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ABSTRACT
Nearly all living things can adapt to slightly elevated temperatures with a heat shock response, where most genes are turned off, with the

exception of the genes for a group of protective “heat shock proteins”. Heat shock proteins act as molecular chaperones, helping other cellular

proteins to refold or escorting them to the proper cellular destination for degradation. Heat shock transcription factor 1 (HSF1) underlies the control

of the heat shock response. Heat, peroxide and other stressors can activate HSF1, leading to transcriptional activation, DNA binding, and

induction of genes for heat shock proteins (Hsps). Previous studies have demonstrated that noise can induce the expression of Hsf1, and

consequently the genes for a number of heat shock proteins, including hsp70.1, hsp70.3, and hsp 25. Furthermore, preliminary studies in an Hsf1

-/- knockout mouse model suggest that as null mice age, they have higher auditory brainstem response thresholds at 48 kHz than their wildtype

Hsf1 +/- littermates. In this study, we have prepared and tested a series of mouse Hsf1 constructs in an effort to develop a transgenic model for

the study of age-related hearing loss. In designing these constructs, attention was focused on two aspects of Hsf1 structure and function. First,

the endogenous HSF1 transcription factor is negatively controlled by folding of the monomer units; removal of the Negative Regulatory Region

(amino acids 221-335) prevents monomer folding, leading to constitutive trimerization and induction of heat shock proteins in the absence of heat

or other stressors. Most of the constructs we produced are deleted for this regulatory region and are expected to be constitutively active. Second,

mammalian HSF1 exists in two isoforms; the mouse HSF1 isoform differs from the isoform by containing an additional 22 amino acids following

amino acid 407, encoded by a longer mRNA that arises by alternative splicing. Although most studies have been done with the isoform, we

prepared constructs of both isoforms and compared them in our preliminary experiments. In transient transfection experiments in a mouse cell

culture model (NIH 3T3 cells), we demonstrate that two different Hsf1 constitutive constructs, including one containing an N-terminal FLAG®

epitope tag, activate hsp expression in the absence of heat shock, as measured in a quantitative real-time RT-PCR assay. A battery of genes,

including hsp70.1, hsp70.3, hsp32, clusterin, hsp110, and hsp25 are activated by the constitutive HSF1α and N-terminal tagged HSF1α

constructs. However, a C-terminal FLAG® version of Hsf1 and a series of Hsf1 vectors showed little or no hsp activation. In the case of Hsf1β

vectors, significant activation of only two hsp genes was observed, clusterin and hsp25. This is the first study to associate distinct hsp gene

activation profiles with the HSFα and β isoforms. We are currently devising constructs that would allow us to create a mouse transgenic animal

model of Hsf1α, under control of a cytomegalovirus promoter, and likely to be expressed in a variety of tissues.

INTRODUCTION

Excessive noise can cause either transient or permanent hearing loss. Interventions to protect the cochlea from noise damage throughout life

would be highly desirable. Our research has focused on the classic stress-inducible protective response regulated by HSF1. Many different

stressors activate HSF1, leading to induction of genes for heat shock proteins (hsps). We previously demonstrated that Hsf1 knockout (KO) mice

are more sensitive to noise over-stimulation (Fairfield, 2005). In this study, we have modified mouse HSF1 by deleting a negative regulatory

domain (see Fig. 1). Such deletion constructs should be constitutively active, i.e., activate transcription of hsp genes in the absence of heat

shock. We tested activation of heat shock protein genes by these modified forms of HSF1. These modified forms will be used to generate a

transgenic mouse expressing a constitutively active form on HSF1. To further track HSF1 protein produced from the transgenes, the octamer

peptide (FLAG® tag) has been incorporated into the constructs. We ultimately hope to introduce the Hsf1 transgene into wild type mice to

determine whether it can protect against noise damage and cochlear hair cell loss.

Fig. 1. Mechanism of HSF1 activation by heat shock. Schematic diagram (from Morimoto, 1998) illustrating the structure of the mouse HSF1

isoform (top). Monomers are transcriptionally inactive due to intramolecular folding. Heat shock or other stressors cause monomers to unfold,

leading to trimerization. HSF1 trimers are transcriptionally active and mediate induction of genes for heat shock proteins (such as Hsp70) by

binding to heat shock elements (HSEs) in their promoters (bottom). Removal of the Negative Regulation Domain (amino acids 221-335) prevents

monomer folding, leading to constitutive trimerization and induction of heat shock proteins in the absence of heat or other stressors. HSF1

isoforms contain an additional 22 amino acids following amino acid 407 due to translation of a longer mRNA that arises by alternative splicing of a

66-bp exon (Goodson and Sarge, 1995).

Table 1.  Summary of recombinant Hsf1 constructs
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Construct Structure
Hsp70.1 

Activation

HSF1 

protein
FLAG

vector pcDNA3.1V5-His-TOPO vector - - -

NH2---------------------------------- ------------COOH - + -

NH2---------------------[     ]------- ------------COOH +++ + -

N NH2-FLAG------------[     ]------- ------------COOH ++ + +

C NH2---------------------[     ]------- FLAG-COOH - + +

NH2--------------------------------- -----------COOH - + -

NH2---------------------[     ]------ -----------COOH - + -

N NH2-FLAG------------[     ]------ -----------COOH - + +

C NH2---------------------[     ]------- FLAG-COOH - + +

MATERIALS AND METHODS

Construction of FLAG® tagged mouse HSF1 plasmids. A full-length cDNA for the mouse HSF1 isoform was from Invitrogen (GenBank

BC013716); the protein coding region was subcloned into pcDNA3.1/V5-His-TOPO vector (Invitrogen). To create deletion constructs ( ) with

the potential to trimerize constitutively (see Fig. 1), the region corresponding to amino acids 221-335 of mouse HSF1 was deleted by overlap

extension PCR and confirmed by DNA sequencing. 5’ forward (N088) and 3’ reverse (N089) primers were used in overlap extension PCR to

create the deleted ( ) cDNA. To generate epitope-tagged HSF1 protein, FLAG® tags were incorporated into the 5’ (N-terminal) or the 3’ (C-

terminal) primers by PCR and the resulting DNAs were subcloned into the pcDNA3.1/V5-His-TOPO vector. The resulting plasmid constructs

are designated N (N- terminal FLAG® tagged , deletion), (untagged , deletion), and C (C-terminal FLAG® tagged , deletion).

Construction of FLAG® tagged mouse HSF1 plasmids. A full length N-tagged mouse constitutive (deletion) isoform cDNA was created

by overlap extension PCR. The 5’ region was synthesized by PCR on the template using primers N203 and N201, while the 3’ region was

synthesized on the partial length mouse HSF1 cDNA (GenBank AI152963) obtained from Open Biosystems (Huntsville, AL) using primers

N204 and N186. The 5’ forward (N203) and 3’ reverse (N186) primers were used in overlap extension PCR to create the N insert. To create

the plasmid, the Nhe I/BlpI region from N was used to replace the corresponding region in the plasmid. To create the C plasmid,

the Nhe I/BlpI region in the C plasmid was replaced with the corresponding region from the N plasmid. The resulting constitutive

constructs are designated N , , and C . The full length mouse isoform cDNA in pcDNA3.1/V5-His-TOPO was reconstructed by ligating

the NheI/BlpI region from a full-length mouse cDNA in the anti-sense orientation (created by overlap extension using N088 and 201 to

amplify the 5’ region and N204 and N089 to amplify the 3’ region) to a vector fragment (NheI/BlpI) from the full-length mouse HSF1 construct.

The structure of all the plasmid constructs was confirmed by DNA sequencing, carried out by the University of Michigan DNA Sequencing Core

Facility. Plasmid DNA for transfections was isolated from cultures of E. coli DH5 or TOP10 transformed competent cells and purified using a

Qiagen midi or maxi-prep kit (Valencia, CA).

Cell culture, transfections, heat shock, and RNA isolation. NIH 3T3 cells were obtained from the American Type Culture Collection

(Manassas, VA) and were grown in DMEM, 10% FCS, 0.1 mM non-essential amino acids. Cells were seeded on 60 mm or 100 mm dishes

and DNAs were introduced by transfection using Lipofectamine LTX and Plus Reagent according to manufacturer’s instructions (Invitrogen).

After 24 hr growth at 37º C and 5% CO2, plates were rinsed twice with 1x PBS and harvested with a cell scraper. For heat shock experiments,

plates were sealed with parafilm and submerged in a water bath for 1 hr at 42-44ºC, prior to rinsing and harvesting cells. Total RNA was

isolated using the RNeasy mini-kit (Qiagen), including a column DNase I treatment step to eliminate DNA..

Quantitative RT-PCR. First strand cDNA was synthesized from total RNA (1 μg) with 200 units of MMLV reverse transcriptase with reduced

RNase H activity (SuperScript III, Invitrogen; Carlsbad, CA) and oligo(dT)12-18 (500 ng) in the presence of RNasin (20 units; Promega,

Madison, WI) in a final volume of 20 μl. The reaction was incubated at 50 C for 1 hr, heated at 70oC for 15 min to inactivate reverse

transcriptase, and treated with RNase H (2 units; Promega) at 37oC for 15 min to remove RNA templates. The resulting cDNAs were diluted

1:10 with water and stored as aliquots at –20oC. For mouse Hsp70.1 and Hsp70.3, we used gene-specific TaqMan probes designed to the

3’UTRs (ABI, Foster City, CA). Assays for other genes were from Applied Biosystems Assays by demand. Quantitative real-time PCR reactions

were run in triplicate on a 7900 Prism Sequence Detection System (Applied Biosystems; Foster City, CA) in the Michigan Cancer Center Core

Facility and analyzed with SDSv2.2 software. The results for the HSF1 series constructs were based on at least four separate transfection

experiments; results of the HSF1 series constructs were based on three separate experiments. For each gene, we determined the CT, the

cycle number at which the fluorescent signals were above the background level, but still in the early exponential phase of amplification.

Average CT values were normalized to that of ribosomal protein S16. The relative difference in transcript level between two samples for any

given gene was calculated based on the ratio of the normalized CT value in the experimental sample to that of the control (vector transfected).

The same threshold was used for Hsp70.1 and S16 (internal control) across all samples. The difference in CT between the gene of interest

(gene “X”) and S16 for any given RNA sample was defined as CT (X). The difference in CT (X) between two samples (transfected HSF1

construct vs. vector control) was defined as CT (X), which represented a relative difference in expression of gene X (Livak, 2001). Fold

change was calculated after adjusting for amplification efficiency of the corresponding gene. Bars indicate the standard error of the mean.

Protein extracts and Western blots. To confirm that HSF1 protein was expressed from the introduced constructs and to verify the presence

of epitope tags, transfected NIH 3T3 cells were grown for 24 hr at 37ºC in 5% CO2 and harvested in NP40 buffer (150 mM NaCl, 50 mM Tris-

HCl pH 8.0, 1% NP40 containing Complete Protease Inhibitor Cocktail with EDTA (Roche) and 3 mM PMSF. Protein extracts (10 g/lane)

were boiled for 5 min. and separated on a 8 or 10% SDS-polyacrylamide gel with a 3% stacking gel in Tris-glycine-SDS buffer for about 1 hr at

100 V. Proteins were electrophoretically transferred to nitrocellulose membranes, blocked in 3% or 5% nonfat dry milk in 1x PBS or 1x TBS and

incubated overnight with primary antibody (mouse anti-FLAG M2 monoclonal at 1:1000, Sigma, or rat anti-HSF1 Ab-3 monoclonal at 1:500,

Stressgen). After several washes in 1x PBS or 1x TBS, blots were incubated with the appropriate HRP conjugated secondary antibody at

1:10,000, washed and HRP signal detected with a chemiluminescent system (GE Healthsciences). Replicate Western blots were also used to

detect hsp70 and hsp25 in transfected NIH 3T3 cell extracts following a similar protocol, using mouse anti-hsp70 monoclonal antibody (1:1000,

Stressgen) and rabbit anti-hsp25 polyclonal antibody (1:200, Assay Designs) and appropriate HRP conjugated secondary antibody at 1:10,000.

Fig. 2. Western blot analysis of extracts from NIH 3T3 cells transiently transfected with modified HSF1 constructs. Western blots of

cell extracts derived from transfected mouse NIH 3T3 cells were probed with a rat monoclonal antibody (Ab-3) to HSF1. Presence of the

FLAG® tag on expressed HSF1 proteins was confirmed by probing with a mouse monoclonal antibody (M2) to FLAG®. Replicate blots were

probed with a mouse monoclonal Hsp70 antibody or a rabbit polyclonal hsp25 antibody. All deleted plasmid constructs tested produced

exogenous HSF1 protein that was distinguishable from native HSF1 based on its more rapid electrophoretic mobility than endogenous HSF1,

seen on longer exposure (not shown). Octamer tagged constructs N D, C , N and C produced HSF1 protein that could be detected

with anti-FLAG antibody. and N showed greatly increased levels of hsp70 and had detectable levels of hsp25.
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RESULTS

Fig. 4. Quantitative PCR demonstrates constitutive activation of multiple hsp genes by Hsf1 and N constructs in

NIH 3T3 cells and activation of clusterin by the construct. The fold difference (Hsf1 construct/vector) was calculated

from the CT of averaged triplicate TaqMan assays from three to four replicate experiments. Bars show standard error of the

mean.
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CONCLUSIONS

1. All plasmid constructs produced HSF1 protein that could be detected by anti-HSF1 antibody, or by anti-FLAG antibody, if

epitope-tagged (Fig. 2).

2. Full length HSF1 and isoforms are transcriptionally inactive in the absence of heat shock. (Fig. 3)

3. Several HSF1 deletion constructs were constitutively active without prior heat shock. (Fig. 3).

• HSF1 (deletion of amino acids 221-335) showed a 22-fold induction of Hsp70.1

• HSF1 N , with an N-terminal FLAG® tag, showed 14-fold induction of Hsp70.1

4. All HSF1 constructs and the C constructs had little to no constitutive HSF1 induction of Hsp70.1

5. Inactive constructs still showed robust induction of Hsp70.1 in transfected NIH 3T3 cells following heat shock (data not shown).

6. Constitutively active HSF1 constructs could also activate a panel of hsp genes, including hsp70.1, hsp70.3, hsp32, clusterin

hsp110 (Fig.4) and hsp25 (Fig. 5a)

7. HSF1 was able to constitutively activate two hsp genes, clusterin (Fig. 4) and hsp25 (Fig. 5b), although in both cases to a

lesser extent than HSF1 and tagged constructs. This is the first study to identify distinct hsp targets for HSF1 isoform α

and β activation.

8. The N-FLAG tagged HSF1 deletion construct could be used to generate transgenic mice expressing constitutively active and

epitope-tagged HSF1.

CONCLUSIONS

Fig. 3. HSF1 activation of Hsp70.1 by or N without heat shock in NIH 3T3 cells. HSF1 deletion constructs, and

N , constitutively activate Hsp70.1 in the absence of heat shock. was the only construct to show nominal Hsp70.1

activation. Results are based on 4-5 replicate experiments (HSF1 constructs) or 3 replicate experiments (HSF1 constructs).

Each replicate consisted of triplicate TaqMan assays; the fold change determined from the average CT of replicate

experiments is plotted along with the (+) standard error of the mean.

0

10

20

30

a aD NaD CaD beta bD NbD CbD

F
o

ld
 C

h
a
n

g
e

N C N C

Fig. 5. Quantitative PCR demonstrates activation of the hsp25 gene by several Hsf1 and β constructs. A.  Activation of 

hsp25 by Hsf1 and N constructs.  B.  Activation of hsp25 by Hsf1β and N constructs. The fold difference (Hsf1 construct/ 

vector) was calculated from the CT of averaged triplicate TaqMan assays from three to six replicate experiments. Bars show 

standard error of the mean.
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