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Abstract

Purpose—To investigate whether mild heat stress at 39.5°C altered Dicer protein and miRNA 

expression patterns in several cell types.

Methods—Multiple human and mouse cell types were cultured during the course of 9 h at 

temperatures from 37°C to 39.5°C. Dicer mRNA levels and microRNAs were quantified by 

TaqMan RT-qPCR assays and Dicer protein by western blotting.

Results—Dicer protein was substantially elevated on western analysis in response to heat stress 

at 39.5°C in the absence of significant changes in Dicer mRNA by RT-qPCR.

Conclusions—Heat-induced regulation of Dicer expression occurs primarily post-

transcriptionally, and the expression levels of Dicer protein are increased and often oscillate in 

response to fever-range hyperthermia in multiple mouse and human cells. Our studies suggest a 

potential role for Dicer and microRNAs in the response to mild thermal stress. Additional studies 

on the mechanisms involved in the stress-induced oscillations of Dicer protein and microRNAs 

will be of interest.
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Introduction

The functionality of a protein is dependent on its ability to fold into a native state. While the 

appropriate tertiary structure of a given peptide chain is difficult to predict mathematically, 

it is known that maintaining proper conformation is dependent on the intracellular 

environment [1, 2]. For example, an increase in temperature, even if small, can denature 
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proteins causing a loss of activity and/or solubility [3]. To maintain homeostasis during 

periods of thermal stress, the cell undergoes a proteomic paradigm shift known as the heat 

shock response (HSR) [3–9]. The HSR is classically reported at 42°C but altered heat shock 

proteins can be observed at lower temperatures, including those achieved during fever range 

hyperthermia at 39.5°C. The molecular mechanism regulating heat shock and its 

physiological consequences originally studied in Drosophila was recently introduced into 

clinical practice [10, 11]. The cellular response to hyperthermia is now known to be 

regulated at multiple levels [12] although the role of the microRNA (miRNA, miR) system 

in hyperthermia remains uncertain. More specifically, the link between the function of the 

RNA endoribonuclease III Dicer shown to respond to several stresses and the cellular 

responses to mild hyperthermic stress has not been explored.

The HSR is a highly coordinated set of events that enhances cellular survival in a hot 

environment [13–15]. The HSR is triggered when the added kinetic energy causes cellular 

proteins to deviate from their native tertiary structure [3]. Protein unfolding, if left 

unchecked, leads to a loss of protein solubility, functionality and cell death. To protect cells, 

misfolded proteins are shuttled by HSPs to thermodynamically more stable cellular 

compartments while targeting irreparably damaged peptide chains for destruction [2, 9, 14–

16]. The role played by HSPs is primarily cytoprotective, and this can provide cancer cells a 

survival advantage, thereby making HSPs attractive therapeutic targets [17]. The activation 

of HSPs results in the release of transcription factor HSFl, which binds to heat responsive 

promoter elements (HREs) and induces transcription of multiple heat shock proteins [18]. 

After translocation to the nucleus, HSFs alter the transcription of additional HSPs, 

enhancing the cell’s capacity to chaperone unfolded proteins [4].

The HSR is also characterised by a sharp decline in the synthesis of non-HSPs, and although 

the mechanisms of this inhibition are not yet completely understood, heat stress has been 

shown to lead to cap-dependent translational inhibition [8, 19, 20]. This effect is attributed 

to the loss of functionality of crucial eukaryotic initiation factors [21]. The Hsp27 chaperone 

has also been shown to bind to the eukaryotic translation initiation factor 4G (eIF4G) 

thereby sequestering a protein vital to the translation of multiple genes [21]. However, 

recent research suggests that Hsp27-eIF4G binding may not be sufficient to halt cap-

dependent translation to the degree observed in heat-shocked cells, and therefore additional 

factors likely contribute to the observed decrease in protein synthesis [8]. At the 

transcriptional level, HSFl is thought to have the potential to coordinate an extensive 

chromatin deacetylation event [22], which alters gene methylation and reprioritises 

expression of a large segment of the genome.

Several microRNAs have been shown to be thermally responsive [23, 24], suggesting that 

protein regulation may also be mediated post-transcriptionally by microRNAs. This is an 

important issue since there is evidence that hyperthermia may have a therapeutic benefit in 

cancer, especially if combined with chemotherapy and/or radiation [25]. In future studies of 

hyperthermia in cancer, analysis of the role of microRNAs will be important. Hyperthermic 

microRNAs may be mediators of some of the biological and/or therapeutic properties of 

hyperthermia. This remains an important area for future research, especially since anti-
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microRNAs are becoming available for specific neutralisation of microRNA targets in 

therapeutic protocols [26].

Previously, we showed that Dicer could be regulated by cellular stresses and interferons as 

well as by modifications of genomic acetylation [27], factors known to contribute to the 

HSR [22, 28]. Moreover, enzymes downstream of Dicer, such as Argonaute 2 and other 

components of the RNA-induced silencing complex (RISC) were recently shown to be 

responsive to thermal stress [29] and dependent on the heat shock 70/90 machinery for their 

function [30]. In this report we show that Dicer, the RNase III endoribonuclease responsible 

for the production of microRNAs from RNA precursors, is also regulated during mild 

thermal stress, further implicating the Dicer/microRNA system in the HSR. Additionally, we 

observed that under thermal stress at 39.5°C, the Dicer protein expression levels (but not 

Dicer mRNA) may oscillate during the initial 9 h of heating.

Materials and methods

Cell culture

Human cervical carcinoma HeLa, lung fibroblast MRC-5, placental choriocarcinoma JAR, 

colorectal carcinoma HCT116, adrenal carcinoma SW13, breast carcinoma BT-20, and 

Burkett’s lymphoma Raji, as well as murine melanoma B16 were purchased from ATCC 

(Manassas, VA, USA). Human cell line 2fTGH was a gift from George R. Stark (Lerner 

Research Institute, Cleveland, OH, USA) [31] and murine trophoblast SM-9 was a gift from 

Joan Hunt (KU Medical Center, Kansas City, KS, USA) [32]. Mouse kidney cells were 

dissociated physically and enzymatically from freshly excised kidneys of C57BL/6 J mice. 

HeLa and MRC-5 cells were cultured in 100 mm2 plates in water-jacketed 37°C, 7% CO2 

incubators, all other cells were cultured in 75 cm2 vented-cap flasks at 37°C and 5% CO2. 

Cells were cultured in DMEM (HCT116, SW13, 2fTGH), MEM (HeLa, MRC-5, BT-20), or 

RPMI 1640 (JAR, Raji, SM-9, Bl6) and supplemented with 10% heat-inactivated FBS from 

Atlanta Biologicals (Atlanta, GA, USA). HeLa, MRC-5, JAR, Raji, SM-9 and Bl6 cells 

were supplemented with sodium pyruvate; non-essential amino acids (NEAA) were added to 

HeLa, MRC-5 and BT-20 media, and HEPES was used in JAR and Raji media. SM-9 cells 

were supplemented with 2-mercaptoethanol, 2fTGH with 250 ug/mL hygromycin B, and 

JAR cells with 4.5 g/L sterile glucose solution. Primary mouse cells were cultured in RPMI 

1640 at 5% C02 with sodium pyruvate, NEAA, HEPES, 2-mercaptoethanol, 4 mg/L human 

recombinant insulin, and an antibiotic/antimycotic solution. Cells were selectively enriched 

by adherence characteristics into predominantly fibroblast and epithelial cultures [33]. 

Unless noted, all media and additives were purchased from Invitrogen (Carlsbad, CA, USA).

Heat treatment

Heat treatments were applied by transferring cell culture vessels from a 37°C incubator to an 

incubator held at 39.5°C for up to 9 h. All time points had equal time of growth and all 

samples for a particular experiment were harvested together at the experimental end point.
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Western blotting

Pelleted cells were lysed with RIPA lysis buffer (Sigma, St Louis, MO, USA) supplemented 

with a protease inhibitor cocktail (Sigma), HALT phosphatase inhibitor cocktail (Pierce, 

Rockford, IL, USA), and l mmol dithiothreitol (DTT). SDS sample buffer, supplemented 

with 0.13 mol DTT (Sigma), was added to protein aliquots of 40 μg (for Dicer), 20 μg (for 

Hsp90), or 10 μg (for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Hsp70) and 

separated on 7% (Dicer), 10% (Hsp90) or 12% (GAPDH, Hsp70) SDS-PAGE gels. Samples 

were probed with anti-Hsp70, anti-GAPDH (Abcam, Cambridge, MA, USA), anti-human 

Dicer (Cell Signaling Technology, Boston, MA), anti-moDicer (Bethyl Laboratories, 

Montgomery, TX, USA), anti-Hsp90 (Enzo Life Sciences, Plymouth Meeting, PA, USA), 

rabbit anti-rat IgG-HRP (Enzo), goat anti-rabbit IgG-HRP, and goat anti-mouse IgG-HRP 

(Promega, Madison, WI, USA). Blots were developed with West Pico chemiluminescent 

substrate (Pierce) and visualised on X-ray film. Western blots were analysed using the 

Image J image analysis tool (http://rsbweb.nih.gov/ij/).

Quantitative real-time RT-PCR

Total RNA was isolated using the mirVANA kit from Ambion (Austin, TX). Reverse-

transcription of 2 μg RNA per sample was performed with Superscript II (Invitrogen). Real-

time qPCR was performed on an ABI7900 HT according to manufacturer instructions and 

relative quantification was calculated using the ΔΔCt method (Perkin-Elmer Taqman User 

Bulletin 2) with GAPDH as the housekeeping gene. Amplification of cDNA was performed 

with Taqman PCR Master Mix or SYBR Green Master Mix (Eurogentec, San Diego, CA) 

depending on primer type. Primers used were GAPDH 5′-

GAAGGTGAAGGTCGGAGTC-3′ [fwd], 5′-GAAGATGGTGATGGGATTTC-3′ [rev], 5′-

FAM-CAAGCTTCCCGTTCTCAGCC-TAMRA-3′ [probe]; Dicer 5′-

GTACGACTACCACAAGTACTTC-3′ [fwd], 5′-ATAGTACACCTGCCAGACTGT-3′ 

[rev] [34]; Hsp90 5′-AGCTCAAGCCCTAAGAGACAACT-3′ [fwd], 5′-

AAGATGACCAGATCCTTCACAGA-3′ [rev]; Hsp70 5′-GCCGAGAAGGAGTTTGA-3′ 

[fwd], 5′-TCCGCTGATGATGGGGTTAC-3′ [rev]. MicroRNAs were quantified using 10 

ng of total RNA in individual Taqman RT-qPCR assays for miR-125b, miR-138, miR-154, 

miR-196b, miR-378, miR-382, miR-452, and miR-606 (Applied Biosystems), and run on an 

ABI7900 HT using U6B as a reference transcript.

Results

Multiple methods have been employed to induce the heat shock response in vitro, and the 

dynamics of the response varies somewhat with the technique employed. To verify that our 

method was sufficient to induce a HSR, the gene and protein expression levels of two 

abundant and highly conserved heat responsive proteins, Hsp70 and Hsp90 were 

determined. We measured mRNA levels by real-time RT-qPCR in multiple cell lines heated 

at 39.5°C for up to 9 h. In the cell lines tested, elevated levels of Hsp70 mRNA occurred 

after as little as 1 h of exposure to heat. Peak expression of Hsp70 mRNA occurred after 3–4 

h of heat exposure followed by a decrease in subsequent hours (Figure 1), although the exact 

patterns varied slightly with the cell type. Time course experiments carried out to 9 h show a 

plateau of Hsp70 expression at a level higher than in the untreated control (Figure 1).
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Elevations of Hsp90 mRNA levels were not as pronounced as Hsp70 mRNA. Hsp90 mRNA 

remained at or near the peak value for the duration of the heat treatment in JAR and HeLa 

cells (Figure 1).

To verify that the HSR was affecting post-transcriptional cellular function, protein 

expression of Hsp70 and Hsp90 was measured by western analysis. Both Hsp70 and Hsp90 

responded to 39.5°C hyperthermia (Figures 2 and 3). Unlike the early peak followed by the 

rapid decline of Hsp70 mRNA levels, Hsp70 protein showed a relatively stable intracellular 

expression pattern following hyperthermia (Figure 2). Of the cell types tested, only the 

human trophoblast line JAR and the mouse trophoblast line SM-9 (data not shown) showed 

a significant increase in Hsp70 protein following heat treatments at 39.5°C (Figure 2). It 

should be noted that Hsp70 protein has a high constitutive presence in many cells, which 

makes detection of small changes in protein expression difficult by western blots. Hsp70 

protein expression was generally up-regulated in the cell types tested, although these levels 

remained unchanged in certain cell types (Figure 2b and data not shown). Further, the early 

effects of the heat shock response rely mainly on a change in the conformation and function 

of existing Hsp70 molecules rather than, or in addition to, altered expression levels of 

nascent HSPs [9].

Changes in the protein concentrations of Hsp90 were pronounced when cells were treated at 

39.5°C. Basal cellular concentrations of Hsp90 were high, although the pattern of expression 

varied between JAR and HeLa cells (Figure 3). In all of the cell lines tested, Hsp90 protein 

expression increased as the heat treatment time increased. However, this relationship was 

not always linear and alterations were observed in the first 9 h in Hsp90 levels in HeLa cells 

(Figure 3b). Collectively, these results describe the kinetics of Hsp70 and Hsp90 

transcription and translation in response to fever-range hyperthermia in JAR and HeLa cells.

Having established the heat shock protein response in our system, we initiated experiments 

to test the hypothesis that the RNase III endoribonuclease Dicer is responsive to fever range 

hyperthermia. Importantly, we observed changes in the levels of Dicer protein in time course 

experiments (Figure 4). Of the 10 cell lines screened, nine showed enhanced expression of 

Dicer protein at 39.5°C. Analysis of multiple time points during heating showed Dicer 

protein levels above those at the 37°C control and the expression levels of Dicer fluctuated 

during the period of heating. These fluctuations (oscillations) of Dicer protein were found to 

be a consistent feature of the cell’s response to mild hyperthermia (Figure 4). Moreover, 

unlike the mRNA response of the heat shock proteins, Dicer mRNA expression did not 

regularly respond to heat treatment (Figure 5). In the one experiment that showed Dicer 

mRNA alterations, the magnitude was small and in a repressive direction (Figure 5b). The 

level of Dicer mRNA in HeLa cells beyond the 7-h time point was not significantly different 

from Dicer mRNA levels in cells incubated at 37°C based on a two-tailed Student’s t-test 

with a 95% confidence interval. However, Dicer protein alteration beyond the 7-h time point 

is reflected in the Dicer protein data (Figure 4b – HeLa). Further, in the JAR cell line, there 

was no clear concordance between Dicer mRNA (Figure 5a – JAR) and Dicer protein 

expression patterns (Figure 4b – JAR). In sum, significant changes in Dicer mRNA were not 

detected by real-time RT-qPCR, in contrast to the substantial changes observed in the Dicer 

protein expression on western analysis.
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Wilmink [7] identified a subset of microRNAs that were thermally regulated, albeit by high 

temperature stress (44°C) and for a shorter time (40 min) than in our experiments. Eight 

microRNAs in concentrations shown to be thermally responsive by Wilmink [23] were 

assayed by RT-qPCR in time-course experiments during fever-range hyperthermia in JAR 

and HeLa cells (Figure 6). In HeLa, miR-125 b and miR-154 were up-regulated, and in JAR, 

the expression of miR-382 was enhanced.

Discussion

Presented in this study is the response of Dicer protein to 39.5°C heat treatment in 10 cancer 

and non-cancer cell types. Experiments in which the heat treatments induced both a 

transcriptional and a translational HSP response were examined for Dicer expression. The 

cells studied included human cancers of the cervix (HeLa), trophoblast (JAR), adrenal gland 

(SW13), breast (BT-20), and lymph (Raji), as well as mouse trophoblast (SM-9) and skin 

(B16) cancers. Non-cancer cells were tested as well; both human transformed lung 

fibroblasts (MRC-5) and primary cells cultured from freshly excised mouse kidneys. The 

specific patterns of regulation varied with cell type. Variations among repeats of the same 

cell type were consistent, although small differences occurred in the timing of the highs and 

lows of Dicer expression (Figures 4 and 5). All cells except BT-20 had at least one time 

point above baseline (37°C) Dicer expression. Half of the cells had time points where Dicer 

expression fell below baseline (Bl6, SM-9, HeLa, BT-20, and primary renal epithelial) while 

the other half (JAR, SW13, Raji, MRC-5, and primary renal fibroblasts) exhibited up-

regulation only. Importantly, examination of Dicer mRNA levels in these samples suggests 

that regulation is occurring after Dicer mRNA is transcribed. We have confirmed 

statistically significant differences in Dicer protein levels in normal human kidney cells in 

culture based on three independent experiments. Furthermore, fever range hyperthermia has 

also been shown to increase significantly the activity of both types of interferons [28], which 

we previously demonstrated to have post-transcriptional regulatory effects on Dicer [27]. 

However, whether Dicer variations have a role in the hyperthermia-induced augmentation of 

interferon antiviral activity has yet to be established. Important unanswered questions 

include whether Dicer is modulated at the initiation of cell death pathways, and the role of 

NF-κB in Dicer regulation.

Dicer protein expression analysed by western blot was found to fluctuate (oscillate) over the 

course of a 9-h, 39.5°C treatment in multiple cell types (Figures 4 and 5). Oscillations in 

signalling molecules, such as NF-κB, have recently been identified [35–38]. The finding in 

our studies that oscillations in Dicer protein expression are induced by mild heat stress 

(39.5°C) is therefore of interest since oscillations in Dicer could potentially be pivotal in 

cellular stress responses. Ongoing studies are addressing the effects of heat stress on 

oscillations of NF-κB, Dicer and microRNAs and their characteristics and impact on cellular 

function. We are particularly interested in whether NF-κB oscillations occur in these cells 

and whether this is responsible for the Dicer/microRNA oscillations. Two studies have 

examined the cellular profiles of microRNAs in response to heat shock [7, 24] although 

Dicer protein levels were not reported. The methods of heating and experimental set-ups are 

different between the two studies, and there is an unexpected disparity in the microRNAs 

found to be altered by the heat shock treatments. We tested several of the microRNAs found 
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by Wilmink [23] and verified that two of the microRNAs identified as thermally regulated 

(miR-125b, miR-154) were enhanced by our heat treatments in HeLa, and one miR-382, in 

JAR. This suggests that the intensity and duration of heat stress, as well as the cell type, may 

affect which microRNAs are transcribed.

In our experiments, we attempted to provide consistent heating and growth conditions. 

Nevertheless, some microRNA expression variability was observed between cell types and, 

to a much lesser degree, between repeated experiments of the same cell type. To evaluate 

these variables, two independent investigators studied multiple cell types and performed 

experimental replicates, and the underlying trends in the data were examined and found to 

be consistent. One goal of these experiments was to mimic clinical hyperthermia with as 

much accuracy as our in vitro model allowed. Studies currently in progress involve 

determining whether there are changes of an oscillatory nature in Dicer levels when cells are 

subjected to varying degrees of thermal stress as compared with other stresses. Recent 

investigations from other laboratories showed that the expression of important regulatory 

genes and proteins that respond to interferons, cytokines and growth factors may be 

governed through oscillatory mechanisms [39–41]. Whether Dicer as well as microRNAs 

respond to thermal stress in an oscillatory manner is therefore of considerable interest.

Two of the heat shock proteins upregulated by HREs were used to validate heat stress in this 

study. We characterised the thermal stress reaction in our study as an up-regulation of Hsp70 

mRNA and protein paired with up-regulation of Hsp90 mRNA and protein expression. 

These changes in HSP expression, as well as up-regulation of HSFl mRNA expression, 

indicate the presence of the heat shock response [6, 19, 42]. No significant changes in HSFl 

protein expression were detected in our study as the activation and nuclear entry of HSFl 

occurs rapidly after the application of heat stress [6, 14, 43]. Hence, our experimental 

window did not capture changes in HSF1 expression. However, HSPs downstream of HSF1, 

such as Hsp70 and Hsp90 were observed to be significantly up-regulated with our heating 

protocol and this is emphasised in the discussion.

The scope of our experiments was limited to 9 h at 39.5°C heat treatment. This time frame 

was selected to study the cellular events occurring during the transition from the basal 

metabolic state to the heat shock response. The mRNA and protein response of HSPs began 

to stabilise around 8–9 h. This finding led us to focus on time points earlier than 9 h to 

observe the transition to the heat shock response. The degree of cell death in the heat-treated 

samples at 39.5°C was minimal, and consistent with levels seen in controls.

In several aspects of cellular regulation, HSP and microRNA syntheses are interdependent. 

Hsp90 has been implicated in the formation of RNA-induced silencing complexes in plants 

[44] and both Hsp70 and Hsp90 have been reported to serve a role in loading the RISC 

complex with miRNA [30, 45]. Hsp90 also associates with Argonaute 2, an important 

component in microRNA-induced gene silencing in stress granules [46]. Future studies 

should also focus on the potential role microRNAs may play in the regulation of non-HSP 

production during heat stress.
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The presence of stress-induced alterations in Dicer suggests that microRNA biogenesis may 

be stress-responsive. Multiple reports have described how specific microRNA levels are 

altered in response to heat shock, herpes virus infection and light adaptation among others 

[23, 47, 48]. Several studies have confirmed that there are alterations in the levels of certain 

microRNAs that are specific to the stress inducing them [49–52]. These and other 

observations have led to theories that microRNAs may function to safeguard the genome 

from environmental fluctuations [53]. The molecular events that regulate microRNA 

homeostasis are an active research area [54], even though a mechanistic explanation 

describing how stress-responsive microRNAs are regulated is currently an open question. 

Although our work focused on Dicer alteration during thermal stress, other studies have 

described regulatory proteins, such as BRCA1, that act upstream of Dicer in microRNA 

biogenesis by regulating Drosha [55]. Thus, Dicer is likely one of several molecular players 

that may link cellular stress with the microRNA response.

Conclusion

In this study we described the repression of human Dicer protein during heat treatment at 

39.5°C in 10 unique cell lines, as well as normal kidney cells. We showed that Dicer is 

regulated post-transcriptionally in JAR and HeLa cells and that Dicer protein levels oscillate 

following heat stress.
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Figure 1. 
Transcriptional response of Hsp70 and Hsp90 to fever-range hyperthermia. Mild 

hyperthermia at 39.5°C induced Hsp70 and Hsp90 mRNA. Bar graphs depict fold changes 

in mRNA that were measured by RT-qPCR and normalised to GAPDH. Control sample 

represents cells maintained at 37°C. Human cell lines JAR (placental choriocarcinoma) and 

HeLa (cervical carcinoma) display typical in vitro response patterns of cells grown at 39.5°C 

for 8–9 h. Control Hsp70 mRNA expression is up-regulated quickly, peaking at 3–4 h (a, b). 

Expression levels then fall, stabilising after 7 h at a level above baseline expression. 

Expression of the Hsp90 gene rises more slowly than Hsp70, reaching a plateau after 5–7 h 

(c & d). Error bars were calculated using standard deviations based on technical replicates 

from one of three independent experiments. Statistically significant change in HSP mRNA 

was seen in both cell lines based on a two tailed Students t-test (p < 0.05).
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Figure 2. 
Translational response of Hsp70 to fever range hyperthermia. Western blot analysis was 

used to determine Hsp70 protein expression following treatment at fever-range 

hyperthermia. (a) The human JAR trophoblast cell line showed elevations in Hsp70 protein 

in response to elevated temperatures by 4 h. A similar trend was observed in (b) HeLa cells. 

However, Hsp70 protein levels were reduced beyond the 6-h time point.
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Figure 3. 
Translational response of Hsp90 to fever range hyperthermia. Western blot analysis was 

used to analyse Hsp90 protein expression following treatment and fever-range hyperthermia. 

Hsp90 protein expression varied by cell line, but was enhanced at some point before 9 h of 

heat treatment. (a) The JAR cell line showed steadily increasing levels of Hsp90 through 7 

h. (b) HeLa cells exhibited an interrupted pattern of HSP90 expression, with all time points 

elevated above baseline.
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Figure 4. 
Translational response of Dicer following treatment at fever range hyperthermia. In all cell 

lines where the response to thermal stress was confirmed by Hsp70 and Hsp90 mRNA and 

protein expression changes, levels of Dicer protein were found to fluctuate over the course 

of exposure to mild hyperthermia at 39.5°C (a). (b–d) Bar graphs in show quantified values 

obtained from the western blots shown in A. All cells except the breast cancer line BT-20 

(b) clearly show fluctuations above the untreated control. Specific patterns of thermal 

response vary between cell types. Cells where Dicer protein was found to be heat responsive 

included human cancers (b) Raji, JAR, HeLa and SW13, murine cancer and non-cancer cell 

lines (c) B16, SM-9 and human lung fibroblast (MRC-5) and (d) primary cells (wild type 

mouse renal epithelial and fibroblast cells). Western blots and bar graphs are representative 

of two or more independent experiments.
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Figure 5. 
Dicer protein levels fluctuate in response to fever-range hyperthermia, with little change in 

Dicer mRNA. Bar graphs show Dicer mRNA expression expressed as fold induction relative 

to GAPDH. Specific patterns of protein fluctuations vary with cell lines, but changes in 

Dicer protein expression were present in all cells following treatment with fever range 

hyperthermia. Dicer mRNA levels do not show significant variation (p>0.05) in the JAR (a) 

and HeLa (b) cell lines, suggesting that Dicer is regulated post-transcriptionally in these 

cells. Error bars were calculated using standard deviations based on technical replicates from 

three independent experiments. Statistical significance was assigned based on a two-tailed 

Students t-test and found to be significant.
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Figure 6. 
Effects of fever range hyperthermia on selected microRNA. Expression levels of eight 

microRNAs previously identified to be thermally regulated (see text) were analysed by RT-

qPCR. (a) miR-125 b and miR-154 were found to be thermally up-regulated in HeLa cells. 

(b) In JAR, miR-382 was found to be enhanced by thermal stress.
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