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Abstract Epidermal keratinocytes serve as the primary bar-
rier between the body and environmental stressors. They are
subjected to numerous stress events and are likely to respond
with a repertoire of heat shock proteins (HSPs). HSPA6
(HSP70B′) is described in other cell types with characteristi-
cally low to undetectable basal expression, but is highly stress
induced. Despite this response in other cells, little is known
about its control in keratinocytes. We examined endogenous
human keratinocyte HSPA6 expression and localized some
responsible transcription factor sites in a cloned HSPA6 3 kb
promoter. Using promoter 5′ truncations and deletions, nega-
tive and positive regulatory regions were found throughout the
3 kb promoter. A region between −346 and −217 bp was
found to be crucial to HSPA6 basal expression and stress
inducibility. Site-specific mutations and DNA-binding studies
show that a previously uncharacterized AP1 site contributes to
the basal expression and maximal stress induction of HSPA6.
Additionally, a new heat shock element (HSE) within this
region was defined. While this element mediates increased
transcriptional response in thermally stressed HaCaT

keratinocytes, it preferentially binds a stress-inducible factor
other than heat shock factor (HSF)1 or HSF2. Intriguingly,
this newly characterized HSPA6 HSE competes HSF1 bind-
ing a consensus HSE and binds both HSF1 and HSF2 from
other epithelial cells. Taken together, our results demonstrate
that the HSPA6 promoter contains essential negative and
positive promoter regions and newly identified transcription
factor targets, which are key to the basal and stress-inducible
expression of HSPA6. Furthermore, these results suggest that
an HSF-like factor may preferentially bind this newly identi-
fied HSPA6 HSE in HaCaT cells.
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Introduction

Properly controlled heat shock protein (HSP) gene expression
is integral to maintaining and restoring cell homeostasis under
basal and stressed conditions, respectively. Although initially
known by its transcription induction from thermal stress, HSP
expression is also increased in response to toxic chemical and
UV light assaults (Jonak et al. 2009). Additionally, the char-
acterization of dozens of HSP genes across multiple families
established that several members are constitutively expressed,
accounting for their availability in “housekeeping” chaperone
function (Kampinga et al. 2009). As might be expected, within
and across HSP families, there are some coding sequence
similarities, common substrate targets, and shared transcrip-
tional control by heat shock factor (HSF) (Akerfelt et al. 2010;
Saibil 2013). However, these shared qualities belie the nonre-
dundant role of several HSP identified in recent reports
(Daugaard et al. 2007; Hageman et al. 2011; Heldens et al.
2012; Noonan et al. 2007a). HSPA1A (HSP70) is an impor-
tant protein chaperone in unstressed conditions and is crucial
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to prevent stress-induced cell death. While closely related to
HSPA1A, HSPA6 (HSP70B′) has similar yet distinct func-
tions and its expression patterns (Leppa et al. 2001; Noonan
et al. 2007a) vary between cell types and cell densities
(Noonan et al. 2007b). In addition to expression variation
between cell types, HSPA6 species expression is limited, as
it has only been observed in human, swine, and goats
(Banerjee et al. 2014; Dezeure et al. 1993). Unlike other
widely expressed HSPs, a rodent HSPA6 homologue has not
yet been discovered (Parsian et al. 2000), suggesting that it is a
newly evolved HSP only found in higher mammals.

Like HSPA1A, HSPA6 expression is essential to increasing
survival of cells exposed to increased temperatures or
chemicals. Single or double siRNA-mediated knockdown of
HSPA1A and/or HSPA6 suggests that while both HSPs are
important to increasing cell survival, HSPA6 may be a sec-
ondary regulator of stress compared to HSPA1A (Noonan
et al. 2007a). Decreased expression of HSPA6 did reduce
the cell viability after a 42 °C heat stress or proteasome
inhibitor MG-132 treatment, suggesting its importance in cell
survival. HSPA6 likely forms complexes with HSPA1A and
DNAJB1 (HSP40) (Chow et al. 2010; Noonan et al. 2008) to
confer its protective function. Despite some HSPA6/HSPA1A
overlap in facilitating cell survival, further work showed that
they have distinct protein substrates. Compared to HSPA1A,
HSPA6 has higher affinity for unfolded p53 but has no effect
in refolding the luciferase enzyme and peroxisomal proteins
(Hageman et al. 2011; Heldens et al. 2012). A better definition
of HSPA6 gene expression levels and the protein factors/
promoter elements contributing to it would improve our un-
derstanding as to its availability or inducibility to meet these
specific protective chaperone/refolding functions.

HSPA6 production under nonstressed conditions is var-
iable, from not detected, to low expression levels, possi-
bly dependent on cell type (Chow et al. 2010; Gomez-
Sucerquia et al. 2012) and growth condition differences
(Noonan et al. 2007b). Its capacity for significant induc-
tion under stressed conditions has been well-documented,
but what controls this or basal expression has mostly been
elucidated using a ~287 bp minimal promoter (Rohmer
et al. 2008; Wada et al. 2005; Wada et al. 2007). To
enhance our understanding of HSPA6 production in other
cell types and control over its basal and inducible tran-
scription, we examined HSPA6 expression in epidermal
keratinocytes and what might contribute to the control of
inducible and any basal expression. Various HSPs in
keratinocytes serve as a cadre of molecular chaperones
and stress response proteins both for protein folding dur-
ing cell differentiation and epidermal response to topical
assaults. Insufficient HSP expression in keratinocyte has
detrimental consequences including (i) inadequate integra-
tion of cytoskeletal and noncytoskeletal proteins to gen-
erate the skin’s barrier and (ii) failure to cope with or

recover from stresses as evidenced by poor or absent
wound healing (Kwon et al. 2002; Matsuda et al. 2010).
In brief, we found that human keratinocytes have a sig-
nificant capacity for HSPA6 induction at both the mes-
senger RNA (mRNA) and protein levels compared to the
related HSPA1A. Additionally, with computational analy-
sis, cloning, and functional assessment of ~3 kb of the
HSPA6 promoter, we found previously unidentified re-
gions exerting negative or positive effects over basal
expression as well as a novel heat shock element (HSE)
upstream of that previously known (Wada et al. 2007).
Constitutive and strikingly inducible HSPA6 expression in
combination with complex transcriptional regulation sug-
gests that it may be positioned to contribute significant
chaperoning as well as stress-protective functions to epi-
dermal keratinocytes.

Materials and methods

Cell culture

HaCaT (Boukamp et al. 1988), SCC13, MCF7, HeLa,
HepG2, and foreskin dermal fibroblasts (FSFB) were cultured
in a 3:1 Dulbecco’s modified Eagle medium (DMEM)/F12
media containing 10 % fetal bovine serum (FBS) (Thermo
Scientific HyClone, Logan, UT), 100 U/ml penicillin, and
100 mg/ml streptomycin. HT29 cells were cultured in Mc-
Coy’s 5amodifiedmedia containing 10% FBS, supplemented
with 1 % nonessential amino acids, 100 U/ml penicillin, and
100 mg/ml streptomycin. Caco2 cells were cultured in MEM
media containing 20 % FBS and supplemented with 1 %
nonessential amino acids, 1 % pyruvate, 100 U/ml penicillin,
and 100 mg/ml streptomycin. The HaCaT keratinocytes and
all cell lines are derived from human tissues. All cells were
grown in a 37 °C with 5 % CO2 humidified incubator. For
peroxisome proliferator-activated receptor (PPAR) ligand
treatment, cells were treated with 1 or 10 μM PPARα
(WY14,643), β/δ (L165,043), or γ (ciglitazone) ligand 24 h
after cell plating. Total RNAwas collected 24 h post treatment.
For heat stress experiments, cells were plated at 1.5×105 or
6.8×105 cells per well in 24- or 6-well plates, respectively.
Twenty-four hours later, cells were stressed for 1 h in a 42 °C
water bath (control cells were immersed in a 37 °Cwater bath)
and returned to a 37 °C incubator for the indicated recovery
time. Cells were collected for total RNA using the RNeasy kit
( Q i a g e n , Va l e n c i a , C A ) o r p r o t e i n u s i n g
radioimmunoprecipitation assay (RIPA) lysis buffer (10 mM
Tris, 150 mM NaCl, 1 % deoxycholic acid, 1 % Triton, 0.1 %
sodium dodecyl sulfate (SDS)) supplemented with Halt Pro-
tease Inhibitor (Thermo Scientific, Waltham, MA). For
transfection analysis, cells were plated to 70 %
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confluency in 24-well plates. Twenty-four hours later,
cells were transfected as described below.

Real-time quantitative PCR analysis

Total RNA was reverse transcribed using the iScript reverse
transcriptase (BioRad, Hercules, CA). Gene expression
changes were analyzed using POWER SYBR green master
mix (Life Technologies, Grand Island, NY). Real-time PCR
was performed using Applied Biosystems 7500 Fast Real-
Time PCR system. Data analysis was carried out on ABI
7500 software using the ΔΔCT method. All data was nor-
malized to β-tubulin.

Immunoblot analysis

Whole-cell lysates were prepared in RIPA buffer, and
following determination of protein concentration, 10 μg
of protein was separated by SDS/PAGE, transferred to
nitrocellulose membranes, rinsed with nanopure water,
and treated with Qentix (Thermo Scientific Pierce). Blots
were incubated in 5 % (w/v) nonfat dried milk, Tris-
buffered saline (TBS), and 0.1 % Tween 20 and then
subsequently probed with HSP70B′ antibody (ADI-SPA-
754) a t 1 :1 ,000 d i lu t ion (Enzo Li fe Sc iences ,
Farmingdale, NY) or anti-HSPA1A antibody (ADI-SPA-
810) at 1:1,000 dilution (Enzo Life Sciences) (Chow et al.
2010; Noonan et al. 2007b) followed by horseradish per-
oxidase (HRP)-conjugated secondary goat anti-mouse an-
tibody at 1:10,000 dilution (PerkinElmer, Branford, CT).
Blots were subsequently probed for β-actin antibody
(ab8227) at 1:5,000 dilution (Abcam, Cambridge, MA)
followed by HRP-conjugated secondary goat anti-rabbit
antibody at 1:20,000 dilution (PerkinElmer). Detection of
binding was determined with enhanced chemilumines-
cence reagents (Thermo Scientific Pierce). Band signals
were digitally captured using the Kodak image station
CCF and analyzed using the Carestream molecular imag-
ing software. The wider linear dynamic range of the
software is >4 orders of magnitude and no band signals
reached saturation.

Cloning and generation of wild-type and mutant HSPA6
promoter sequences

The HSPA6 promoter containing the −2,963 to +48 bp se-
quence (herein referred to as −3 kb-luc) was PCR amplified
from human genomic DNA (cat# 636401) (BD Biosciences,
San Jose, CA) using forward: 5′-GAT GGG TAC CTC ATC
TTG AAT TCC CAC AAC ACA TGG-3′ and reverse: 5′-
GGC TGAAGC TTAGTGAGGCTC TCC CTGCGG TTT
CTC T-3′ with added KpnI and HindIII sites (underlined),
respectively, for insertion into the promoterless vector
pGL4.10 (Promega, Madison, WI) using the restriction sites
indicated. 5′-Promoter truncations (−1,230, −647 and −70-
luc) were performed by using the upstream KpnI site and
native restriction enzyme sites BglII, EcoRI, and NruI, respec-
tively. Digested sites were blunted and ligated. Internal pro-
moter deletions were performed using the Quikchange Light-
ning site-directed mutagenesis kit (Agilent). Constructs ΔA,
ΔB, ΔC, and ΔD were generated using the −1,230-luc;
constructs ΔE, ΔF, ΔG, and ΔH were generated using the
−647-luc. Fragment G site-specific mutants were generated
using the Quikchange Lightning site-directed mutagenesis kit.
The WHN, HSE, MZF1, C/EBP, AP1, and Zfx sites were
mutated as indicated (Table 1). Sites were determined using
NHR Scan (Sandelin and Wasserman 2005), Nubiscan
(Podvinec et al. 2002), and MatInspector (Cartharius et al.
2005) web-based software. To generate the wild-type (WT)-
G-tk-luc, AP1 mutant (mt)-G-tk-luc, and HSEmt-G-tk-luc
construct, the HSPA6 G region was amplified via PCR using
primers flanked by KpnI sites. A comparison HSE sequence
was generated using functional HSEs derived from several
HSP promoters: one site within HSPB1 (HSP27), HSPC1
(HSP90α), HSPCB (HSP90β), the downstream HSE from
HSPA6 and two sites within HSPA1A (HSP70) (Dierick
et al. 2007; Koizumi et al. 2013; Metz et al. 1996; Morgan
et al. 1987; Shen et al. 1997; Wada et al. 2005) and visualized
with WebLogo (Crooks et al. 2004). The pGL4.10 construct
containing the thymidine kinase (tk-luc) minimal promoter
was used to insert the HSPA6 WT, AP1mt, or HSEmt frag-
ment G. All HSPA6 3 kb isolate, all site-directed mutants, and
deletion constructs were confirmed by sequencing (University
of Connecticut Biotech Center).

Table 1 Site-directed mutagene-
sis primer sequences. Underlined
sequences denote mutations
within the binding site

Site name Sequence within HSPA6 Mutated sequence

WHN ACGC ATAC

HSE GGGAGGAGCTAGAACCTTCC GGGAGGAGCTAATTCCTTCC

MZF1 GCGGGGAAGGT GCGTAGAGGGT

C/EBP CTCAGGCTGCTGAAA CTCATGCACTTGTCA

AP1 TGAGTCA TTAGTTA

ZFX CTGGCCTGGCG CTAAGATGGCG
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Plasmid transfections

HaCaT or HeLa cells were plated to 70 % confluency 24 h
prior to transfections using 24-well plates. Eight hours prior to
transfection, media was replaced with 0.5 ml serum-
containing 3:1 DMEM/F12 media. The appropriate HSPA6
promoter pGL4.10 plasmid (200 ng) and pCMV-β galactosi-
dase (100 ng) was transfected using Fugene6 (Promega) using
100 μl serum-free media. For PPAR experiments, cells were
cotransfected with pSG5-empty vector or pSG5-PPARγ
(100 ng). Twenty-four hours later, cells were treated with 10
or 100 μM ciglitazone and collected 16 h post treatment. For
the thermal stress experiments, 24 h following plating, cells
were stressed for 1 h in a 42 °C water bath (control cells in a
37 °C bath) and returned to a 37 °C incubator for 4 h. Cells
were then collected and assayed for the luciferase activity
(Promega), protein concentration (Pierce), and β-
galactosidase activity (Ramirez and Aneskievich 2013).

Electrophoretic mobility shift assay

Nuclear extracts were prepared from HaCaT or HeLa cells as
previously described (Encarnacao et al. 2013). Protein con-
centrations were determined by BCA protein assay (Pierce,
Rockford, IL). Oligomers (Integrated DNATechnology, IDT,
Coralville, IA) were annealed and end labeled with 32P-ATP
(PerkinElmer). Electrophoretic mobility shift assay (EMSA)
oligonucleotide probe sequences are shown in Table 2. Fifteen
or 10 μg of nuclear extracts were incubated with radiolabeled
HSE or AP1 oligomers, respectively. For AP1 EMSAs, nu-
clear extracts were preincubated with the appropriate antibod-
ies or unlabeled competition oligomers 1 h or 15 min, respec-
tively, at room temperature prior to the addition of the
radiolabeled oligonucleotide probes. The mixture was

incubated at room temperature for 30 min and then loaded
into a 6 % polyacrylamide gel. Gels were electrophoresed at
3.5 mA/gel in 0.5× TBE buffer for 10 h at 4 °C. For HSE
EMSAs, nuclear extracts were preincubated with unlabeled
competition oligomers 15min at room temperature prior to the
addition of the radiolabeled oligonucleotide probes. Antibod-
ies were added and the mixture was incubated at room tem-
perature for 20 min, then on ice for 10 min. Samples were
loaded on a 4 % polyacrylamide gel and electrophoresed at
3.5 mA/gel in 0.5× TBE buffer for 8 h at 4 °C. Anti-cJun (SC-
45X), cFos (SC-52X), HSF1 (SC-9144x), and HSF2 (SC-
13056X) antibodies were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). Gels were dried and exposed to
Amersham Hyperfilm MP (GE, Buckinghamshire, UK) for at
least 16 h at −80 °C with intensifying screens. Films were
developed using a Kodak X-Omat 2000.

Statistical analysis

Data was analyzed using Prism Software version 5
(GraphPad) (La Jolla, CA). Student’s t test was used to
compare between paired results. ANOVA with Newman
Keuls or Dunnett’s post hoc was used to compare between
grouped results, as specified. Statistical significance was
defined as p value ≤0.05.

Results

Constitutive and inducible expression of HSPA6

Basal and induced levels of HSPA6 were determined in
HaCaT keratinocytes under standard culture and thermal

Table 2 Oligomers used for
EMSA probes. Underlined se-
quences denote mutations within
the binding site. The predicted
HSE mutation encompasses one
HSE repeat, whereas the double
mutant encompasses two HSE
inverted repeats

Oligomer name Primer sequence

Predicted AP1 top CTAGCAGCAGCCTGAGTCAGAGGCGGG

Predicted AP1 bottom CTAGCCCGCCTCTGACTCAGGCTGCTG

AP1 consensus top CTAGCGCTTGATGACTCAGCCGGAA

AP1 consensus bottom CTAGTTCCGGCTGAGTCATCAAGCG

Predicted AP1 mutant top CTAGCAGCAGCCTTAGTTAGAGGCGGG

Predicted AP1 mutant bottom CTAGCCCGCCTCTAACTAAGGCTGCTG

Predicted HSE top CTAGGGGAGGAGCTAGAACCTTCCCCGCA

Predicted HSE bottom CTAGTGCGGGGAAGGTTCTAGCTCCTCCC

HSE consensus top CTAGCGAAACCCCTGGAATATTCCCGACC

HSE consensus bottom CTAGGGTCGGGAATATTCCAGGGGTTTCG

Predicted HSE mutant top CTAGGGGAGGAGCTAATTCCTTCCCCGCA

Predicted HSE mutant bottom CTAGTGCGGGGAAGGAATTAGCTCCTCCC

Predicted HSE double mutant top CTAGGGGAGGAGCCCATTATAGTAGCGCA

Predicted HSE double mutant bottom CTAGTGCGCTACTATAATGGGCTCCTCCC
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stress conditions. Basal expression of HSPA6 was detected in
unstressed cells with a 3.9- and 5.1-fold increase in protein
levels observed at 8 and 24 h post-heat shock, respectively
(Fig. 1a). HSPA6 mRNA was upregulated immediately fol-
lowing heat stress and then gradually decreased over 8–12 h
after the stress period to levels similar to basal expression
(Fig. 1b). To validate the heat shock, HSPA1A protein and
mRNA expression was also examined. The induction pattern
of HSPA1A protein and mRNAwas similar to HSPA6, but to
a lesser fold induction than HSPA6 (Fig. 1c, d). Variable levels
of HSPA6 and HSPA1Awere also detected in other epithelial
(HT29, MCF-7, Caco2, HepG2) and epidermis-derived
(SCC13) cells with relatively little detected in dermal fibro-
blast cells (Fig. 1e, f) under standard (nonstressed) culture
conditions. HSPA6 mRNA expression was also analyzed in a
nonkeratinocyte cell line, HeLa cells. The heat induction

profile was similar to that observed fromHaCaT keratinocytes
(Fig. 1g). HSPA6 cell-type range of expression and mRNA
induction in HaCaT and HeLa cell lines suggested that a
combination of ubiquitous and stress-specific factors may
control its gene expression.

Determining specific transcription factor binding sites
within the HSPA6 promoter

To guide physical isolation of the human HSPA6 promoter,
we started with an in silico examination of sequences up-
stream of the referenced transcription start site (Leung et al.
1990) and 5′UTR of the NCBI mRNA reference sequence
(Pruitt et al. 2005) NM_002155.3. NHR Scan (Sandelin and
Wasserman 2005), Nubiscan (Podvinec et al. 2002), and
MatInspector (Cartharius et al. 2005) analysis suggested high
scoring hits for diverse transcription factors up through the
first few thousand base pairs of DNA. Germane to our
laboratory’s interest, putative PPAR and retinoic acid receptor
(RAR) response elements were located between~−2,800 and
−1,500 bp upstream of the transcriptional start site. To deter-
mine HSPA6 expression responsiveness to these and other
transcription factors, we isolated and cloned its promoter
region from −2,962 to +48 bp into a pGL4.10 luciferase
reporter gene construct (Fig. 2a). Endogenous HSPA6 expres-
sion and HSPA6−2,962 kb-luc promoter activation
(Fig. 2b, c) marginally increased only in the presence of a
high concentration of PPARγ ligand ciglitazone or
overexpressed PPARγ receptor and a high concentration of
ligand, respectively. Since PPARγ has low expression in
keratinocytes, we hypothesized that other transcription fac-
tor(s) may be responsible for the expression of HSPA6.

Searching the promoter for other predicted sites, further in
silico promoter analysis was performed. In addition to
searching for factors that contribute to HSPA6’s basal expres-
sion, we searched for HSEs that may contribute to the stress
inducibility of HSPA6. Our analysis found previously recog-
nized sites such as two HSEs at −181 to −161 bp and −100 to
−60 bp, an AP1 site at −139 to −132 bp, and a predicted TATA
box within the characterized minimal promoter (Wada et al.
2007; Leung et al. 1990). Importantly, previously unrecog-
nized potential transcription factor binding sites (such as AP1,
C/EBP, and upstream HSEs) (Fig. 2d, e) were identified
suggesting additional control possibilities for basal and induc-
ible HSPA6 promoter activity.

HSPA6 promoter contains negative and positive basal
regulatory regions

To narrow down the responsive regions involved in HSPA6
regulation, we generated a series of 5′ truncation constructs
using naturally occurring restriction enzyme sites (Fig. 2a).
Transfection results from the truncated HSPA6 promoter

Fig. 1 Basal and heat-inducible expression of HSPs. Protein expression
of HSPA6 (a) and HSPA1A (c) before (0 h) and post-heat shock (8 and
24 h). Samples shown from duplicate cultures. Quantitation of band
intensity shown as average of duplicate cultures. mRNA expression of
HSPA6 (b) and HSPA1A (d) in HaCaTcells and HSPA6 inHeLa cells (g)
before (0 h) and post-heat shock (1, 2, 3, 4, 8, and 12 h). Protein
expression of HSPA6 (e) and HSPA1A (f) in various unstressed cells.
β-Actin used as a loading control for all Western blots. Statistically
significant values are indicated using a p value <0.05 as determined using
ANOVAwith Dunnett’s post hoc. Points are mean+SD from one exper-
iment, each point from replicate cultures
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constructs from unstressed cells showed the −647-luc had
increased luciferase activity compared to the “minimal” −70-
luc. Interestingly, extending the 5′ promoter to −1,230 bp
further led to a reduction of luciferase activity back to the
minimal promoter levels (Fig. 3a). These results suggest that
the regulation of unstressed HSPA6 includes both negative
(between −1,230 and −648 bp) and positive (between −647
and −70 bp) elements. Heat-induced expression (Fig. 3b) was

observed with promoter regions inclusive of sequence up-
stream of the previously described −181 and −100 bp HSEs.
Notably, however, the fold induction of the −1,230 and −3 kb
was significantly greater than the fold induction of the
−647 bp reporter suggesting other proactive elements in-
volved in maximal stress response.

To further guide our search for HSPA6 promoter re-
gions contributing to its overall basal activity and stress
response, we generated several constructs deleting
~150 bp lengths within the −1,230-luc or −647-luc con-
structs. Deletions within the −1,230-luc, ΔA-, ΔB-, ΔC-,
and ΔD-luc (Fig. 4a) showed that removal of fragment D
(−806 to −648) increased the promoter activity 76 %,
suggesting possible negative regulatory element(s) within
this region (Fig. 4b). The stress responsiveness of ΔA-,
ΔB-, ΔC-, and ΔD-luc were also compromised as a
decrease in fold induction was observed with these con-
structs compared to full-length −1,230-luc (Fig. 4c). In-
ternal promoter deletions within the −647-luc, ΔE-, ΔF-,
ΔG-, and ΔH-luc (Fig. 4d) suggested that fragments F, G,
and H each contribute to the activation of the HSPA6
promoter. Removal of fragments F or H reduced the

�Fig. 2 Analysis of the HSPA6 promoter. a Diagram of the HSPA6
promoter from −2,962 to +48 bp. Restriction enzyme sites shown and
used for generating promoter truncation constructs. Yellow region
indicates start of the luciferase reporter gene. b Endogenous HSPA6
mRNA expression following treatment with PPARα (WY14,643), β/δ
(L165,041), or γ (ciglitazone) ligand. c Promoter activation of the −2962-
luc construct due to treatment with ciglitazone and/or increasing amounts
of PPARγ protein. Statistically significant values are indicated using a p
value <0.05 as determined using ANOVAwith Newman Keuls post hoc.
Bars are mean+SD from one experiment, each bar from triplicate cul-
tures. HSPA6 promoter sequence between −1,300 and −1,100 bp (d) and
between −700 and +48 bp (e). Red sequences denote putative HSE. Blue
sequences denote putative AP1 sites. Nucleotides in boldface denote
predicted TATA box. Underlined sections denote previously identified
HSEs. Italicized sections denote previously identified AP1 site

Fig. 3 Determining the transcriptionally regulated regions within the
HSPA6 promoter. a Promoter activation at basal, 37 °C conditions. The
graph is normalized to the −70-luc. b Promoter induction due to a 1 h,
42 °C heat stress. Graph shown as fold inducibility compared to 37 °C
condition. Statistically significant values are indicated by different letters
using a p value <0.05 as determined using ANOVAwith Newman Keuls
post hoc. Bars are mean+SEM from three experimental repeats, each bar
from triplicate cultures
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promoter activity to ~35 % compared to the full-length
−647-luc. Deletion of fragment G (−346 to −217 bp)
(Fig. 4e, f) led to the complete loss of the HSPA6 pro-
moter activity. While deletion of each individual fragment
reduced the heat inducibility of the promoter, the induc-
tion of ΔG-luc was significantly reduced back to basal
levels of −647-luc. Because removal of fragment G lost
all promoter activation, we focused on determining the
possible site(s) within this region that are crucial for the
activation of the HSPA6 promoter.

A novel AP1 site within −346 to −217 bp contributes
to the activation of the HSPA6 promoter

A transcription factor binding site search within fragment G
(−346 to −217 bp) determined the six top-scoring predicted
elements: WHN, HSE, MZF1, C/EBP, AP1, and ZFX
(Fig. 5a). We generated site-specific mutants within the
−647-luc constructs to determine which binding site may
contribute to the unstressed (37 °C) expression of HSPA6.
Of these candidate sites, WHN, HSE, and MZF1 had no
significant effect on the basal HSPA6 promoter activation,
whereas C/EBP- and ZFX-specific mutants resulted in an
~50 % increase in the −647-luc promoter activity. Only mu-
tation of AP1 resulted in activity loss. This local length of the
HSPA6 promoter seems to share the trait of positive and
negative control we saw upstream with −1,230 and −3 kb
lengths. Thus, the −346 to −217 bp region is likely crucial for
proper positive and negative promoter regulation within the
HSPA6 native promoter.

To independently assess regulation conferred by region G,
we fused the −346 to −217 bp region to the minimal tk
promoter (Fig. 5b). This G-tk-luc construct did not

significantly change the luciferase activity compared to the
tk-luc construct. When the AP1 site was mutated, a ~54 %
reduction was observed compared to wild-type fragment G-tk-
luc (G-WT tk-luc). These results suggest that fragment G
activation potential is promoter context dependent, contribut-
ing to the native HSPA6 promoter but not a heterologous (tk)
promoter. These results are consistent with the predicted
−244 bp AP1 site contributing to the promoter activation of
HSPA6.

To test for physical association of AP1 to the predicted
binding site, EMSAs were performed. Using the predicted
HSPA6−244 bp AP1 sites as the 32P-labeled oligomers, our
EMSA results show an AP1-specific band competed by an
unlabeled HSPA6AP1 site and consensus AP1 site, but not by
the mutated AP1 site. Addition of AP1 subunit (cJun, cFos, or
combined)-specific antibody disrupted the band species in the
cFos and the combined cJun/cFos lanes (Fig. 5c). Based on
reporter construct and the protein-DNA interaction experi-
ments, HSPA6−244 to −237 is a newly identified, functional
AP1 site contributing to transcriptional activity of the HSPA6
promoter in unstressed conditions.

A novel heat shock element within −346 to −217 bp
contributes to the activation and thermal induction
of the HSPA6 promoter

In addition to promoter elements that might contribute to
control of basal activity, our transcription factor search pre-
dicted a previously unreported heat shock element within
region G. To test its contribution, or how other sites might
affect overall stress response, we tested six site-specific mu-
tants (Fig. 6a) under basal versus stressed conditions to deter-
mine fold induction. Mutations within the WHN, HSE, HSE/

Fig. 4 Localization of the repressible and inducible regions within the
HSPA6 promoter. Internal deletions between −1,230 and −648 (a) and
between −647 and −70 (d) denoted as the dotted line. Promoter activation
at basal, 37 °C conditions. Graphs are shown as percent of −1,230-luc (b)
and −647-luc (e). Promoter induction due to a 1 h, 42 °C heat stress.

Graphs are shown as fold inducibility compared to 37 °C condition (c, f).
Statistically significant values are indicated by different letters using a p
value <0.05 as determined using ANOVAwith Newman Keuls post hoc.
Bars are mean+SEM from three experimental repeats, each bar from
triplicate cultures
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MZF1, and AP1 sites significantly reduced the stress induc-
ibility of −647-luc, whereas C/EBP- and ZFX-specific muta-
tions had no significant effect on stress inducibility (Fig. 6a).
Taken together, these separate binding sites each contribute to
the heat inducibility of the promoter and likely have an addi-
tive effect in order to gain maximal stress inducibility.

To address the heat stress inducibility of the fragment G
HSE, we fused the −346 to −217 bp region to the tk-luc
construct. This specific construct is advantageous as it tests
the fragment G candidate HSE independent of the previously

described HSEs. The G-WT-tk-luc was heat induced ~20-fold
compared to the tk-luc. In contrast, the G-HSEmt tk-luc
abolished all stress induction (Fig. 6b). These results show
that the −284 bp HSE contributes to the increased expression
of HSPA6 due to stress induction.

Using the functionally defined HSPA6−284 bp HSE as
wild-type EMSA probe, single site mutations within HSE site
3 were chosen as used by Koizumi et al. (2013) and a double
site mutation was guided by the WebLogo sequence to avoid
any unintentional HSE formation (Fig. 6c). A band pattern
bound the −284 bp HSE in unstressed HaCaT keratinocyte
nuclear extracts and increased in intensity with heat shock.
The binding species could be competed with unlabeled wild-
type, single mutant, and double mutant HSPA6 HSE site, but
not with unlabeled consensus HSE oligomers (Fig. 6d). Ad-
ditionally, HSF1- or HSF2-specific antibodies did not affect
the band pattern (Fig. 6e). Using 32P-labeled consensus HSE
oligomers as EMSA probe, our unlabeled HSPA6 HSE was
able to compete the HSF1 specific band, suggesting that the
−284 bp HSE can compete for HSF1 under these circum-
stances (Fig. 6f).

In an attempt to resolve these disparate results (HSE −284
transcriptionally active in mediating thermal stress response
but not performing as a classic HSF-binding HSE in vitro), we
compared the HSPA6−284 bp HSE binding with that of a
consensus HSE (derived from the HSPA1A promoter)
(Morgan et al. 1987) with an alternate nuclear protein source,
HeLa cells. Using HeLa nuclear extracts, the HSPA6−284 bp
HSE generated a binding complex recognized by HSF1 anti-
body from unstressed and stressed cells, while a HSF2 com-
plex was recognized from stressed cells (Fig. 7a). As a control,
we confirmed that the same extracts were generating a HSF1-
containing complex on the A1A consensus HSE (Fig. 7b).
These transcription activation and EMSA results suggest that
a heat stress-associated transcription factor, other than HSF1
or HSF2, binds the −284 bp HSE in HaCaT cells to activate
the HSPA6 promoter. Transfection of the −647-luc wild-type
or with the HSE mutant into HeLa cells significantly reduced
the stress induction of the −647 bp HSPA6 promoter (Fig. 7c).
Together, the functionality of the −284 bp HSE in HeLa cells
indicates that HSF1 and HSF2 can bind this site suggesting
potential differential occupation across cell types.

Discussion

Although discovered over 20 years ago (Leung et al. 1990),
HSPA6’s role as a chaperone and stress-responding protein
has only been recently studied (Chow et al. 2010; Khalouei
et al. 2013; Leppa et al. 2001; Noonan et al. 2007a). Relative
to other members of the HSP70 family, little is known about
the transcriptional regulation of HSPA6 in stressed and

Fig. 5 Characterization of the −244 bp AP1 site. a Site-specific muta-
tions within the −647-luc construct. Filled shapes indicate wild-type
elements. Specific site mutants are shown as empty shapes. Graph shown
as percent of −647-luc. b AP1-specific mutant within the fragment G-tk-
luc construct. Graph shown as percent of tk-luc. Statistically significant
values are indicated by different letters using a p value <0.05 as deter-
mined using ANOVA with Newman Keuls post hoc. Bars are mean+
SEM from three experimental repeats, each bar from triplicate cultures. c
EMSA of AP1. Antibodies include nonspecific IgG (I), anti-cJun (J),
anti-cFos (F), or both anti-cJun and anti-cFos (B). Nonradiolabeled
competitor oligomers include self HSPA6 AP1 site (S), consensus oligo-
mer (C), or mutated AP1 (M) at 5- or 50-fold excess. Asterisk denotes
disrupted binding species
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unstressed cells (Rohmer et al. 2008; Wada et al. 2007).
Undetectable basal and highly stress-inducible expression of
HSPA6 was noted in varying cell types with a wide range of
expression (Chow et al. 2010; Kolker et al. 2012; Noonan
et al. 2007b). Consistent with a recent report (Gomez-
Sucerquia et al. 2012), our studies demonstrate detectable
but variable levels of constitutive HSPA6 protein in all human
cell types examined. Basal expression of HSPA6 could be
dependent on different cell growth conditions, such as cell
density (Noonan et al. 2007b) or cell culture media (Wu and
Morimoto 1985; Zachova et al. 2009), and may address the
HSPA6 detection here but not in prior analysis of HaCaT
keratinocytes (Ravagnan et al. 2013). Upon thermal stress,
HaCaT keratinocytes responded with induction of both
HSPA1A and A6, although the latter to many more fold at
the mRNA level. Given its detection in nonstressed conditions

(Gomez-Sucerquia et al. 2012 and our report), its capacity for
significant fold induction (Chow et al. 2010; Qiao et al. 2012),
and its likely contribution to post-stress cell survival (Noonan
et al. 2007b), we sought to better define the control of its basal
and stress-inducible expression in keratinocytes, a cell type
with wide dependence on chaperone function and likely to
encounter diverse stress conditions. Nevertheless, even with
this better-defined control of its expression, any HSPA6 con-
tribution to chaperoning or stress recovery would be restricted
to species carrying the gene such as human, goat, and swine
(Banerjee et al. 2014; Dezeure et al. 1993, and Parsian et al.
2000). We found novel elements contributing to its basal
expression and importantly an upstream HSE likely contrib-
uting to its maximal induction during a stress response.

An in silico promoter analysis indicated several candidate
regulatory elements throughout the first several thousand base

Fig. 6 Characterization of the −284 bp HSE in HaCaTcells. Site-specific
mutations within the −647-luc construct (a) or fragment G-tk-luc con-
struct (b).Filled shapes indicate wild-type elements. Specific site mutants
are shown as empty shapes. Graphs shown as fold heat induction. Statis-
tically significant values are indicated by different letters using a p value
<0.05 as determined using ANOVAwith Newman Keuls post hoc. Bars
are mean+SEM from three experimental repeats, each bar from triplicate
cultures. c Sequence alignment of functional 5× inverted HSE repeats
from several human HSP promoters shown as a WebLogo graphical
representation. Letter height reflects occurrence of the nucleotide. Below

graphic are the predicted HSPA6−284 bp HSE, the single and double
mutant sequences. Arrows indicate single HSE repeat. EMSA of HSPA6
HSE incubated with unlabeled competitor oligomers (d) or with antibod-
ies (e). EMSA of consensus HSE (f). Nonradiolabeled competitor oligo-
mers include self HSPA6 HSE site (S), consensus HSE (C), mutated HSE
(M), or double mutated HSE (D) at 10- or 100-fold excess. Antibodies
include nonspecific IgG (I), anti-HSF1 (1), or anti-HSF2 (2). Asterisks
denote major binding species, while caret and black box denote minor
binding species. FP denotes free probe. Arrowheads denote supershift
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pairs of the promoter guiding our cloning of a 3 kb region
(relative to the transcriptional start site −2,962 to +48 bp).
Prior to our work, Wada and colleagues examined the contri-
bution of an AP1 site and two HSEs within the proximal
region (−287 to +110 bp) of the HSPA6 promoter to develop
a reporter construct sensitive to cadmium chloride exposure
(Wada et al. 2005; Wada et al. 2007). Taking advantage of
these longer promoter regions, we found that a region further
upstream (−807 to −648 bp, here named fragment D) confers a
negative regulation and contributes to heat stress inducibility
on HSPA6. The presence of repressive regions is consistent
not only in the transfection results but may also explain the
reduced endogenous expression in several cell types, such as
dermal fibroblasts and Caco2 cells. Despite this region’s over-
all limiting effect on promoter activity, we established a novel
HSE in this region (−807 to −648 bp) that contributes to the
HSPA6 maximal stress inducibility. Furthermore, we ob-
served that a region (−346 to −216 bp, fragment G) in our
extended promoter, directly upstream of previously identified
AP1 (−139 bp) and HSEs (−181 and −100 bp) sites, is crucial

for the basal and heat inducibility of HSPA6 likely by its
provision of an additional AP1 site and another HSE. To test
the activating potential of this region, fragment G was fused to
a (tk) promoter where it could confer stress responsiveness to
this heterologous promoter but not raise its basal activity.
Interestingly, when the AP1 site was mutated in this fragment,
basal activity was reduced suggesting that fragment G was a
combination of both positive (like AP1) and negative ele-
ments (as yet to be identified) and that loss of AP1 favored
the remaining negative control from this region. Nevertheless,
given that under basal, unstressed conditions, this fragment G
region can confer promoter activation in the context of the
HSPA6 promoter, we sought to determine possible factors
contributing to this region’s basal and stress inducibility.

Within fragment G (−346 to −216 bp), six top-scoring
transcription factor binding sites were predicted: WHN,
HSE, HSE/MZF1, C/EBP, AP1, and ZFX. In unstressed con-
ditions, site-specific mutants within fragment G showed that
an AP1 site at −240 bp contributes to the HSPA6 promoter
activation. Surprisingly, our mutation analysis discovered two
presumptive repressive elements, C/EBP and ZFX (Gokhman
et al. 2013; Sachdeva et al. 2012), within this region. Similar
to the full HSPA6 3 kb promoter, this shorter fragment also
contains both positive and negative elements which contribute
to the overall basal transcription of HSPA6. Consistent with
this AP1 site contributing to the basal activation of HSPA6,
we found that cFos, a typical subunit of the AP1 protein dimer,
but not cJun binds the AP1 site within fragment G. We expect
that since the AP1 heterodimer can be made from several
subunits (cJun, junB, junC, Fra-1, Fra-2, cFos, or fosB), the
dominant AP1 dimer bound to the −240 AP1 binding site
could be cFos and another subunit other than cJun. Results
from the promoter mutation and EMSA analyses confirm that
a new AP1 site within fragment G contributes to the basal and
inducible expression of HSPA6. Other non-HSF proteins have
also been recently shown to contribute control over basal and
stress-induced HSP expression. Ataxin-3, possibly through
DNA binding but more likely through its interaction with
transcription factors, augments the full capacity of the
HSP70 (HSPA1A) promoter to thermal and chemical stress
(Reina et al. 2012).

In addition to its basal regulation, we characterized the
functional elements within −346 to −216 that contribute to
its stress inducibility. The predicted HSE at −284 bp (gGGAg
gAGCt aGAAc cTTCc cCGCa) contains one imperfect site
(site 1) and two perfect sites (sites 3 and 4). The HSE-specific
mutation of site 3 prevented the stress inducibility to a similar
effect of the deletion of entire fragment G, indicating that these
nucleotides contribute to the only HSE in this region. Sites
other than the HSE (WHN, HSE/MZF1, and AP1) also appear
to contribute to the maximal heat induction of HSPA6. The
HSE/MZF1 site is labeled as such due to the overlap between
key nucleotides within these two sites. The mutations within

Fig. 7 Characterization of the −284 bp HSE in HeLa cells. EMSA of
HSPA6 HSE (a) or consensus HSE (b) with HeLa nuclear extracts.
Antibodies include nonspecific IgG (I), anti-HSF1 (1), or anti-HSF2
(2). Asterisks denote major binding species. Carets denote minor binding
species. Arrowheads denote supershift. c Site-specific HSE mutation
within the −647-luc construct. Graph shown as fold heat induction. The
asterisk indicates a statistically significant difference from the parental
−647-luc construct (p value <0.05) as determined using Student’s t test.
Bars are mean+SD from one experiment, each bar from triplicate cultures
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MZF1 also affect HSE site 4. We believe that the decrease in
stress inducibility due to the MZF1 mutation is due to the loss
of a core HSE repeat. Mutating the AP1 site, which plays a
role in basal activation of HSPA6, also reduced the induction
compared to the full-length, wild-type −647-luc. Similar to
HSPA1A, multiple HSEs (Koizumi et al. 2013) and the ele-
ments conferring basal activation (Williams and Morimoto
1990) of HSPA6 may be necessary to obtain the maximal
stress inducibility. The HSE within fragment G may be work-
ing in concert with other factors to achieve the maximal stress
inducibility of HSPA6. Our results show that this HSE is
necessary for the stress inducibility within the −346 to
−216 bp region of the HSPA6 promoter but not sufficient for
the maximal stress induction. The combined effect of the HSE
we characterized and the previously determined sites (Wada
et al. 2005; Wada et al. 2007) contribute to the maximal stress
inducibility of HSPA6, which may reflect the binding of HSF
to these three HSE sites. Further, the binding of either HSF1 or
HSF2 varies on the type of stressor (Mathew et al. 2001).
While our report used increased temperature as a stressor,
Wada et al. conducted their experiments using treatment with
cadmium. The contribution of the −284 bp site to binding HSF
to the upstream HSEs could be dependent on both the type of
stressor and the availability of HSF proteins.

The new HSPA6 HSE we demonstrated at −284 bp pro-
vided thermal responsiveness both in the context of the
HSPA6 promoter and when transferred to the heterologous
tk promoter. While this sequence was able to bind HaCaT
keratinocyte stress-associated nuclear protein(s) in vitro, it
was surprising that these binding factors were not recognized
by either HSF1 or HSF2 antibodies. Intriguingly, when this
site was used as a competitor for the 32P-labeled consensus
HSE, again with HaCaT keratinocyte nuclear extracts, it com-
peted HSF1 from the consensus probe. To test the binding of
our site to HSF, we performed the EMSA analysis using
nuclear extracts from a different cell type, HeLa cells. Data
from the HeLa EMSAs suggest that our site binds HSF1 under
unstressed and stressed conditions and HSF2 primarily in
stressed nuclear extracts. It is possible that a different HSF
family member may bind this HSE, HSF4. This transcription
factor can compete for HSF1 binding (Fujimoto et al. 2004);
however, expression of HSF4 has not been tested in
keratinocytes. Thus, our site may bind one of these HSFs, or
possibly a different stress-inducible factor. To date, HSF4’s
function and expression have mainly been characterized in
eye development, playing a role in lens development
(Fujimoto and Nakai 2010). Additionally, we tested the con-
tribution of this HSE in HeLa cells. Mutating the −284 bp
HSE reduced the stress inducibility of the −647-luc construct,
suggesting that this HSE contributes to the maximal stress
inducibility of HSPA6 in various cell types. Altogether, the
results from the promoter report and DNA-binding assays
show our site as a functional HSE which can bind HSF1 and

HSF2, but preferentially binds another, yet characterized
stress-inducible factor when presented with HaCaT
keratinocyte nuclear proteins.

In the present study, we performed an analysis of
HSPA6 promoter to search for core basal and inducible
transcriptional elements, finding both positive and nega-
tive regulatory regions. Two factors, AP1 and HSF, con-
tribute to the expression of HSPA6. AP1 regulates
HSPA6 transcription under both unstressed and stressed
conditions, whereas a HSF-like factor HSF contributes to
the heat inducibility of HSPA6. In addition to character-
izing these regions, our HSE EMSA results suggest that
an HSF-like factor from HaCaT keratinocytes may pref-
erentially bind the HSPA6 promoter warranting further
investigation of this possibly novel factor. The role of
HSPA6 in cutaneous biology and wound healing could
be further investigated in species where HSPA6 is
expressed, such as human cell or porcine systems, the
latter of which is a well-characterized animal model for
epithelial skin research (Sullivan et al. 2001).
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