (Scrambled), 24 h later incubated at 39.5°C for next 24 h, or D) 

miRNA inhibitors against three temperature sensitive miRNAs (Wnt + inh) or scrambled sequence (Wnt + 

scr), 24 h later incubated at 32°C for next 24 h, switched back to 37°C, treated with recombinant human 
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Wnt-3a for next 3 h, total RNA was collected and qRT-PCR for Axin2. n = 4 for western blotting 

experiments and n = 3 for qRT-PCR experiments. 

 

Figure 3.4 Effects of temperature-dependent Wnt signaling on genes involved in EMT and fibrosis. 

SAECs were incubated at 32°C, 37°C or 39.5°C for 24 h, switched back to 37°C, treated with recombinant 

human Wnt-3a for next 24 h, total RNA was collected and qRT-PCR for A) basal levels of Type I collagen 

alpha (COL1A1), ratio of N-cadherin (CDH-2) to E-cadherin (CDH-1) and TWIST1 and post Wnt-3a 

stimulation levels of C) Type I collagen alpha (COL1A1) D) Ratio of N-cadherin (CDH-2) to E-cadherin 

(CDH-1) and E) TWIST1. n = 4. *p<0.005 vs. 37°C, † P<0.02 vs. 32°C 
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Impact of temperature-dependent Wnt signaling on Genes Involved in EMT and 

Fibrosis  

Human SAECs were incubated at 32°C, 37°C, or 39.5°C for 24 h and baseline levels of 

e-cadherin (CDH1), n-cadherin (CDH2), collagen type I (COL1A1) and twist family 

basic helix-loop-helix transcription factor 1 (TWIST1) mRNA were measured by qRT-

PCR or cells were switched back to 37°C, treated with 200ng/ml Wnt-3a for 24 h and 

Wnt-dependent activation of the three genes analyzed. Increased expression levels of 

COL1A1 and TWIST1 and an increase in the ratio of CDH2:CDH1 occur in EMT. 

Incubating HEK293T cells at 32°C for 24 h had no significant effect on either baseline or 

Wnt3a-stimulated expression of COL1A1 or TWIST1 or CDH2:1 ratio (Figure 3.4A-D). 

Incubating HEK293T cells at 39.5°C for 24 h reduced baseline TWIST1 expression by 

80% (Figure 3.4A) and increased Wnt3a-stimulated expression of COL1A1 and 

TWIST1 by 2.8-fold and 9.2-fold, respectively and increased the CDH2:1 ratio by 3.6-

fold compared with Wnt3a-stimulated 37°C cells (Figure 3.4B-D). 
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Discussion 

We have previously reported that exposing hSAECs to clinically relevant hypothermia 

and hyperthermia alters expression of a small subset of miRNA that converge on PKCα 

signaling and impact cell cycle progression (339). Our analysis of potential targets of the 

temperature-sensitive miRNAs identified several signaling elements in the Wnt signaling 

pathway as other potential targets of these temperature-sensitive miRNAs. Previous 

studies have demonstrated that exposure to hypothermia (358) and hyperthermia (357) 

can modify Wnt signaling, but the temperatures used in these studies were outside the 

usual clinical range. 

In this present study we made the novel observations that: (a) exposing human lung 

epithelial cells to hypothermia temperatures normally experienced by the upper airway 

epithelium and within the range used in therapeutic hypothermia therapy (32°C) reduced 

Wnt signaling capacity; and (b) exposure to hyperthermia within the usual febrile-range 

(39.5°C) increased Wnt signaling capacity.  

Binding of Wnt family ligands to Frizzled family receptors activate three distinct 

signaling pathways, canonical Wnt/ß-catenin signaling leading to activation of gene 

expression, the Wnt planar cell polarity pathway which regulates cytoskeleton, and the 

Wnt/calcium pathway which regulates intracellular calcium (360-364). The present study 

focused on the temperature dependence of the canonical Wnt/ß-catenin signaling 

pathway. Prior studies of hypothermia (358) and hyperthermia (357) focused on the 

temperature-dependent effects on ß-catenin levels. Activation of canonical Wnt/ß-catenin 

signaling occurs in the developing human lung (365), in human idiopathic pulmonary 

fibrosis (IPF) (366), and in human lung cancer (367). Canonical Wnt-β catenin signaling 
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was previously shown to be regulated by numerous miRNAs (368). Our analysis of 

miRNA targets in this study revealed that several elements in the canonical Wnt signaling 

pathway, including ß-catenin and TCF7, were potential targets of the temperature-

sensitive miRNAs we have identified (339). Except for miR-27, which was previously 

reported to target adenomatosis polyposis coli (APC) oncogene (369), the miRNAs we 

describe in this study have not previously been reported to modify Wnt signaling.  

 

This study was designed to test the hypothesis that exposing human lung epithelium to 

clinically relevant hypothermia would reduce and hyperthermia would increase the 

responsiveness of canonical Wnt/ß-catenin signaling to an activating Wnt ligand. The 

primary cultured hSAECs used in this study are isolated from airways that are ≤1 mm in 

diameter, which are usually close to core temperature in vivo (314) and were used in our 

previous study that identified temperature-sensitive miRNAs (339). We used the same 

hypothermia, normothermia, and hyperthermia exposures as in our previous study (339) 

and compared canonical Wnt signaling responsiveness by returning all cells to 37°C and 

stimulating with Wnt3a, a soluble activator of canonical Wnt signaling (361, 370). We 

used two measures of canonical Wnt signal activation, expression of five Wnt-dependent 

genes and activation of the TOPFlash reporter plasmid. TOPFlash is a firefly luciferase 

reporter driven by an artificial promoter containing eight copies of the TCF binding 

sequence upstream of the thymidine kinase promoter and is activated when TCF7 and ß-

catenin co-localize within the nucleus (371). The time course for gene expression and 

TOPFlash luciferase measurements were based on previous studies (370).  
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Expression of all five genes in hSAECs and axin2 expression and TOPFlash activation in 

HEK293T cells all exhibited the same temperature-dependent pattern with highest 

activity in cells pre-exposed to 39.5°C and lowest activity in cells pre-exposed to 32°C. 

Compared to 37°C cells, Wnt signaling was reduced by about 10 to 60% after 32°C 

exposure and increased by 1.4 to 18-fold after 39.5°C exposure. These data suggested 

that the availability of TCF7 and ß-catenin to bind to Wnt-responsive promoters after 

stimulation with Wnt3a was lowest in the 32°C-exposed cells and highest in the 39.5°C 

cells. In fact, we found Wnt3a-induced ß-catenin nuclear translocation was reduced in the 

32°C-exposed cells and increased in the 39.5°C cells. The mechanisms responsible for 

the temperature-dependent changes in canonical Wnt signaling are unclear. Although 

there was a trend toward lower whole cell levels of TCF7 and ß-catenin protein after 24 h 

exposure to 32°C, the reduction in ß-catenin nuclear translocation appear to be out of 

proportion to the modest change in whole cell levels of TCF7 and ß-catenin. 

Furthermore, despite the substantial increase in Wnt3a-induced ß-catenin nuclear 

translocation and Wnt-dependent gene expression in 39.5°C-exposed cells neither whole 

cell levels of TCF7 nor ß-catenin were increased compared with 37°C control cells.  

 

Although TCF7 is predicted to be a target of the temperature-sensitive miRNAs - hsa-

miR-92a-1-5p and hsa-miR-1260a, and inhibition of these miRNAs restored TCF7 levels 

in 32°C-exposed cells to normothermic levels, the miRNA inhibitors failed to 

reconstitute the depressed Wnt3a-induced axin2 expression in the 32°C-exposed cells. 

Interestingly, treating HEK293T cells with mimics of the three temperature-sensitive 

miRNAs tended to reduce Wnt3a-induced axin2 expression. These data suggest that 
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increased level of one or more temperature-sensitive, TCF7 and ß-catenin-targeting 

miRNAs during exposure to 32°C may be one of several mechanisms leading to reduced 

canonical Wnt signaling responsiveness. 

 

While the results in this study do not elucidate the specific mechanisms responsible for 

the increase in Wnt responsiveness after 39.5°C exposure, it demonstrates an associated 

increase in Wnt3a-induced ß-catenin nuclear translocation in the 39.5°C-exposed cells 

and excludes the contribution of the temperature-sensitive miRNAs and increase in total 

cell levels of TCF7 and ß-catenin. Chou et al. demonstrated that phosphorylation of Heat 

shock Factor 1 (HSF1) on serine 326 by mTOR stabilizes β-catenin expression through 

RNA binding protein HuR (372). Although we have previously demonstrated that HSF1 

trimerization and nuclear translocation are activated at temperatures above 38°C, it is 

unclear whether exposure to 39.5°C is sufficient to activate this process. Furthermore, we 

did not detect an increase in whole cell ß-catenin levels in the 39.5°C cells.  

Because EMT is regulated by Wnt-dependent genes and is critical to embryogenesis, 

repair, fibrosis and cancer metastasis in multiple organs, including lung (362, 373-376), 

we analyzed the effect of hypothermia and hyperthermia exposure on Wnt-induced 

expression genes known to be involved in EMT. Human SAECs were exposed to 32°C or 

39.5°C for 24h, then incubated with Wnt3a at 37°C for 24 h and mRNA levels of E-

cadherin (CDH-1), N-cadherin (CDH-2), collagen-1 (COL1A1) and TWIST were 

measured. The 24 h duration of treatment with Wnt3a was based on similar studies in 

other cells (377). Canonical Wnt signaling is involved in the switch from E-cadherin to 

N-cadherin expression (378), activation of the transcriptional repressor, TWIST1 (377), 
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and expression of type I collagen (379). Wnt3a-induced expression of type I collagen and 

TWIST1 and switch from E-cadherin to N-cadherin expression was much greater in 

hSAECs following exposure to 39.5°C. These gene products in addition to MMP7, which 

was also expressed at higher levels in 39.5°C-exposed hSAECs, are associated with 

fibrosing disorders, including pulmonary fibrosis (380-382). The effectiveness of 

pharmacological Wnt signaling inhibitors in reducing fibrosis in the rodent bleomycin-

induced lung injury (383) underscores the importance of understanding the modifiable 

factors that regulate Wnt signaling. To that end, we note that fever is associated with two 

fibrosing disorders, ARDS and its fibroproliferative sequelae and IPF. We have 

previously reported that fever occurs within the first three days after diagnosis of ARDS 

in 65% of patients (384), and Ambrosini et al. report that most patients are febrile during 

acute exacerbations of IPF (385). These results argue for the importance of clinical 

studies to determine whether fever is pro-fibrotic in these clinical settings and whether 

aggressive treatment of fever is protective against post-ARDS fibrosis and progression of 

IPF. 
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Chapter 4 Plans for Future experiments 

Our current work identified a surprisingly small subset of miRNAs that exhibit 

temperature-dependent expression and demonstrated how they impact on two signaling 

pathways, PKCαlpha and canonical Wnt signaling. We propose to extend this work by 

addressing the following questions: 

Effects of physiological temperature changes on global RISC loading 

Rationale  

We demonstrated the increase in passenger strand expression of a small group of 

miRNAs at 32°C and showed them to converge on PKC alpha with the predicted effects 

on cell cycle progression in SAECs in chapter two. We also found that the miRNAs 

preferentially expressed at 32°C were the strands predicted to have the most 

thermodynamically stable 5’ ends. Prevailing thought in the field of miRNA biogenesis is 

that the unloaded strand is degraded. However, the regular guide strand of these miRNAs 

is still expressed at high levels though not differentially regulated at various 

temperatures. While our data presents an indirect evidence for effective RISC loading of 

passenger strands at 32°C, little is known about the fate of the guide strand. Future 

experiments would address: a) What is the miRNA composition of RISC complexes at all 

three temperatures? b) What is the fate of the unloaded miRNA strand? Is it degraded or 

exported in exosomes? c) What is the protein composition of RISC at all three 

temperatures? d) Which altered component of RISC facilitates the differential RISC 

loading? 
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Methods  

HEK293T cells will be transiently transfected with HA-AGO2 for 24 h or stably 

transfected and incubated at 32°, 37°, or 39.5°C for 12h or 24h and lysed using polysome 

lysis buffer. The lysates will be used for HA conjugated beads based RISC pull down and 

the RNA will be sequenced by RNA-seq while the protein from similar experiment will 

be subject to Mass spectroscopy. The culture medium will be used for exosome 

purification and RNA from will be sequenced by RNA-seq. Preferential loading of one 

strand over at various temperatures can help understand the thermodynamics of RISC 

loading. 

Anticipated outcomes  

We expect to find unequal RISC loading of the two strands at 37°C with switch in strand 

preference to the abundant passenger strand at 32°C. At 39.5°C we expect to find equal 

RISC loading of both strands although at significantly lower levels compared to other 

two temperatures. We expect to identify a single protein or a group of proteins that are 

differentially associated with the RISC complex at all three temperatures. We expect to 

find the guide strands of differentially regulated miRNA loaded into exosomes along with 

certain RISC components. 
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Effects of physiological temperature change on RISC function 

Rationale 

P38 Mitogen-activated protein kinase (MAPK) is known to regulate Ago2, Dicer levels 

and Ago2 localization to the p-bodies (128). Temperature changes are known to modify 

p38 activation (1, 9, 11), which may impact the abundance and availability of RISC 

complex for miRNA mediated silencing. The miRNA mediated gene silencing was 

enhanced without an increase in their expression levels in cells exposed to mild 

hyperthermia at 40°C for 12 h (386). In our own unpublished work, we found that the 

luciferase reporters containing target 3’UTRs for select miRNA exhibited differential 

activity at the three temperatures. Future experiments can help understand: a) if 

temperature can induce a change in the abundance and availability of RISC complex for 

miRNA mediated silencing. b) If miRNAs expressed in low levels at 39.5°C are 

preferentially RISC loaded c) if such low expression miRNAs have significant biological 

consequences at 39.5°C 

Methods  

HEK293T cells or SAECs will be grown in chamber slides at 37°C and exposed to all 

three temperatures for 12h or 24 h, fixed and stained with antibodies against Ago2, 

PABP, Dicer and other P-body components. We will analyze the slides to look for a 

quantitative and qualitative difference in the localization of RISC and its co localization 

within P-bodies. HEK293T cells will be transfected with HA-AGO2 for 24 h or stably 

transfected and incubated at 32°, 37°, or 39.5°C for 12h or 24h and lysed using polysome 

lysis buffer. The lysates will be used for HA conjugated beads-based RISC pull-down 

and RNA will be used for RNA-seq and qPCR looking for the low expressing, 
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differentially regulated miRNAs. Predicted targets for such RISC-loaded, low expression 

miRNAs will be validated using pmiRGLO vector constructs. 

Anticipated outcomes 

We expect to find significant differences in the number and composition of P-bodies at 

the three temperatures. We expect to validate a few miRNAs that are expressed at low 

levels yet are RISC loaded and will analyze the effects of such miRNA on their predicted 

targets. Finally, we expect to find one or more signaling pathways that are regulated by 

these miRNA and analyze the consequences of temperature and miRNA alterations on 

such a pathway. 

Effects of physiological temperature change on cell cycle in progenitor cells 

Rationale  

Lung progenitor cells (Type II Alveolar epithelial cells) play an important role in lung 

repair following injury. Cyclin D1-3 balance determines if a cell undergoes proliferation 

or differentiation. We reported temperature-dependent expression of PKC alpha and 

Cyclins. Future experiments will elucidate: a) How culture temperature affects cell 

proliferation and differentiation; and b) whether temperature modulation can be utilized 

to regulate proliferation and differentiation of progenitor cells in a pre-determined 

manner in the context of lung injury. 

Methods  

Type II Alveolar epithelial cells (AT2) obtained from lung explants will be subject to all 

three temperatures and cyclin D 1-3 levels are measured by qPCR. AT2 cells will be co-

cultured with SAEC or Type II epithelial cells on either side of polycarbonate inserts of 
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appropriate pore size to facilitate cell migration through the pores. The SAEC mono layer 

will be multiple wounded and imaged over next 48h looking for differential wound 

closure. At the end of 48h the AT2 cells will be scrapped from the bottom surface and 

counted looking for temperature differences in non-migrated progenitor cell counts. 

SAEC and AT 2 cells grown at different temperatures will be used for 3D cell printing 

onto a 3D cell culture matrix and monitored for the formation of lung architecture. 

Anticipated outcomes  

We expect AT2 cells to differentially proliferate and differentiate at various temperatures 

due to the anticipated changes in cyclin D1-3 ratios. We expect AT2 cells to proliferate at 

a temperature and self-differentiate at another temperature. We expect better wound 

healing in co-culture models when the temperature is cooled and rewarmed in succession. 

We expect to patent a 3D cell printing technique utilizing cells grown, suspended and 

sprayed onto a matrix at different temperatures to facilitate adequate cell proliferation and 

differentiation producing better lung organ cultures. 
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Role of temperature-dependent miR-181a expression in EMT 

Rationale  

MicroRNA-181a is known to play a central role in metastatic cancer and the EMT (387). 

Our data showed that temperature-dependent miR-181a expression occurs at the pri-

miRNA level. Future studies will address: a) if the temperature dependence of pri-

miRNA occurs in epithelial cancer cell lines. b) if the metastatic potential of cancer cell 

lines can be modified by changing temperature and whether the effect is related to levels 

of miR-181a c) how pri-181a transcription is regulated d) if the induction of pri-181a can 

link the heat shock response to miRNA biogenesis. 

Methods  

Multiple Epithelial cancer cell lines will be grown at 32°, 37°, or 39.5°C for 12h or 24h 

and RNA will be analyzed by qPCR for pri-181a and both of its mature strands. A549 

cells will be grown at the three temperatures for 12h, 24h and then analyzed in invasion 

and migration assays. RNA from A549 cells grown at all three temperatures for 12h, 24h 

will be used for qPCR of EMT genes. The Pri-181a promoter will be analyzed for any 

heat shock response elements or regions of complex secondary RNA structure in 5’UTR 

that can facilitate transcription under temperature stress conditions.  

Anticipated outcomes 

We expect that changes in temperature will affect the metastatic potential of cancer cell 

lines and that the effects will be due to changes in levels of miR-181a. 
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Effects of temperature change on Wnt-5a induced calcium signaling 

Rationale  

MicroRNAs that are differentially expressed at the three temperatures target multiple 

proteins in the Wnt-5a-induced calcium dependent signaling. Predicted targets include 

phospholipase C beta (PLCB4) and protein kinase C gamma (PRKCG) and calmodulin 

kinase (CAMK2G). Wnt-5a/calcium signaling is essential for endothelial cell 

proliferation, migration and monolayer wound closure (388). Wnt-5a/calcium signaling 

also plays an important role in NFκB induction by pro inflammatory cytokines and is 

usually targeted by anti-inflammatory cytokines (389). Exposure to 32°C has been shown 

to delay the induction of proinflammatory cytokines, chemokines and leukotrienes (26, 

27), but also prolong NFκB activation and TNFα production by LPS-stimulated 

mononuclear phagocytes (5, 28). It is also known that therapeutic hypothermia impairs 

microbial pathogen clearance. Future experiments should help us understand: a) if any of 

the predicted targets can be validated by luciferase assays and western blotting. b) if low 

temperatures impair the ability of endothelial and macrophages to signal through Wnt-

5a/calcium pathway c) if miRNA sponges (inhibitors) can rescue the signaling at 32°C d) 

if cooling can prevent fever induced collateral lung injury by preventing migration of 

neutrophils through a blockade in Wnt-5a/calcium pathway e) if miRNA sponges can 

improve the immune function in cooling patients. 

Methods  

HEK293T cells and human lung microvascular endothelial (HMVECLs) cells will be 

incubated at 32°, 37°, or 39.5°C for 24h and western blotted for PLCB4, PRKCG, and 

CAMK2G. HUMVEC cells will be grown at all three temperatures and stained with 
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FLIPR calcium staining dye and calcium flux will be measured using a flux station. 

HMVECLs will be incubated at 32°C and treated with Wnt-5a and RNA will be used for 

qPCR of NFAT dependent gene induction. HMVECLs will be grown at 32°C and treated 

with LPS and RNA will be used for qPCR of NFκB dependent gene induction. 

Anticipated outcomes  

We anticipate that Wnt-5a/calcium signaling will decrease and the calcium flux will be 

reduced at lower temperatures in a miRNA dependent manner. We expect a delay or 

decrease in NFAT and NFκB dependent signaling at lower temperatures. We expect the 

neutrophil influx to be reduced in mice previously exposed to hyperthermia and lung 

injury following lowering of core temperature. 

These future studies in addition to our current work will help us better understand the 

potential role of fever in worsening and hypothermia in mitigating the development of 

lung fibrosis following conditions like acute respiratory distress syndrome (ARDS). 

These studies will specifically help better understand the role of temperature-sensitive 

miRNAs in the pathogenesis of lung fibrosis. 
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