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Background: Regulation of transcriptional activity of heat shock factor-1 (HSF1) is widely thought to be the main point of
control for heat shock protein (Hsp) expression.
Results: Glutamine increases Hsf1 gene transcription in a C/EBP�-dependent manner and up-regulates HSF1 activity.
Conclusion: Glutamine is an activator for both HSF1 expression and transactivation.
Significance: Glutamine-induced HSF1 expression provides a novel mechanistic frame for HSF1-Hsp axis regulation.

Heat shock transcription factor-1 (HSF1) is the master regu-
lator for cytoprotective heat shock protein (Hsp) expression. It
is widely thought that HSF1 expression is non-inducible, and
thus the key control point of Hsp expression is regulation of the
transactivation activity of HSF1. How HSF1 expression is regu-
lated remains unknown. Herein we demonstrate that glutamine
(Gln), a preferred fuel substrate for the gut, enhanced Hsp
expression both in rat colonic epithelium in vivo and in cultured
non-transformed young adult mouse colonic epithelial cells.
This was associated with up-regulation of the transactivation
activity ofHSF1 via increasedHSF1 trimerization, nuclear local-
ization, DNA binding, and relative abundance of activating
phosphorylation at Ser-230 of HSF1. More intriguingly, Gln
enhanced HSF1 protein and mRNA expression and Hsf1 gene
promoter activity. Within the �281/�200 region of the Hsf1
promoter, deletion of the putative CCAAT enhancer-binding
protein (C/EBP) binding site abolished the HSF1 response to
Gln. C/EBP� was further shown to bind to this 82-bp sequence
both in vitro and in vivo. Gln availability strikingly altered the
ratio of C/EBP� inhibitory and active isoforms, i.e. liver-en-
riched inhibitory protein and liver-enriched activating protein.
Liver-enriched inhibitory protein and liver-enriched activating
protein were further shown to be an independent repressor and
activator, respectively, for Hsf1 gene transcription, and the rel-
ative abundance of these two C/EBP� isoforms was demon-
strated to determine Hsf1 transcription. We show for the first
time that Gln not only enhances the transactivation ofHSF1 but
also induces Hsf1 expression by activating its transcription in a
C/EBP�-dependent manner.

During the course of evolution, organisms have developed
inherent stress-responsive molecular machinery to dampen

proteotoxic stresses they encounter in the environment. This is
primarily accomplished by heat shock proteins (Hsp),2 a family
of highly conserved proteins. A prominent feature of stressed
cells is the increased synthesis of cytoprotectiveHsps that aid in
the refolding of misfolded peptides and restrain protein aggre-
gation (1). The up-regulation ofHsp gene expression following
stress primarily occurs on the transcriptional level (2, 3). Heat
shock transcription factor-1 (HSF1) is the master regulator for
transcriptional activation of many key Hsp genes, including
Hsp70 and Hsp25 (2). Upon activation, HSF1 binds to con-
served regulatory sequences known as heat shock elements
where it activates Hsp gene expression in response to stress
(4–6). It has long been believed that HSF1 is constitutively
expressed in most tissues and cell types and that HSF1-regu-
lated increases inHsp expression occur primarily via posttrans-
lational mechanisms (7). As a result, how HSF1 proceeds
through a multistep pathway involving a monomer-to-trimer
transition, nuclear accumulation, acquisition of DNA binding
ability, and extensive posttranslational modifications has been
a primary focus of a large body of research directed at under-
standing the regulation of Hsp expression (2, 3, 7–9).

However, contrary to this notion, new evidence has recently
emerged suggesting that HSF1 expressionmay not remain con-
stant and can be induced (10–14). Mechanistically, Yang et al.
(15) demonstrated that riluzole, a United States Food and Drug
Administration-approved drug for the treatment of amyo-
trophic lateral sclerosis, can increase cellular HSF1 latent mon-
omer content by blunting its turnover. This increased HSF1
content led to a more robust heat shock response during stress
(15). Hyperthermia (11, 14), laser therapy (13), and hemor-
rhagic shock (10) have been reported to up-regulate HSF1
mRNA expression in multiple tissues and cell types, suggesting
that regulation of HSF1 expression may occur at a pretransla-
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tional level(s). Apart from these artificial chemical and stress-
related inducers with inherent toxicities, a physiologically rele-
vant regulation pathway for HSF1 transactivation activity and
expression via a substrate normally present in the cell has yet to
be identified.
Glutamine (Gln), one of the most functionally versatile

amino acids, is involved in a diverse range of physiological pro-
cesses (16).Gln is released in significant quantities from skeletal
muscle stores following stress and injury (16) and thus appears
to be a key substrate for cells and tissues following stress and
may serve as a signal for activation of the cellular stress
response. As the preferred respiratory fuel for the gut epithe-
lium, particularly following stress, Gln has long been studied as
a promising agent to preserve intestinal functional/structural
integrity andpromote intestinal recovery during injury or stress
(16, 17). Accumulating evidence has shown that Gln also
appears to regulate numerous genes involved in the cellular
response to stress (16). Recent data from our group indicate
that Gln administration in pharmacologic and clinically rele-
vant doses can safely enhance the key protectiveHsp expression
in experimental models of inflammatory and infectious injury
(18–20). Specifically, Gln-mediated induction of Hsps appears
to be vital for Gln-mediated gut protection during various
stress and injurious conditions (21–23). Currently, Gln is the
only physiologically relevant substrate known to enhance the
human heat shock response (24). However, the mechanism(s)
by which Gln enhances Hsp expression remains elusive.
Given the essential role of HSF1 in activatingHsp gene tran-

scription and recent evidence indicating that HSF1 expression
may be inducible, we hypothesize that Gln up-regulates HSF1
transactivation activity and/or its expression, which ultimately
leads to enhanced Hsp expression. Here we report for the first
time that Gln not only enhances HSF1 activation but also
intriguingly up-regulates actual Hsf1 gene expression per se.
Furthermore, we demonstrate that this up-regulation of Hsf1
gene expression occurs at the transcriptional level, and the
amino acid-responsive CCAAT enhancer-binding protein
(C/EBP) � (25–28) is essential for this Gln-mediated HSF1
response.

EXPERIMENTAL PROCEDURES

Animals—Animal usewas approved by the Institutional Ani-
mal Care and Use Committee of the University of Colorado. As
detailed previously (29), colitis was induced in male Sprague-
Dawley rats (250–300 g; Charles River) drinking ad libitum
distilled water containing 5% DSS (w/v; molecular weight,
36,000–50,000; MP Biomedicals) for 7 consecutive days. The
presence of colitis after the 7-dayDSS inductionwas confirmed
by disease activity, histopathology, and markers of mucosal
inflammation as described (29). Gln treatment was started
immediately before DSS treatment initiation and continued
throughout the whole 7-day DSS colitis induction. Gln (0.75
g/(kg�day)) or sham (isovolemic sterile water) was administered
to animals by oral gavage. Another set of healthy animals not
exposed to DSS served as healthy controls and were random-
ized into two groups (n� 13/group forGln or sham treatment).
After the 7-dayGln or sham treatment, rats were killed, and the

mucosa was gently scraped off to determine Hsp and HSF1
content.
Cell Culture—Conditionally immortalized young adult

mouse colonic epithelial cells (YAMCs) were provided by Dr.
RobertWhitehead (Vanderbilt University). Rat small intestinal
epithelial cell line IEC-6 was obtained from the American Type
Culture Collection. Mouse embryonic fibroblasts (MEFs) from
wild-type and c/ebp��/� mice were a courtesy from Dr. Peter
Johnson (National Institutes of Health, Bethesda, MD) (30).
YAMCs are a conditionally immortalized mouse colonic intes-
tinal epithelial cell line derived from the Immortomouse, a
transgenic animal containing a temperature-sensitive SV40
large T antigen (tsA58) under the control of an IFN-�-depen-
dent promoter (31). YAMCsweremaintained under permissive
conditions (33 °C) in RPMI 1640medium supplemented with 5
units/ml murine IFN-� (Sigma), 2 mM Gln, 5% fetal bovine
serum (FBS; v/v), 1% ITS� Premix (v/v; BD Biosciences), 50
units/ml penicillin, and 50�g/ml streptomycin. Under nonper-
missive conditions at 37 °C in the absence of IFN-�, these cells
undergo differentiation anddevelopmature epithelial cell func-
tions and properties. Before being exposed to Gln at varied
concentrations, all cells were cultured in IFN-�-free and anti-
biotic-free medium under non-permissive conditions of 37 °C
for 16 h to induce colonocyte differentiation. During this time,
SV40 large T antigen is no longer produced, and any remaining
protein misfolds because of the temperature-sensitive muta-
tion (tsA). After the initial 16-h differentiation-induction
period, cells were exposed to serum-free, antibiotic-free, and
Gln-free RPMI 1640 medium containing 0, 0.5, or 2 mM Gln.
Cells were returned to the incubator at 37 °C for 6 h before
harvest. To investigate how Gln affects HSF1 mRNA expres-
sion kinetics, cells were harvested after 45-, 72-, 90-, and 135-
min incubation in Gln at varied concentrations. For heat shock
experiments, immediately after being switched to serum and
antibiotic-free mediumwith Gln at varied concentrations, cells
were subjected to heat shock treatment by immersion in awater
bath at 43 °C for 30min. Cells were harvested immediately after
heat shock or allowed to recover at 37 °C for 1–6 h as needed by
specific experiments. IEC-6 cells andMEFs weremaintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 2
mM Gln, 50 mg/liter penicillin, and 50 mg/liter streptomycin.
IEC-6 cells were cultured inDMEMsupplementedwith 5%FBS
and 100 units of insulin.MEFs were cultured in DMEM supple-
mented with 10% FBS. To investigate the effect of Gln on HSF1
expression in IEC-6 andMEF cells, themediumwas replaced by
serum-free, antibiotic-free, and Gln-free DMEM containing 0,
0.5, or 2 mM Gln. Cells were returned to the incubator at 37 °C
for 6 h before harvest. Each experiment repeated four times.
RNA Extraction and Real Time RT-PCR—Total RNA was

extracted fromYAMCsusing anRNeasy kit (Qiagen) according
to the manufacturer’s instructions. cDNA was synthesized
using an iScript cDNA synthesis kit (Bio-Rad) and random
hexanucleotide primer. The sense and antisense primers for
mouse HSF1 were obtained from Qiagen (QT00172508).
Amplicon expression in each sample was normalized to �-ac-
tin. After normalization, expression of HSF1 was quantified
using a ��Ct calculation.
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Plasmid Constructs—Mouse Hsp70 promoter (�1041/�1)
and 5� deletion fragments of the mouseHsf1 promoter (see Fig.
5A) were generated by PCR from genomic mouse DNA using
primers and antisense primers containing restriction sites at
their 5�-ends, respectively (supplemental Table 1). MluI sites
were added to the 5� terminus of all the forward primers, and a
HindIII site and a BlgII site were added to the reverse primer for
Hsp70 and Hsf1 promoter constructs, respectively. Amplified
fragments were subsequently cloned into the pGL3-Basic
reporter vector (Promega) using the corresponding restriction
sites. For site-directed mutagenesis by internal deletions or
base substitutions (see Fig. 5, B and C), fragments of the 5� part
of theHsf1 promoter were generated by using MluI-HSF1F281
primer and respective antisense primers listed in supplemental
Table 1, and fragments of the 3� part were generated by using
BlgII-HSF1R antisense primer and respective primers listed in
supplemental Table 1. The liver-enriched activating protein
(LAP) expression plasmid pcDNA-LAP was a gift from Dr.
Peter Johnson (32) (NCI-Frederick, National Institutes of
Health). The liver-enriched inhibitory protein (LIP) expression
plasmid pcDNA-LIP was a generous gift from Dr. J. Friedman
(33) (University of Colorado). All the primers used are listed in
supplemental Table 1.
Western Blotting—M-PER mammalian protein extraction

reagent (Pierce) with protease and phosphatase inhibitors
(Roche Applied Science) added was used to extract the total
protein from rat mucosal tissue and to prepare whole cell
extracts of YAMCs and IEC-6 cells. To investigate the intracel-
lular localization and phosphorylation of HSF1, nuclear and
cytoplasmic extracts were prepared from YAMCs with the
Pierce Nuclear/Cytoplasmic Fractionation kit (Pierce). Lysates
were quantified for total protein using the BCA protein assay
(Pierce), separated by SDS-PAGE, and transferred to polyvi-
nylidene difluoride (PVDF)membranes. Selected samples were
treated with 80 units of calf intestine alkaline phosphatase (Sig-
ma-Aldrich) at 37 °C for 60 min before electrophoresis. The
membrane was incubated with a primary antibody against
Hsp25 (Stressgen), Hsp70 (Stressgen), �-actin (Santa Cruz Bio-
technology), HSF1 (Cell Signaling Technology), Ser(P)-307-
HSF1 (Santa Cruz Biotechnology), Ser(P)-230-HSF1 (Santa
Cruz Biotechnology), anti-�-tubulin (Calbiochem) as a cyto-
plasmic marker, or anti-lamin B1 (Santa Cruz Biotechnology)
as a nuclear marker. For LIP immunoblotting, an antibody
detecting all C/EBP� isoforms (Thermo catalog number MAI-
827) was used, whereas for LAP immunoblotting, an antibody
(Cell Signaling Technology catalog number 3087) specifically
detecting the p38 and p35 LAPs but not LIP was used. Blots
were then stainedwith the appropriate horseradish peroxidase-
conjugated secondary antibody. Reactive bands were detected
with enhanced chemiluminescence reagents (Pierce), and
exposed with a chemiluminescent darkroom system (UVP).
Quantification of images was done by scanning densitometry
using LabWorks 4.0 image acquisition and analysis software
(UVP). �-Actin was used as a loading control.
Native PAGE—Blue native gel electrophoresis was per-

formed to visualize the oligomerization of HSF1. Whole cell
extracts prepared byM-PER extraction reagent were separated
by native PAGE using the Novex Bis-Tris gel system according

to the manufacturer’s specifications (Invitrogen). Native gels
were then transferred to PVDF membrane (Millipore), and
HSF1 protein was visualized by Western blotting.
Electrophoretic Mobility Shift Assay (EMSA) (Gel Shift) and

Supershift—Nuclear extracts were prepared from YAMCs with
the Pierce Nuclear Extraction kit (Pierce) and stored at 80 °C
until use. Two sets of 3�-end biotin-labeled synthetic comple-
mentary oligonucleotides corresponding to consensus binding
sequence of C/EBP and HSF binding site (heat shock element
(HSE)) were obtained from Signosis. A complementary oligo-
nucleotide covering the �80/�51 region of the AHSG pro-
moter, which has been shown to harbor a proven binding site
for C/EBP (34), was obtained by PCR. EMSA was performed
using the LightShift Chemiluminescent EMSA kit (Pierce)
according to the manufacturer’s protocol. Nuclear extracts
(5–10�g of protein) were incubatedwith 1�g of poly[d(I-C)], 2
�l of binding buffer (100 mM Tris-HCl, 500 mM KCl, 10 mM

dithiothreitol (DTT) (pH 7.5)), and biotin end-labeled oligonu-
cleotide probe in a total volume of 20 �l for 15 min at room
temperature. After separation by 5%non-denaturing polyacryl-
amide gel electrophoresis, the binding reaction mixtures were
transferred onto a nylon membrane (Pierce), and the mem-
brane was UV-cross-linked. The biotin-labeled DNA was
probed with streptavidin-HRP conjugate for chemilumines-
cence detection.
Supershift experiments were carried out by incubating

nuclear extracts with 1 �l of anti-HSF1 (Cell Signaling Tech-
nology), anti-C/EBP� (Thermo) antibody, or preimmune
serum. For competition experiments, 200-fold excess unla-
beled HSE competitor oligonucleotides or 100-fold excess
unlabeled �281/�200 Hsf1 promoter sequence obtained by
PCR was used.
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation (ChIP) assays were performed using the ChIP Assay
kit (catalog number 17-295, Upstate/Millipore, Temecula, CA)
according to the manufacturer’s protocol with modifications.
Briefly, the cells were treatedwith 1% formaldehyde for 5min at
37 °C, and the cross-linking was stopped by 0.125 M glycine.
After three washes with PBS buffer, the cells were sonicated in
SDS Lysis Buffer (catalog number 20-163, Upstate/Millipore)
on ice to obtain �500-bp DNA fragments. The samples were
precleared with single-stranded DNA/protein A beads and
incubated with 10 �g of rabbit anti-HSF1 (Cell Signaling Tech-
nology) or anti-C/EBP� (Santa Cruz Biotechnology) or 5 �l of
rabbit preimmune serum at 4 °C overnight. The samples were
eluted, decross-linked at 65 °C overnight, and then treated with
0.1 mg/ml proteinase K. DNAs were purified with a QIAquick
PCR product purification kit (catalog number 28104, Qiagen).
Enrichment of the DNA was analyzed by PCR, and products
were run on an agarose gel or measured by real time PCR as
described above using primers listed in supplemental Table 1. A
negative control PCR for each immunoprecipitation using
IGX1A negative control primer targeting open reading frame-
free intergenicDNA (Qiagen) was performed. The relative level
of C/EBP� bindingwas quantified by correcting for the amount
of input DNA and control antibody (preimmune IgG) DNA.
Plasmid Transfection and Promoter Activity Assays—For

transfections, cells were seeded at low density (25–30% conflu-

Glutamine Regulation of Heat Shock Factor-1

40402 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012

http://www.jbc.org/cgi/content/full/M112.410712/DC1
http://www.jbc.org/cgi/content/full/M112.410712/DC1
http://www.jbc.org/cgi/content/full/M112.410712/DC1
http://www.jbc.org/cgi/content/full/M112.410712/DC1
http://www.jbc.org/cgi/content/full/M112.410712/DC1
http://www.jbc.org/cgi/content/full/M112.410712/DC1


ence). After 24 h of culture, the medium was replaced under
permissive conditions but with no antibiotics, and cells were
grown to 70% confluence. Transfections were then performed
using the Lipofectamine 2000 (Invitrogen) transfection reagent
using 0.5 �g of DNA/culture and following the manufacturer’s
recommendations. 24 h after transfection, cells were shifted to
non-permissive conditions for16hbeforeuse inanexperiment. In
certain experiments as specified, pcDNA-LAP or pcDNA-LIP
plasmids and theHsf1 promoter-luciferase (p1381/luc) construct
were co-transfected into YAMCs or c/ebp��/� MEFs using the
Lipofectamine 2000 reagent (Invitrogen) following the manufac-
turer’s protocol. 0.125�g of pRL-SV40-Renilla (Promega)was co-
transfected for correction of transfection efficiency. Cells were
lysed in 120 �l of 1� Passive Lysis Buffer, and Dual-Luciferase
reporter assays were performed according to the manufacturer’s
directions (Promega). An amount of 20 �l of lysate was used for
measurement in a luminometer (Monolight 3010, BD Biosci-
ences). Each transfection was repeated three times. The results
were reported as relative luciferase activity, which represents a
ratio of luciferase firefly activity/Renilla activity. The data repre-
sent the mean � S.E. of three different experiments repeated in
triplicate.
Statistical Analysis—Data are expressed as mean � S.E.

Treatment differences were tested using one-way analysis of
variance followed by Tukey’s test or Bonferroni posttest (SPSS
12.0, SPSS Inc., Chicago, IL) as specified. Otherwise for two-
group mean comparison, unpaired two-tailed Student’s t test
for independent samples was used. A probability of 0.05 was
accepted as being statistically significant.

RESULTS

Gln Enhances Hsp Gene Expression and Hsp70 Promoter-
driven Reporter Gene Expression—As shown in Fig. 1, bolusGln
treatment increased basal expression of Hsp25 and Hsp70 in
the colonic epithelium of healthy animals (Fig. 1A, panel 1). In
animals developing DSS-induced colitis (as confirmed with
clinical assessment, histological grading, and markers of
inflammation and apoptosis as we reported previously (29)),
there was a significant decrease inHsp25 andHsp70 expression
in colonic epithelium as compared with healthy animals. This
decreased Hsp expression was corrected with Gln administra-
tion (Fig. 1A, panel 2). In non-stressed YAMCs (non-trans-
formed murine colonic epithelial cells) treated with Gln at 0,
0.5, and 2 mM, basal expression of Hsp25 and Hsp70 increased
with Gln supplementation in a dose-dependent manner. Gln
administration also led to a dose-dependent increase of Hsp
expression in YAMCs following heat shock at 43 °C for 30 min
(Fig. 1B).
To investigate whether Gln can up-regulate Hsp gene pro-

moter activity and thus lead to transcriptional activation of the
Hsp genes, we studied the Hsp70 promoter-driven reporter
gene expression pattern in cells exposed to Gln. Incubation
with Gln for 6 h led to an 8.0-fold (p 	 0.01) increase in basal
expression of Hsp70-luciferase expression. In heat-stressed
cells, Gln at 2 mM resulted in an 8.8-fold increase (p 	 0.01) in
Hsp70-luciferase expression as compared with cells treated
with 0 mM Gln (Fig. 1C).

Gln Enhances HSF1 Spontaneous and Heat-induced Tri-
merization—As we showed that Gln can transcriptionally acti-
vate Hsp gene expression, we further examined whether Gln
affected one or more of the key events essential for the transac-
tivation activity of HSF1. Trimerization of latent monomeric
HSF1 is the initial step of HSF1 activation, which enables DNA
binding. Non-reducing native polyacrylamide electrophoresis
was used to visualize oligomerized HSF1. In non-stressed cells,
Gln at 0.5 and 2 mM resulted in a significant spontaneous trim-
erization of HSF1. When cells were subjected to heat shock,
HSF1 began to transition from its monomeric form to its trim-
eric form even in the absence of Gln. Gln further enhanced
HSF1 trimerization after heat shock injury in a dose-dependent
manner (Fig. 2A).
Gln Enhances Binding of HSF1 to Heat Shock Element—

Trimerized HSF1 is capable of binding to the HSE of Hsp gene
promoters. The HSE is composed of multiple inverted repeats
of the pentanucleotide motif NGAAN.We examined the bind-
ing ofHSF1 toHSE in nuclear extracts using EMSA (Fig. 2B, left
panel). The specificity of HSF1-HSE binding was confirmed
with the disappearance of the HSE-protein complex when an
excess of unlabeled HSE probes were competing with the
labeled probes for HSF1 binding (lane 6). The HSF1 binding to
HSE was further identified with a supershift assay when the
extracts were preincubated with HSF1 antibody (lane 7),
whereas nonspecific IgG was not able to supershift the com-
plex (lane 8). Heat shock treatment led to initial HSF1-HSE
complex formation even in the absence of Gln (lane 4 versus
lane 2). However, consistent with our finding of Gln-medi-
ated increases in HSF1 trimerization in non-stressed cells,
our data show a small, yet significant increase in HSF1-HSE
binding following treatment with 2 mM Gln versus 0 mM Gln.
In heat-stressed cells, 2 mM Gln further potentiated heat-
induced HSF1-HSE binding. Using a quantitative ChIP assay
(Fig. 2B, right panel), we further confirmed that Gln
enhanced the binding of HSF1 to HSE under both unstressed
and heat-stressed conditions in vivo.
GlnEnhancesHSF1Nuclear Localization andRelativeAbun-

dance of Activating Phosphorylation of HSF1 at Ser-230—An-
other key feature associated with HSF1 activation is increased
nuclear localization (35, 36). The abundance of HSF1 was
assessed in isolated nuclear and cytoplasmic fractions, respec-
tively. Gln increased HSF1 nuclear abundance in non-stressed
cells. Heat stress resulted in initial nuclear translocation of
HSF1, and Gln (2 mM) further increased heat-induced HSF1
nuclear translocation (Fig. 2C).
The conversion of latentHSF1monomers to their trimerized

form is required for HSF1-DNA binding to occur. However,
DNAbinding ofHSF1 is not necessarily sufficient for transcrip-
tional activation of Hsp gene expression. Key posttranslational
modifications are also required for the transactivation activity
of HSF1 (37–39). Phosphorylation of HSF1 at specific serine
residues may serve a stimulatory or inhibitory role in the trans-
activation activity of HSF1. Of these phosphorylation events,
phosphorylation of Ser-230 is essential for transactivation of
HSF1 and enhanced Hsp expression (40), whereas Ser-307
phosphorylation has been shown to serve as a key repression
mechanism for the activity ofHSF1 (37, 41, 42). Themolar ratio
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between the activating and repressing sites is suggested to be a
key determinant of themagnitude of the transcriptional activity
of HSF1 (40). Hence, we examined the relative abundance of

Ser-203 and Ser-303 phosphorylations of HSF1 in total HSF1
phosphopeptides. As shown in Fig. 2D, Gln increased the rela-
tive abundance of activating phosphorylation of nuclear HSF1
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FIGURE 1. Gln up-regulates colonic Hsp25 and Hsp70 expression. A, Gln treatment up-regulates colonic mucosal Hsp25 and Hsp70 protein expression in
healthy rats (panel 1) and rats with colitis (panel 2). Rats received DSS � Gln (0.75 g/(kg�day)) or DSS � sham (isovolemic sterile water) treatment for 7
consecutive days (Days 0 –7), and accumulation of stress-inducible Hsp (Hsp25 and Hsp70) in colonic mucosa was examined by Western blot at Day 7. Healthy
rats not exposed to DSS treatment received Gln or sham treatment only (n � 13/treatment group). For panel 1, *, p � 0.01; **, p � 0.008 compared with sham
by Student’s t test; for panel 2, Hsp abundance in mucosal tissue of healthy animals receiving sham treatment was used as a reference. Results are expressed
as relative densitometry as detailed under “Experimental Procedures.” Means are compared via post hoc Tukey’s test. N.S., not significant. B, Gln enhances total
cellular Hsp25 and Hsp70 protein expression in YAMCs. Non-stressed YAMCs (non-transformed murine colonic epithelial cells) were treated with Gln at various
concentrations for 6 h before harvest. In the heat-stressed condition, cells were heat-shocked (43 °C for 30 min) immediately after being shifted to media with
varied Gln concentrations followed by a 2-h recovery. The image shown is representative of four individual experiments (n � 4). Results are expressed as
relative densitometry as detailed under “Experimental Procedures” (n � 4). Means are compared via post hoc Tukey’s test. C, Gln enhanced Hsp70 promoter-
driven luciferase gene expression. YAMCs were transfected with the distal 1035-bp mouse Hsp70 promoter fused into a luciferase reporter plasmid. In
non-stressed condition, cells were exposed to Gln at varied concentrations for 6 h at 37 °C. In the heat-stressed condition, cells were heat-shocked (43 °C for 30
min) immediately after being shifted to media with varied Gln concentrations and then returned to 37 °C for 6 h before harvest. Gln increased Hsp70
promoter-driven luciferase expression in both non-stressed (left panel) and heat-stressed (right panel) cells. Data are expressed as -fold change in luciferase
expression over 0 mM Gln in the non-stressed (left) or heat-stressed (right) condition (n � 4). *, p � 0.006; **, p � 0.002 by Student’s t test. For A–D, error bars
represent S.E. A.U., arbitrary units.

FIGURE 2. Gln availability affects the key events essential for acquisition of HSF1 for its transactivation activity. A, Gln enhances HSF1 spontaneous and
heat-induced trimerization. HSF1 trimerization in YAMCs was examined by non-denaturing gel electrophoresis in the non-stressed state or 1 h after heat shock
(43 °C for 30 min). Gln increases the accumulation of activated trimeric form of HSF1 in both conditions. B, Gln enhances binding of HSF1 to HSE. Nuclear
extracts from YAMCs were obtained in the non-stressed state or immediately after heat shock treatment (43 °C for 30 min), and binding of HSF1 in YAMC
nuclear extracts to HSE was examined by EMSA (left panel). Biotin-labeled HSE was used as the probe. Non-biotin-labeled HSE at a 200-fold molar excess relative
to the probe was used as the competitor. The HSF1-HSE complex is indicated by a solid arrow. Supershifts are indicated by a dotted arrow. HSF1 binding to HSE
in vivo was further determined by quantitative ChIP assay (right panel). Primers for IGX1A were used as a negative control in all immunoprecipitations (n � 3).
The experimental conditions that do not share the same letter are significantly different from each other for Hsp70 promoter DNA enrichment (0 or 2 mM) as
determined by post hoc Tukey’s test (p 	 0.05). DNA enrichment for IGX1A is not significantly different between the various conditions. C, Gln enhances HSF1
nuclear localization. HSF1 abundance was analyzed via Western blot in cytoplasmic and nuclear fractions of YAMCs obtained in the non-stressed state or 1 h
after heat shock treatment (43 °C for 30 min). �-Tubulin and lamin B1 are markers for the purity of cytoplasmic and nuclear fractions, respectively. D, Gln
increased the relative abundance of activating phosphorylation of nuclear HSF1 at Ser-230 but did not affect that of the repressing phosphorylation of nuclear
HSF1 at Ser-307. Nuclear extracts of YAMCs obtained in the non-stressed state or 1 h after heat shock treatment (43 °C for 30 min) were immunoblotted with
anti-Ser(P)-230-HSF1, anti-Ser(P)-307-HSF1, and anti-HSF1 antibodies. The higher molecular weight band in the lower blot represents global nuclear phos-
phorylated HSF1 (p-HSF1), which disappeared with addition of alkaline phosphatase. The experimental conditions that do not share the same letter are
significantly different from each other (post hoc Tukey’s test, p 	 0.05). The relative abundance of Ser(P)-307-HSF1 is not significantly different between the
various conditions. For B and D, error bars represent S.E.
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at Ser-230 in the total phosphorylated HSF1 pool but did not
affect the relative abundance of repressing phosphorylation of
nuclear HSF1 at Ser-307, which shifted the ratio of these two
phosphorylated species toward the activating phosphorylation
at Ser-230.

Gln Enhances HSF1 Expression as a Transcription Factor
Per Se—As shown in Fig. 3A, administration of Gln at 0.75
g/(kg�day), a non-toxic Gln dose commonly used to protect
against experimental organ injury (18, 20, 29), increased HSF1
protein abundance in colonic epithelium by 61% in healthy ani-

FIGURE 3. Gln enhances HSF1 expression per se. A, Gln treatment up-regulates colonic mucosal HSF1 protein expression in healthy rats (panel 1) and
rats with colitis (panel 2). Rats received DSS � Gln (0.75 g/(kg�day)) or DSS � sham (isovolemic sterile water) treatment for 7 consecutive days (Days 0 –7),
and accumulation of HSF1 in colonic mucosa was examined by Western blot at Day 7. Healthy rats not exposed to DSS treatment received Gln or sham
treatment only (n � 13/treatment group). Results are expressed as relative densitometry as detailed under “Experimental Procedures.” *, p � 0.02;
**, p � 0.009 compared with sham by Student’s t test. B, Gln up-regulates HSF1 protein expression in YAMCs and IEC-6 cells. YAMCs or IEC-6 cells were
treated with Gln at various concentrations for 6 h before harvest. The image shown is representative of four individual experiments. Results are
expressed as relative densitometry as detailed under “Experimental Procedures” (n � 4). Means are compared via post hoc Tukey’s test. For A and B, error
bars represent S.E. A.U., arbitrary units.
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mals and 112% in animals with colitis. Consistent with the in
vivo findings, there was a dose-dependent increase of total
YAMC cellular HSF1 abundance when cells were incubated
with Gln for 6 h at 37 °C (Fig. 3B). To confirm that this effect
was not limited to one cell line, this effect of Gln on HSF1
expression was also demonstrated in a rat small intestinal epi-
thelial cell line (IEC-6 cells) (Fig. 3B).
Gln Transcriptionally Activates Hsf1 Gene Expression—Uti-

lizing RT-PCR, we demonstrated that Gln incubation at 37 °C
(non-stress conditions) increases the HSF1 mRNA level in
YAMCs. This Gln-mediated increase in HSF1 mRNA expres-
sion occurred as early as 72min after the initiation of Gln treat-
ment (Fig. 4A). This effect on HSF1 mRNA expression kinetics
suggests thatmodulation of HSF1 expression byGln occurs at a
transcriptional level.
To further confirm this, we analyzed Hsf1 gene promoter

activity following exposure to different Gln concentrations.We
fused a 1381-bp sequence upstream of the murine Hsf1 gene
translation start site to a luciferase reporter plasmid and tran-
siently transfected the construct into YAMCs. As shown in Fig.
4B, Hsf1 promoter-driven luciferase expression was increased
with Gln supplementation in a dose-dependent manner. Gln at
2 mM led to 3.2-fold increase in Hsf1 gene promoter activity
over basal conditions (without supplemental Gln), indicating
that Gln transcriptionally activates Hsf1 gene expression by
increasing Hsf1 gene promoter activity.
Key cis-Element(s) of Hsf1 Promoter Responsible for Gln-in-

duced Activation of Hsf1 Transcription—To identify the key
cis-element(s) involved in Gln-inducedHsf1 transcription acti-
vation, luciferase constructs bearing theHsf1 promoter deleted
to a variety of lengths (p1381/luc to p200/luc) were initially
utilized to identify the minimal promoter length required for
Gln-induced transcriptional response. These constructs were
transiently transfected into YAMCs, and the response to Gln
was determined by luciferase assay. As shown in Fig. 5A, dele-
tion constructs down to p281/luc did not have a significant
effect onGln inducibility, whereas the deletion construct p200/
luc attenuated the Gln response, suggesting that the key posi-

tive cis-element responsible for the Gln response is present in
the Hsf1 promoter between bp �281 and �200.
Using the TRANSFAC transcription factor database, we

found that theHsf1 promoter sequence at �263/�254 exhibits
similarity with a binding site for C/EBP, the sequence at �249/
�237 has similarity to a binding site for SP1, and the sequence
at �211/�202 has similarity to a binding site for activating
transcription factor/cAMP-response element-binding protein.
To determine the involvement of each site in the Gln-mediated
response, we transfected the cells with a series of mutant con-
structs bearing internal deletions of the three putative binding
sites within the �281/�200 sequence and analyzed the lucifer-
ase activity of these constructs. As shown in Fig. 5B, none of
these deletion mutants had a significant effect on basal pro-
moter activity. However, deletion of the putative C/EBP site
(del 1) abolished Gln-mediated transcriptional activation,
whereas neither del 2 nor del 3 had significant effects on either
basal activity or Gln inducibility. To confirm the finding
derived from the internal deletion analysis, we further scanned
the �281/�200 sequence with a series of base substitution
mutant constructs designated M1 to M5 (Fig. 5C). Consistent
with the internal deletion analysis, themutation of C/EBP bind-
ing site (M1) resulted in a loss of the Gln response, whereas the
other mutations had minimal effects on the Gln-mediated
response. Taken together, these results suggest that the puta-
tive �263/�254 C/EBP site is essential to Gln-mediated acti-
vation of Hsf1 transcription.
C/EBP� Mediates Gln-induced Activation of Hsf1 Tran-

scription—EMSA was performed to prove there is actual in
vitro binding of C/EBP to the�281/�200 sequence (Fig. 6A). A
biotin-labeled proven C/EBP binding sequence was used as a
probe. The shifts were competed out by the �281/�200
sequence (Fig. 6A, lanes 3 and 4), a high affinity C/EBP binding
site found in the AHSG promoter (Fig. 6A, lanes 5 and 6), but
not by the mutantM1 sequence (Fig. 6A, lanes 7 and 8). There-
fore, the �263/�255 sequence has been identified as a C/EBP
binding site. Furthermore, the competition experiments with
varied amounts of excess competitor demonstrate that the

FIGURE 4. Gln transcriptionally activates HSF1 gene expression. A, Gln enhanced HSF1 mRNA expression in YAMCs. Cells were harvested for total RNA at 45,
72, 90, and 135 min after exposure to Gln, and HSF1 mRNA abundance was determined by real time RT-PCR. Results are expressed as -fold changes over the
HSF1 mRNA level at 0 mM Gln after 45-min incubation. In the figure key, Gln treatments at varied concentrations that do not share a common letter are different
(0 versus 0.5 mM, p 	 0.0001; 0.5 versus 2 mM, p � 0.005; 0 versus 2 mM, p 	 0.0001; post hoc Tukey’s test). The mean HSF1 mRNA levels were compared at the
indicated time points between various Gln concentrations, and the means at a certain time point that do not share a common letter are significantly different
(p 	 0.05, Bonferroni posttests). B, Gln enhances Hsf1 gene promoter activity. A 1381-bp sequence upstream of the murine Hsf1 gene translation start site was
fused to a luciferase reporter plasmid, and the construct was transiently transfected into YAMCs. Sixteen hours after transfection, cells were exposed to Gln at
various concentrations for 6 h before harvest for preparation of cell extracts and determination of luc activity. Data are expressed as -fold change in luciferase
expression over 0 mM Gln (n � 3). Means are compared via post hoc Tukey’s test. For A and B, error bars represent S.E.
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FIGURE 5. Identification of key cis-element(s) of Hsf1 promoter responsible for Gln-induced activation of Hsf1 transcription. A, effect of Gln on 5�
deletions of the Hsf1 promoter. YAMCs were transiently transfected with luc constructs containing progressive 5� deletions of the Hsf1 promoter. B, response
of �281/�200 Hsf1 promoter bearing various internal deletions of putative transcription factor binding sites to Gln. YAMCs were transiently transfected with
luc constructs containing internal deletions of the Hsf1 promoter as indicated by boxes with dotted lines. The putative binding sites for C/EBP, SP1, and activating
transcription factor (ATF)/cAMP-response element-binding protein (CREB) sites are underlined. C, response of �281/�200 Hsf1 promoter bearing various base
substitution mutations to Gln. YAMCs were transiently transfected with luc constructs containing various base substitution mutations of the �281/�200
region. The bold letters indicate the substituted bases. For both the internal deletion and base substitution analyses, 24 h after transfection, cells were exposed
to Gln at 0 or 2 mM for 6 h before harvest for preparation of cell extracts and determination of luc activity. The -fold induction, defined as the ratio of the relative
luc activity of cells treated with 2 mM Gln to that of cells treated with 0 mM Gln, is indicated in parentheses to the right of the bars. For A–C, error bars represent
S.E.
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C/EBP proteins have an affinity for the�263/�255 binding site
ofHsf1 promoter comparable with that for the high affinity site
in AHSG.

Because C/EBP� has been reported to play a key regulatory
role in amino acid-mediated transcription activation (27, 28),
supershiftswere further performed to identifywhetherC/EBP�

FIGURE 6. C/EBP� binds to the �281/�200 sequence of Hsf1 promoter. A, C/EBP� can bind to the �281/�200 Gln-response element in vitro as determined
by gel mobility shift assays. Biotin-labeled oligos with the canonical c/EBP consensus sequence were used as probes. The wild-type �281/�200 area of Hsf1
promoter, the C/EBP consensus sequence in the AHSG promoter (�80/�51), or the mutated M1 �281/�200 sequence was used as a competitor at a 30- or
300-fold molar excess relative to the probe. The DNA-protein complex is indicated by a solid arrow. Supershifts, which are indicated by a dotted arrow, were
done with specific anti-C/EBP� antibody. B, ChIP assay to show that C/EBP� binds to the �281/�200 Gln-response element in vivo. Sheared chromatin
(average size, 500 bp) from cells treated with 2 mM Gln was immunoprecipitated using 10 �g of anti-C/EBP� (Santa Cruz Biotechnology) or 5 �l of rabbit
preimmune serum. Primers for IGX1A were used as a negative control in all immunoprecipitations. Immunoprecipitated DNA was analyzed by PCR, and
products were run on an agarose gel. The image shown is representative of four separate experiments. C, Gln increases C/EBP� binding to the Hsf1 promoter
at �281/�200 as determined by ChIP assay. Immunoprecipitated DNA was analyzed by real time PCR. Gln at 2 mM significantly enhanced Hsf1 promoter DNA
(�281/�200) enrichment compared with 0 mM (p 	 0.05). DNA enrichment for IGX1A is not significantly different between the different Gln concentrations
(n � 3). Means are compared via Student’s t test. Error bars represent S.E.
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can bind to the �281/�200 sequence. First, we confirmed that
anti-C/EBP� antibody can supershift the DNA-protein com-
plex as shown in Fig. 6A, lane 9. When using the �281/�200
sequence as a competitor for the biotin-labeled C/EBP�
consensus sequence, the biotin-labeled supershift was re-
moved, suggesting that C/EBP� can indeed bind to the �281/
�200 sequence.
To confirm the binding of C/EBP� to the Hsf1 promoter at

�281/�200 in vivo, ChIP analysis was performed on pooled
chromatin samples prepared from the YAMCs. A �281/�200
sense and antisense primer pair containing the C/EBP binding
site showed a much stronger PCR signal in anti-C/EBP�-pre-
cipitated samples than IgG-precipitated samples (Fig. 6B),
whereas amplifications were equivalent for anti-C/EBP�- and
IgG-precipitated samples when using the negative control
primers for IGX1A gene. This confirms that C/EBP� binds to
theHsf1 promoter at�281/�200 in vivo.We further examined
the induction of C/EBP� binding to the Hsf1 promoter in
response to Gln by quantifying immunoprecipitated DNA
using quantitative PCR. Notably, C/EBP� binding to Hsf1 pro-
moter was induced by 2.6-fold by Gln (Fig. 6C).
As we identified that the C/EBP binding site is a key cis-

element involved in Gln-mediated Hsf1 transcription activa-
tion and confirmed that C/EBP� can bind to the �281/�200
sequence, we further attempted to identify a potential role of
C/EBP� in the Gln-mediated Hsf1 response. Transcription of
the intronless c/ebp� gene results in a single mRNA. LAP, the
active isoformofC/EBP�, and liver-enriched inhibitory protein
(LIP), the inhibitory dominant-negative isoformofC/EBP�, are
the primary products from translation of this single C/EBP�
mRNA via alternative start sites. In cells transfected with
expression plasmid vector alone, Gln deprivation led to
increases in both LIP and LAP expression, but the LIP expres-
sion increase was much greater, leading to a significantly
increased LIP:LAP ratio (Fig. 7, A and B, upper panels).

We next examined Hsf1 transcription in LAP- or LIP-over-
expressing cells transfected with expression plasmids bearing
LAP or LIP cDNA. Overexpression of LAP strikingly increased
Hsf1 promoter activity and derepressed HSF1 expression in the
absence of Gln (Fig. 7A, lower panels), whereas overexpression
of LIP led to deactivatedHsf1 promoter activity and HSF1 pro-

FIGURE 7. C/EBP� mediates Gln-induced activation of Hsf1 transcription
via LIP/LAP ratio. A, effects of overexpression of C/EBP� LAP on the Gln-
mediated HSF1 response. YAMCs were transfected with expression plasmids
bearing LAP cDNA resulting in LAP overexpression (top). B, effects of overex-
pression of C/EBP� LIP on the Gln-mediated HSF1 response. YAMCs were
transfected with expression plasmids bearing LIP cDNA resulting in LIP over-
expression (top). For A and B, Hsf1 promoter activity (lower left) and HSF1
protein expression (lower right) were determined in cells transfected with and
without 1381-bp Hsf1 promoter-luc plasmids, respectively. C, effects of indi-
vidual C/EBP� LAP and LIP isoforms on Hsf1 promoter activity in response to
Gln. LIP and LAP cDNA expression plasmids were co-transfected in c/ebp��/�

MEF cells with Hsf1 promoter-luc reporter plasmids. The experimental condi-
tions that do not share the same letter or symbol are significantly different
from each other at the same Gln concentration (0 or 2 mM) as determined by
Bonferroni posttests (p 	 0.05). For promoter assays, data are expressed as
-fold change in luciferase expression over pcDNA vector-transfected YAMCs
exposed to 0 mM Gln (A and B) or c/ebp��/� MEFs at 0 mM Gln (C) (n � 4).
Means are compared via post hoc Tukey’s test. N.S., not significant. The image
shown is representative of four separate experiments. For A–C, error bars rep-
resent S.E.
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tein expression even when Gln was supplied at 2 mM (Fig. 7B,
lower panels).
To determine the individual effect of LAP and LIP on the

Gln-mediated HSF1 response independently of one another,
cDNAexpression plasmids of each isoformwere co-transfected
into c/ebp��/� MEF cells with Hsf1 promoter-luciferase
reporter plasmids. Irrespective of Gln abundance, LAP strik-
ingly enhanced Hsf1 promoter activity, whereas LIP affected
the Hsf1 promoter in the opposite manner (Fig. 7C).

Taken together, our data demonstrate that LAP serves as an
activating trans-factor for Hsf1 transcription, whereas LIP
inhibitsHsf1 transcription, and furthermore, the relative abun-
dance of LIP and LAP appears to determine HSF1 expression.
Gln availability strikingly altered the LIP:LAP ratio, which
seems to be responsible for theGln-mediated activation ofHsf1
transcription.

DISCUSSION

EnhancedHsp expression has the potential to be beneficial in
numerous clinical settings including sepsis, shock, tissue ische-
mia/reperfusion injury, and autoimmune/inflammatory dis-
eases. As a result, interventions aimed at enhancing the heat
shock response could lead to improved outcome in clinical ill-
ness and injury. Presently, laboratory methods utilizing chem-
ical or gene therapy-basedmechanisms to enhanceHsp expres-
sion still have limited or no clinical relevance because of their
inherent toxicities (43, 44). Thus, the search has continued for a
safe pharmacologic or metabolic agent to induce Hsps (43). A
significant amount of data from our previous work and that of
others demonstrates thatGln is able to enhanceHsp expression
and further confer protection against a variety of stress and
injury conditions at cellular, tissue, and organismal levels (18–
20). Given the long standing safety profile of Gln in clinical use
(24, 45, 46), Gln has the potential to emerge as a clinically rele-
vant enhancer of the heat shock response in illness and injury.
Here we show that Gln has the ability to enhance Hsp expres-
sion by acting on the HSF1-Hsp axis. Our data provide the first
evidence demonstrating that Gln not only activates multiple
steps in theHSF1 transactivation pathway but also up-regulates
actual HSF1 expression. Another novel finding of our study is
that the enhancement of HSF1 expression by Gln, at least in
part, occurs at the transcriptional level.
Enhanced Transactivation Activity of HSF1 by Gln—The

main points of control in the regulation of HSF1 are widely
considered to be the key steps leading to HSF1 acquiring its
transactivating capacity, leading to induction of the Hsp
response (2, 3, 7–9). As a result, we first focused on determining
whether Gln affects HSF1 trimerization, nuclear localization,
nuclear binding of HSF1 to the HSE, and phosphorylation
of nuclear HSF1. We demonstrate here that Gln enhanced
HSF1 nuclear accumulation, a prominent feature of HSF1 acti-
vation (36), in both non-stressed and heat-stressed conditions.
Furthermore, spontaneous and heat-induced HSF1 trimeriza-
tionwas increased byGln administration. This effect ofGlnwas
associated with an increase in HSF1 DNA binding ability in
both non-stressed and heat shock conditions. HSF1 trimeriza-
tion and DNA binding alone are insufficient for transcriptional
induction of Hsp genes without adequate posttranslational

modifications via specific phosphorylation (37, 40). In this
study, for the first time, we show that Gln administration can
enhance the relative abundance of activating phosphorylation
of HSF1 at Ser-230 while not affecting that of repressing phos-
phorylation at Ser-307, which overall favors HSF1 transcrip-
tional activation (40).
Collectively, our data are supported by a previous study by

Morrison et al. (22), who showed that Gln treatment also
increased HSF1 nuclear localization and HSE binding in non-
stressed fibroblasts and further increased HSF1-HSE binding
and HSF1 global phosphorylation after heat shock (22). In a
similar study, Ropeleski et al. (47) demonstrated that Gln
increased heat-induced HSF1-HSE binding in small intestinal
epithelial IEC-18 cells, but they were not able to detect a con-
current Gln-dependent difference in HSF1 trimerization
immediately after heat shock. Consistently, we did not observe
any difference inHSF1 trimerizationwithGln treatment imme-
diately after heat shock at 43 °C for 30 min (supplemental Fig.
1). However, a significant Gln-dependent increase in HSF1
trimerization was observed 1 h after heat shock (Fig. 2A). Fur-
thermore, Gln treatment increased the duration of HSF1 trim-
erization (supplemental Fig. 1). Therefore, the effects of Gln on
HSF1 activation may also be attributed to a more sustainable
HSF1 activation state. This appears to be translated into amore
robust Hsp induction following heat shock. This is supported
by the finding of Ropeleski et al. (47) that Gln treatment did
increase the duration of HSF1-HSE binding following heat
shock and further increasedHspmRNAandprotein expression
and Hsp70 promoter-driven reporter expression at 2 and 6 h,
respectively, after heat shock (47).
Transcriptional Activation of Hsf1 Gene by Gln—Here, for

the first time, we show thatGln inducesHsf1 gene transcription
with two lines of evidence: Gln increases HSF1 mRNA expres-
sion and further increases Hsf1 gene promoter activity. We
have mapped the key cis-element responsible for the induction
of Hsf1 gene activation by Gln to the promoter fragment at
�267/�248. This region exhibits a similarity to theC/EBP con-
sensus sequence. Based on this, we proceeded to demonstrate
that C/EBP� binds to this sequence both in vitro and in vivo.
Limited information is available concerning the amino acid

control of gene expression in mammalian cells. Amino acid-
mediated transcriptional regulation has been reported for a
small number of genes such as asparagine synthetase (48),
C/EBP-homologous protein (CHOP) (49), and collagen I� (50).
To date, the amino acid-response elements, which are cis-ele-
ments within the promoter of a gene that mediate transcrip-
tional regulation by an amino acid, have only been identified
in asparagine synthetase and CHOP genes (51–54). The
sequences of the asparagine synthetase and CHOP amino acid-
response element regions show similarity with the specific
binding sites of the C/EBP family transcription factors (55).
Members of C/EBP proteins (C/EBP�–C/EBP�) have been
found to play a critical role in regulating numerous cellular
responses including cellular growth, differentiation, and energy
metabolism (56). Of particular interest, C/EBP� has been
reported to be involved in amino acid-trigged transcription
activation (27, 28). Here we also show that C/EBP� appears to
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be the key trans-factor mediating the ability of Gln to activate
Hsf1 transcription.
We demonstrate that the ratio of C/EBP� inhibitory and

active isoforms (LIP:LAP) serves as an independent factor
mediating theGln-inducedHSF1 response. The cellular ratio of
LIP and LAP has been shown to be a vital determinant of gene
expression regulation (57, 58). We show in this study that the
relative abundance of LAP and LIP, which is regulated by Gln
supply, appears to be the key control machinery in mediating
theHsf1 transcription response to Gln. In the c/ebp��/� back-
ground, individual LAP and LIP expression leads to induced
and suppressedHsf1 transcription, respectively, irrespective of
Gln supply. Furthermore, in YAMCs with a c/ebp��/� back-
ground, we confirmed that overexpression of LAP derepresses
Hsf1 transcription during Gln deprivation, whereas overex-
pression of LIP deactivatesHsf1 transcription in the presence of
a sufficient Gln supply. This suggests that LAP and LIP act as an
independent activator and repressor for Hsf1 transcription.
Consistentwith our finding, Siu et al. (59) also showed that LAP
and LIP appear to act as an activator and repressor for tran-
scription of asparagine synthetase, another nutrient-responsive
gene, as overexpression of LAP increased asparagine synthetase
gene transcription in HepG2 hepatoma cells, whereas LIP
blocked enhanced asparagine synthetase transcription follow-
ing amino acid or glucose deprivation.
In summary, our data demonstrate that Gln not only acts as

an inducer of Hsf1 gene activation but also intriguingly can act
as a competent inducer of HSF1 expression by activating its
transcription. The relative abundance of LIP and LAP seems to
serve as a tuning mechanism linking Gln availability to Hsf1
transcription. Here we report a dual control machinery in
mobilizing HSF1 that ultimately leads to a robust induction of
the heat shock response in the gut. Our data suggest that Gln
can potentially be developed as an independent clinically viable
inducer of expression of the transcription factor HSF1 and the
heat shock response.
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