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Background: 4-Phenylbutyrate corrects trafficking of �F508-CFTR, most likely by modulation of chaperone expression.
Results: 4-Phenylbutyrate stimulates Elp2 expression and activation of STAT-3.
Conclusion: The transient stimulation of Hsp70 expression in CF epithelial cells with 4-phenylbutyrate is dependent on the
Elp2 component of elongator.
Significance: Signaling through Elp2 and STAT-3 is a novel pathway by which 4-phenylbutyrate regulates Hsp70 expression.

Sodium 4-phenylbutyrate (4PBA) corrects trafficking of
�F508-CFTR in Cystic Fibrosis (CF) epithelia, which is hypoth-
esized to, at least in part, result from increased expression of
Hsp70 (stress-induced 70 kDa heat shock protein). To identify
other 4PBA-regulated proteins that may promote correction of
�F508 trafficking,weperformeddifferential displayRT-PCRon
mRNA from IB3-1 CF bronchiolar epithelial cells treated for
0–24 h with 1 mM 4PBA. In this screen, a STAT-3 (signal trans-
ducer and activator of transcription-3)-interacting protein,
StIP-1 that regulates STAT-3 activation had transiently
increased expression. StIP-1 is identical to Elongator protein 2
(Elp2), a component of the Elongator complex that regulates RNA
polymerase II. Previous studies have suggested that Elongator reg-
ulates Hsp70 mRNA transcription, and that the Hsp70 promoter
contains functional STAT-3-binding sites.We therefore tested the
hypothesis that4PBAincreasesHsp70expressionbyanElongator-
and STAT-3-dependentmechanism. 4PBA treatment of IB3-1 CF
bronchiolarepithelial cells causedtransiently increasedexpression
of Hsp70 protein, as well as Elp2 protein and mRNA. Elp2 deple-
tion by transfection of small interfering RNAs, reduced both Elp2
andHsp70 protein expression. 4PBA also caused transient activa-
tion of STAT-3, and increased abundance of nuclear proteins that
bind to the STAT-3-responsive element of the Hsp70 promoter.
Luciferase reporter assays demonstrated that both Elp2 overex-
pression and 4PBA increase Hsp70 promoter activity, while Elp2
depletionblockedtheabilityof4PBAtostimulateHsp70promoter
activity. Together, these data suggest that Elp2 and STAT-3medi-
ate, at least in part, the stimulation of Hsp70 expression by 4PBA.

Cystic Fibrosis (CF)2 is the most common lethal autosomal
recessive disease among Caucasians and results from a paucity
of functional Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR). CFTR is a cAMP-activated chloride channel
that is localized in the apical plasma membrane of epithelial
cells where it has an integral role in regulating the transport of
electrolytes and water. The most common mutation of CFTR,
�F508-CFTR (deletion of a phenylalanine at position 508), is a
temperature-sensitive trafficking mutant (1). �F508-CFTR is
retained in the endoplasmic reticulum (ER), where it has
increased associations with several cytosolic chaperones
belonging to the Heat Shock Protein (Hsp) family (2–5) and
with the ER-resident chaperones calnexin (6–9) and ERp29
(10). �F508-CFTR is targeted for rapid intracellular degrada-
tion (11) at least in part by the ubiquitin proteasome system (12,
13), and somostly fails to reach its appropriate subcellular loca-
tion at the apical membrane (14, 15). Targeted manipulation of
molecular chaperone expression is a potential therapeutic
strategy to facilitate improvement of �F508-CFTR trafficking.
Sodium 4-phenylbutyrate (4PBA) improves �F508-CFTR

intracellular trafficking in CF epithelial cells such as the IB3-1
CF human bronchiolar epithelial cell line (genotype �F508/
W1282X) as early as 4 h after exposure, and restores CFTR
function at the plasma membrane without altering CFTR
mRNA expression (16). Because CFTR mRNA expression was
not altered by 4PBA, and because 4PBA and other butyrates are
considered transcriptional regulators, we previously investi-
gated whether 4PBA alters expression ofmolecular chaperones
implicated in �F508-CFTR trafficking. We initially focused on
Hsc70 (70 kDa heat shock cognate protein), a cytosolic chaper-
one involved in targeting a number of cellular proteins for ubiq-
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uitination and proteasome degradation (17). After 48 h of 4PBA
treatment, both the expression of Hsc70 and complex forma-
tion between Hsc70 and �F508-CFTR decreased in IB3-1 cells.
This Hsc70/�F508-CFTR complex may target �F508-CFTR
for rapid intracellular degradation by the ubiquitin/proteasome
pathway (5). While others suggested that 4PBA also caused
increased expression of the Hsp70, the stress-induced 70 kDa
heat shock protein, which could promote �F508-CFTR traf-
ficking, (3), our data suggested unaltered Hsp70 expression
after 48 h of 4PBA. We subsequently observed that 4PBA
decreases the steady-state expression of Hsc70 by increasing
the rate of Hsc70 mRNA turnover, and that this effect requires
new mRNA synthesis (18). These data suggested that IB3-1
cells undergo a complex response to 4PBA, a notion that has
since been confirmed in genomic and proteomic profiling
experiments (19, 20); these profiling data also suggested that
4PBA’s stimulation of Hsp70 expression was transient. More-
over these considerations suggested that multiple elements of
this 4PBA response (i.e. 4PBA-regulated genes or targets)might
influence �F508-CFTR trafficking.
To identify candidate 4PBA targets that might regulate or

promote �F508 trafficking, we performed a limited differential
display RT-PCR on 4PBA-treated IB3-1 CF bronchiolar epithe-
lial cells. Among the differentially expressed mRNA, we iso-
lated a cDNA clone for a human homologue of StIP-1 (STAT-
3-interacting protein-1) that had transiently increased
abundance at 4 h anddecreased abundance by 24 h of treatment
with 4PBA. StIP-1 is identical to Elp2, a subunit of the Elongator
complex that regulates RNA polymerase II (RNA Pol-II). In
humans, the elongator complex is composed by I�AP (Elp1),
Elp2, Elp3, Elp4, and two additional proteins, and contains his-
tone acetyltransferase activity (21). Interestingly, 4PBAhas also
been reported to have activity as a histone deacetylase inhibitor
(22, 23). Previous data suggest that Elongator facilitates Hsp70
mRNA transcription by RNA polymerase II in yeast (24), and
that the Hsp70 promoter contains functional STAT-3-binding
sites that overlap with the binding site for the heat shock tran-
scription factor (25, 26). We therefore tested the hypothesis
that 4PBA increases Hsp70 expression by a mechanism that
depends upon Elongator and activation of STAT-3.

EXPERIMENTAL PROCEDURES

Cell Culture—IB3-1 cells (27) were cultured as previously
described (5, 18). Human colonic adenocarcinoma T84 cells
(American Type Culture Collection (ATCC) cell line CCL248;
Rockville, MD) were cultured in a 1:1 mixture of Dulbecco’s
modified Eagle’smedium andHam’s F-12medium (Invitrogen)
supplemented with 100 units/ml penicillin, 0.1 mg/ml strepto-
mycin, and 5% fetal bovine serum at 37 °C in 5%CO2. IB3-1 and
T84 cells were studied as these endogenously express �F508 or
wt CFTR, respectively.
Antibodies—Rabbit anti-Elp2 was from Millipore. Mouse

STAT-3, clone F-2, was from Santa Cruz Biotechnology. Rabbit
anti-STAT-3, anti-phospho-STAT-3 (Tyr-705), and anti-phos-
pho-STAT-3 (Ser-727) were from Millipore Goat anti-c-Myc-
fluorescein conjugate was from Bethyl Laboratories. Rhoda-
mine Red™-X-conjugated mouse anti-rabbit IgG was from
Jackson Immunoresearch. Fluorescein-conjugated anti-rabbit

IgG was from Amersham Biosciences. Rabbit anti-Bip/GRP78
was from Sigma-Aldrich. Rabbit anti-Hsc70 and rabbit anti-
Hsp70 were from Stressgen. Mouse anti-GAPDH was from
Millipore, and mouse ant-V5 was from Abnova.
Differential Display RT-PCR Screen—Differential display

RT-PCRwas performed using the RNAimage™ kit (Genhunter)
on total RNA isolated from IB3-1 cells treated with 1mM 4PBA
for 0, 4, 8, or 24 h as previously described in detail (10). Differ-
entially expressed cDNAs were extracted, re-amplified by PCR,
and cloned into pCRII (Invitrogen). The cloned inserts were
sequenced by automated analysis (Nucleic Acid Research Core,
Children’s Hospital of Philadelphia) and identified by Blast
search.
Amplification of Full-length Elp2 and Cloning—Full-length

Elp2 cDNA was isolated by 5�-RACE-PCR from IB3-1 cDNAs
using the 5/3�-RACE kit (Roche). An Elp2-specific primer (5�-
TTTTTTATTAAGTCCATTACAGTGC-3�) was used for
reverse transcription. After addition of a 3�-poly(A) tail, the
full-length cDNA was amplified by PCR using oligo dT-an-
chored and Elp2-specific primers (5�-CGGCGGATCCCCAT-
TACAGTGCACATTT-3�, BamH I site underlined), cloned
into pCRII, and sequenced. Elp2 was then subcloned into the
HindIII/XhoI resctriction sites of mammalian expression vec-
tor pCDNA-4/TO/myc-his (Invitrogen).
RNase Protection—RNase protection was performed as

described previously (5, 18) using the Direct Protect assay kit
(Ambion). The Elp2-specific probe template comprised a 567
bp EcoR I fragment from pCRII-Elp2 subcloned into pSK(-)
(Stratagene) and linearized by NotI. Probe was synthesized
using a Maxiscript T7 kit (Ambion). Hybridization to 18 S
rRNA served as an internal control.
Immunoblot—Cell lysates were prepared in RIPA buffer

(NaCl 150 mM, Tris-HCl 50 mM pH 8, 1% Triton-X100, 1%
sodium deoxycholate, 0.1% SDS) containing protease inhibitor
mixture (Sigma). Lysates were passaged through a 22-gauge
needle and cleared by centrifugation (15,000 � g, 15 min, 4 °C),
and protein content determined using Bio-Rad DC reagents
with bovine �-globulin as a standard. Equal amounts of protein
were resolved by SDS-PAGE and transferred to nitrocellulose
as previously described (16). Nonspecific binding was blocked
by incubation with 5% nonfat dry milk. Primary and horse rad-
ish peroxidase-conjugated secondary antibodies were applied
in Tris-buffered saline (TBS 1�) (50 mM Tris-HCl, pH 7.4, and
150 mM NaCl.) 0.05% Tween-20, 1% bovine serum albumin.
Immunoreactivity was detected by chemiluminescence (ECL,
AmershamBiosciences) and fluorography, andwas quantitated
by densitometry (5, 18).
Immunoprecipitation—Cell lysates were prepared as

described above except that SDS was omitted from the RIPA
buffer. Mouse anti-STAT-3 (10 �l) or rabbit anti-Elp2 was
incubated with the lysates (500 �g of protein in 0.5 ml) at 4 °C
overnight. As a control, immunoprecipitations were also per-
formed with mouse anti-V5 epitope as an unrelated antibody
control. Immune complexes were captured with protein
G-Sepharose (Amersham Biosciences) for STAT-3 and protein
A-agarose (Invitrogen) for Elp2, released by boiling in SDS-
PAGE sample buffer and resolved by SDS-PAGE.
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Elp2 GST Pull-downs—A cDNA-encoding Elp2 amino acids
402–826 was amplified by PCR using sense (5�-CGGC-
GAGTCGACATTTATTATCACTGTT-3�, SalI site under-
lined) and antisense (5�-ATTAGCGGCCGCTTACAGTG-
CACA-3�, NotI site underlined) primers. A glutathione
S-transferase fusion protein, (GST)-Elp2, was generated by
cloning this cDNA into pGEX4T2 (Amersham Biosciences).
GST or GST-Elp2 were expressed in Escherichia coli BL21,
immobilized on glutathione-Sepharose 4B beads (Amersham
Biosciences), and incubated overnight with IB3-1 cell lysates.
Bound proteins were eluted by boiling in SDS-PAGE sample
buffer and resolved by SDS-PAGE.
Immunofluorescence—IB3-1 cells grown on glass chamber

slides (Falcon) were treated with 4PBA, fixed with 1% formalin
in PBS (10 min) and permeabilized with 0.1% Nonidet P-40 in
PBS (5 min). Nonspecific binding was blocked with 10% goat
serum (Invitrogen) in PBS (1 h) at room temperature. STAT-3
was detected withmouse anti-STAT-3 (1/200) in TBS, 3% BSA,
0.2% Tween 20, and revealed with Alexa Fluor� 488 goat anti-
mouse secondary antibody (1/200, Invitrogen). Nuclei were
counterstained with DAPI (4�-6-diamidino-2-phenylindole).
Fluorescence was viewed at room temperature at 510–560 nm
on a Olympus IX81 inverted microscope, and images captured
with a Hamamatsu digital camera using SlideBook software,
Electrophoretic Mobility Shift Assays (EMSAs)—Nuclear

extracts were prepared from IB3-1 cells treated for 0, 2, 4, 8, and
24 h with 1 mM 4PBA as previously described (28). Protein
concentrations were determined by the Bradford assay (Bio-
Rad) according to the manufacturer’s recommendations. Elec-
trophoretic mobility shift assays (EMSAs) were performed as
previously described (28) using a 32P-labeled oligonucleotide.

5�-GATCCAGCTTGAAAGTTCCAGAACGA-3� encom-
passing the heat shock responsive element that overlaps with
the STAT-3 binding site within the human Hsp70 promoter.
DNA-protein complexes were resolved by PAGE in 1� TAE
buffer (Tris 6.7 mM, sodium acetate 3.3 mM, EDTA 1 mM pH
7.9) at 4 °C. The specificity of the retarded band was tested by a
supershift assay in which the nuclear extracts were preincu-
bated with the STAT-3 antibody.
Depletion of Elp2 by siRNA—Elp2 expression was depleted

using a commercial pool of 4 different Elp2 siRNA (Dharma-
con/Thermo Fisher Scientific). Elp2 siRNA was delivered to
IB3-1 cells by transfection with Lipofectamine RNAimax rea-
gent (Invitrogen, Carlsbad, Ca), or to T-84 cells by electropora-
tion according to a commercially available optimized protocol
and reagents (amaxa, Lonza Cologne, Germany). Control
siRNA (Dharmacon/Thermo Fisher Scientific) was delivered
under identical conditions as the Elp2 siRNA. Cells were either
lysed for immunoblot (described above) or used for luciferase
reporter assays (described below) 48 h after transfection or
electroporation.
Luciferase Reporter Assays—The human Hsp70 promoter

(�2650/�150) was cloned into the pGL3 luciferase vector
(Promega). Cells were transfected using the Lipofectamine plus
reagent� (Invitrogen) using 1�g of reporter plasmid and 500 ng
of pCDNA4/TO/myc-his vector expressing Elp2, or 500 ng of
“empty vector” pCDNA-4/TO/myc-his. Luciferase assays were
performed with the Luciferase assay system (Promega) accord-

ing the manufacturer’s instructions. To account for possible
differences in transfection efficiencies a cytomegalovirus-
driven �-galactosidase expression plasmid (500 ng) was trans-
fected simultaneously, and �-galactosidase expression was
determined enzymatically.
Digital Images—Digital images were processed using Adobe

Photoshop�(version 6), and included in figures using Adobe
Illustrator� (version 9).
Densitometric Analysis—Fluorographic images were digi-

tized using an Alphaimager 2200 digital analysis system
(AlphaInnotech, San Leandro, CA). Densitometric analysis of
these images was performed using Alphaimager analysis soft-
ware (version 5.5, AlphaInnotech) with two-dimensional inte-
gration of the selected band. For comparison within an immu-
noblot experiment, the density of the 0 h time point or
undtreated control was arbitrarily set to 1.0, with the remaining
densities expressed relative to this reference density. For com-
parison within a ribonuclease protection experiment, the den-
sity of the Elp2 was initially normalized by the density of the 18
S hybridization within the same sample. The relative Elp2/18S
density of the 0 h time point was then arbitrarily set to 1.0, and
the remaining densities were again expressed relative to this
reference density. In the figures, these data are expressed as
mean � S.E. Student’s t test or a one-way ANOVA was used to
determined statistical significance of changes in density of flu-
orographic bands as appropriate (SigmaStat software, version
2.03).

RESULTS

Hsp70 Expression Is Transiently Increased by 4PBA—Others
have suggested that 4PBA may promote �F508-CFTR by
increasing Hsp70 expression (3), while our previous data sug-
gested that Hsp70 expression was unaltered in IB3-1 cells after
48 h of treatment with 1 mM 4PBA (5). Gene profiling experi-
ments suggested that 4PBA induced a transient increase in
Hsp70 mRNA expression that returned to baseline by 24 h (19,
20).We therefore examined Hsp70 protein expression in IB3-1
cells over a 24-h exposure to 1mM 4PBA (Fig. 1). Hsp70 expres-
sion increased transiently by �50%; peak expression occurred
after 4–8 h of exposure. Hsp70 expression returned to baseline
by 24 h of exposure. In contrast, Hsc70 expression tonically
decreased over this time period, with an �30% reduction after
24 h; this reduction is consistent with our previous report that
Hsc70 expression decreases �40% after 48 h of exposure to
4PBA (5).
Elp2 mRNA and Protein Expression Is Transiently Increased

by 4PBA—In IB3-1 cells, 4PBA decreases steady-state Hsc70
mRNA expression by increasing the rate of Hsc70mRNA turn-
over; this effect requires new mRNA synthesis, suggesting that
4PBA causes a more global cellular adaptation (18). To charac-
terize the elements of this hypothetical cellular adaptation, we
performed differential display RT-PCR on RNA isolated from
IB3-1 cells treated with 1mM 4PBA for 0, 4, 8, and 24 h. Among
the differentially expressedmRNA species, we isolated a cDNA
clone for a hypothetical human STAT-3 (signal transducer and
activator of transcription-3) interacting protein (StIP-1). StIP-1
is identical to Elongator protein 2 (Elp2); Elongator is a protein
complex that facilitates mRNA transcription by RNA polymer-
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ase II, and may also have roles in regulation of polarized vesic-
ular transport (30) and modification of tRNAs (31, 32). In the
differential display experiments, this clone’s mRNA had
increased abundance at 8 h and decreased abundance at 24 h
(data not shown). This 4PBA-induced transient increase in Elp2
mRNA abundance was confirmed by ribonuclease protection,
which suggested an �30–40% (n 	 13, p 
 0.05 versus t 	 0,
Fig. 2,A and B) increased Elp2mRNA expression after 2, 4, and
8 h of treatment with 1mM 4PBA.We also observed transiently
increased expression of Elp2 at the protein level by immunoblot
in IB3-1 cells after incubationwith 1mM4PBA (Fig. 2,C andD),
with a peak increase of �50% after 4 h treatment with 4PBA
(n 	 7, p 
 0.01 versus t 	 0).
Expression of Phosphorylated/Activated STAT-3 Is Increased

by 4PBA—Themurine homologue of Elp2 regulates the activa-
tion of STAT-3 in response to IL-6 by hypothetically serving as
a scaffold protein that promotes the interaction between Janus
kinases and their STAT-3 substrate (33). Activation of STAT-3
is correlated with specific tyrosine phosphorylation (at residue
Y705), and additional serine phosophorylation (at residue
S727). Such phosphorylation appears to promote STAT-3
dimerization and subsequent nuclear translocation and regula-
tion of transcription (34). We therefore examined whether
4PBA caused activation of STAT-3 in IB3-1 cells.
We performed immunoblots on whole cell lysates prepared

from IB3-1 cells treated for 0–24 h with 1 mM 4PBA using
antisera targeting STAT-3, phospho-S727-STAT-3, and phos-
pho-Y705-STAT-3 (Fig. 3). Total STAT-3 expression did not
change during these time course experiments. However, the
abundance of phospho-S727-STAT-3, and phospho-Y705-

STAT-3 STAT-3 increased �40% after 4–8 h of treatment
with 4PBA (n 	 7, p 	 0.01 (phospho-S) and p 	 0.002 (phos-
pho-Y) versus t	 0). These data suggest that there is transiently
increased phosphorylation and activation of STAT-3 in IB3-1
cells in response to 4PBA.
Activation of STAT-3 is also associated with translocation of

STAT-3 from the cytoplasm to the nucleus. We therefore
assessed the influence of 4PBAon the subcellular localization of
STAT-3 in IB3-1 cells treated with 1 mM 4PBA for 0, 4, or 24 h
by immnunofluorescence (Fig. 4). In untreated (0 h) cells,
STAT-3 immunofluorescence was predominately contained
within the cytoplasm, and did not overlap with the nuclear
counter stain. In presence of 1 mM 4PBA, STAT-3 is increas-
ingly detected in the nucleus, with 4 h of treatment with 4PBA.
At 24 h, STAT-3was again predominately localized to the cyto-
plasm. These data are also consistent with 4PBA causing tran-
sient activation of STAT-3 in IB3-1 cells.
Interaction of STAT-3 and Elp2 in IB3-1 Cells—Association

of murine Elp2 and STAT-3 is suggested to be required for
STAT-3 activation (33). We therefore assessed whether Elp2
and STAT-3 interact in IB3-1 cells, as well as the effect of 4PBA
on this interaction. As shown in Fig. 5A, Elp2 was recovered
when STAT-3 was immunoprecipitated from lysates of
untreated IB3-1 cells (“0” lane). Less Elp2 was recovered with
STAT-3 by co-immunoprecipitation from lysates of IB3-1 cell
after 2 h treatment with 1 mM 4PBA, and no Elp2 was detected
after STAT-3 immunoprecipitation after 4 h of exposure to
4PBA, the time at which STAT-3 activation appears maximal.
In control experiments, Elp2 was not detected on immunoblots
when an unrelated antibody (anti-V5) was used for immuno-
precipitation (Fig. 5B, top panel). Similarly STAT-3 was
detected on immunoblots when immunoprecipitations were
performedwith anti-Elp2, but not with anti-V5 (Fig. 5B, bottom
panel). These suggest are consistent with Elp2 interacting with
inactive STAT-3, and with activation of STAT-3 by 4PBA pro-
moting STAT-3 dissociation from Elp2.
Elp2 contains 12WD40 repeats. Proteins that containWD40

repeats may serve as scaffolds for coordinating multi-protein
complex assemblies, and theWD40 repeat units are implicated
in mediating these protein-protein interactions (35, 36). Col-
lum et al. have suggested thatWD40 repeats 10 to 12 of murine
Elp2 interact with STAT-3 (33). To test whether these domains
also interact with STAT-3 in IB3-1 cells, and to assess the
potential influence of 4PBA on this interaction, we created a
GST-Elp2 (aa 402–826) fusion protein construct that contains
these WD40 repeats. We then expressed this protein in E. coli,
and performed GST pull-down experiments with lysates of
IB3-1 cells treated for 0 or 4 hwith 1mM4PBA.As shown in Fig.
5C, STAT-3 was precipitated from lysates of IB3-1 cells
untreated with 4PBA by the GST-Elp2-(aa 402–826) fusion
protein, but not GST alone. This interaction appeared slightly
decreased in lysates of IB3-1 cells treated for 4 hwith 4PBA, but
this decrease did not achieve statistical significance in densito-
metric analysis (not shown). These data are consistent with
previous data (33) suggesting that WD40 domains 10 to 12 of
Elp2 are sufficient for Elp2 interaction with STAT-3.
Depletion of Elp2 Decreases Hsp70 Expression—4PBA

improves the aberrant trafficking of�F508-CFTR inCF epithe-

FIGURE 1. Expression of Hsp70 and Hsc70 in response to 4PBA. IB3-1 cells
were incubated for the indicated times with 1 mM 4PBA. Whole cell lysates
were prepared, and Hsp70 and Hsc70 were quantitated by immunoblot as
described under “Experimental Procedures.” A, representative immunoblot.
B, densitometry of the indicated number of independent time course exper-
iments (mean � S.E.). Statistical significance was determined by 1-way
ANOVA in comparison to t 	 0.

Regulation of Elp2 and STAT-3 by 4-Phenylbutyrate

45086 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 52 • DECEMBER 30, 2011



lial cells (16) at least part of this effect is hypothesized by some
to result from increased expression of Hsp70 (3). Elp2 is also
necessary for activation of STAT-3 in response to IL-6, and the
Hsp70 promoter contains a functional STAT-responsive ele-
ment. We therefore investigated the regulation of Hsp70 by
Elp2 using a small interfering RNA (siRNA) approach. As
shown in Fig. 6A, delivery of Elp2-directed siRNA to T84
colonic adenocarcinoma cells (where efficiency of siRNA deliv-
ery by electroporation approaches 100%) decreased both Elp2
and and Hsp70 whole cell expression relative to cells trans-

fected with control siRNA, but had no effect on the expression
of Hsc70 (representative of n 	 3 experiments). Similarly, in
IB3-1 cells (where siRNA transfection efficiency is at best 50%,
data not shown), Elp2-directed siRNA also resulted in
decreased Elp2 expression and Hsp70 expression, again with-
out effect on Hsc70 expression (Fig. 6B, representative of n 	 3
experiments). The expression of BiP/grp78 was not altered in
either T84 or IB3-1 cells by delivery of Elp2 siRNA (Fig. 6),
suggesting that the siRNA-mediated depletion of Elp2 did not
cause a global stress or unfolded protein response.

FIGURE 2. Elp2 mRNA and protein level are transiently increased in IB3-1 cells treated with 4PBA. A, Elp2 mRNA was quantitated by ribonuclease
protection in IB3-1 cells treated for the indicated times with 1 mM 4PBA. The hybridization of an 18 S rRNA as an internal standard was constant under these
conditions. A representative fluorogram is shown. B, relative amount of Elp2–1 mRNA compared with the zero time point was determined by densitometry of
13 total experiments using 5 independent sets of samples. For analysis, the density of the Elp2 was initially normalized by the density of the 18 S hybridization
within the same sample. The relative Elp2/18S density of the 0 h time point was then arbitrarily set to 1.0, and the remaining densities were again expressed
relative to this reference density. Means � S.E. are shown, with p values determined by one-way ANOVA in comparison with t 	 0. C, representative fluorogram
of equal amounts of whole cell lysates of IB3-1 cells treated with 1 mM 4PBA for 0, 2, 4, 8, and 24 h resolved by SDS-PAGE and quantitated by immunoblot using
a specific Elp2 antiserum as described under “Experimental Procedures.” D, densitometric analysis (mean � S.E.) of seven independent time course experi-
ments. In this analysis the density of the 0 h time point was arbitrarily set to 1.0, with the remaining densities expressed relative to this reference density.
Statistical significance was determined by a 1-way ANOVA in comparison with t 	 0.

FIGURE 3. Phosphorylation of STAT-3 is increased by 4PBA. A, equal amounts of whole cell lysates of IB3-1 cells treated with 1 mM 4PBA for 0, 2, 4, 8, and 24 h
were resolved by SDS-PAGE, and the abundance of STAT-3, phosphoserine STAT-3 and phosphotyrosine STAT-3 were determined by immunoblot using
specific antisera as described under “Experimental Procedures.” Representative immunoblots are shown. B, densitometric analysis (mean � S.E.) of 7 inde-
pendent immunoblot experiments. The density of the 0 h time point was arbitrarily set to 1.0, with the remaining densities expressed relative to this reference
density. Statistical significance was determined by a 1-way ANOVA in comparison with t 	 0.
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Because 4PBA transiently stimulates Hsp70 expression and
there is a STAT-3-responsive element intoHsp70promoter, we
also assessed the influence of Elp2 depletion on the expression
and activation of STAT-3. As shown in Fig. 6A, the expression
of STAT-3, p-Tyr-STAT3, and p-Ser-STAT-3 all appeared
slightly decreased, respectively, compared with cells trans-
fected with control siRNA (representative of n 	 3 experi-
ments), but while this trend was a consistent observation, these
decreases were not statistical significant in quantitative densi-
tometric analyses (data not shown). These data are therefore
consistent with the decrease in Hsp70 expression after Elp2
depletion in T84 cells being mediated by a decrease in the
expression of Elp2, but without a significant decrease in
STAT-3 expression.
Regulation of the Hsp70 Promoter by STAT-3 and Elp2—Pre-

vious data suggest that STAT-3 may bind to the Hsp70 pro-
moter between�206 and�187 bp (37).We tested whether the
binding of STAT3 to Hsp70 promoter is affected by 4PBA. We
performed an electrophoretic mobility shift assays (EMSA)
using a 32P-labeled oligonucleotide encompassing the STAT-3
response elements in the Hsp70 promoter and nuclear extracts
prepared from IB3-1 cells treated for 0, 2, 4, 8, and 24 h with 1
mM 4PBA. As shown in Fig. 7A, nuclear protein binding to the
Hsp70 promoter was transiently increased by 4PBA; again, this
increase was greatest in nuclear extracts of cells that had been
treated with 4PBA for 4 h. Preincubation with anti-STAT-3
decreased this 4PBA-stimulated nuclear protein binding to the
Hsp70 promoter (Fig. 7A, right panel) suggesting that STAT-3
is at least a component of these proteins that bind to the Hsp70
promoter with 4PBA treatment.
We next tested the effect of Elp2 onto Hsp70- promoter

function using a luciferase reporter assay. The human Hsp70

promoter (�2650/�150) was cloned into a pGL3 luciferase
reporter vector. Both 4PBA treatment and Elp2 overexpression
increased Hsp70 promoter activity (Fig. 7B), with overexpres-
sion of Elp2 having a greater effect. The combination of Elp2
overexpression and treatment with 4PBA did not appear to
have additive effects on Hsp70 promoter activity (Fig. 7B, p 	
ns for comparison of cells transfected with Elp2 �/� 4PBA by
ANOVA).
Elp2 Depletion Blocks Stimulation of the Hsp70 Promoter by

4PBA—Because 4PBA treatment and overexpression of Elp2
did not have an additive effect on Hsp70 promoter activity, we
tested whether Elp2 was required for 4PBA to stimulate the
Hsp70 promoter, or whether such regulation might also occur
through an alternate pathway. We performed luciferase
reporter assays in IB3-1 cells that were transfected with Elp2-
directed or non-target control siRNA 24 h prior the transfec-
tion with the Hsp70-promoter-luciferase reporter (and �-
galactosidase control) plasmids. As shown in Fig. 8
siRNA-mediated depletion of Elp2 in IB3-1 cells prevented
4PBA from stimulating Hsp70 promoter activity. These data
suggest that Elp2 is required for 4PBA to stimulate Hsp70
expression, and that alternate pathways for stimulation of the
Hsp70 promoter by 4PBA are not present in IB3-1 cells.

DISCUSSION

�F508 ability to transport chloride in the ER (38) led to the
hypothesis that “correction” of �F508’s aberrant trafficking
could improve CFTR function in CF epithelia. In fact, �F508
trafficking can be improved by a number of physical or phar-
macologic manipulations (see (39) for review). Sodium 4-phe-
nylbutyrate (4PBA), a FDA-approved pharmaceutical for
patients with urea cycle disorders, corrects �F508 trafficking
and restores CFTR function to the plasma membrane of CF
epithelial cells (16). Two clinical trials have also demonstrated
that 4PBA causes small but significant improvements in nasal
epithelial chloride transport in�F508-homozygousCFpatients
(40, 41). However, the mechanism of 4PBA action remains
elusive.
In IB3-1 CF bronchiolar epithelial cells, improvements in

�F508 trafficking are seen as early as 4 h after exposure to
4PBA, but occur without alteration of CFTRmRNA expression
(16). This was an unexpected finding, as 4PBA, like other
butyrates, is hypothesized to regulate gene transcription, per-
haps by inhibiting histone deacetylase and activating transcrip-
tion of chromatin-silenced genes (23). Instead, 4PBA treatment
decreased both the expression of Hsc70 (70 kDa heat shock
cognate protein) and complex formation between Hsc70 and
�F508-CFTR. This complex may target �F508-CFTR for deg-
radation by the ubiquitin/proteasomepathway (5), asHsc70 is a
necessary co-factor for targeting a number of cellular proteins
for ubiquitination and proteasome degradation.
While we initially focused on the decreasing expression of

Hsc70 with 4PBA as a mechanism by which �F508-CFTR traf-
ficking improves (5, 18), others Choo-Kang, 2001 286/id} sug-
gested that 4PBA might improve �F508-CFTR trafficking by
increasing expression of Hsp70. Here, we confirm that 4PBA
causes a decrease in Hsc70 expression and a transient increase
in Hsp70 expression; these changes are also consistent with the

FIGURE 4. Transient nuclear localization of STAT-3 with 4PBA treatment.
Immunofluorescent detection of STAT-3 in IB3-1 cells treated with 1 mM 4PBA
for the indicated time period was performed as described under “Experimen-
tal Procedures.” Binding of the primary STAT-3 antibody was visualized with
an Alexa Fluor� 488-conjugated secondary antibody. Nuclei were counter-
stained with DAPI. These data are representative of n 	 5 independent
experiments.
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genomic and proteomic profiling data of others (19, 20). We
have also shown that such alterations in Hsc70 and Hsp70
expression can modulate the intracellular trafficking of the
epithelial sodium channel, ENaC (68). Together, these
observations suggest that 4PBA causes a more global cellular
adaptation or response, one result of which is improved
�F508 trafficking in CF epithelia. However, the details of this
adaptation, as well as the mechanism by which 4PBA signals
the cell to adapt, are not known. This is likely a fundamental
mechanistic issue, as 4PBA also promotes trafficking and/or
secretion of ENaC (42), �-Z-�1-antitrypsin (43), mutant sur-
factant protein C (44), the ENaC-homologous acid sensitive
ion channel 2 (45), and mutant ABCA3 transporters (46).
Using differential display RT-PCR, we sought to identify

additional 4PBA-regulated species in IB3-1 CF epithelial cells
that could contribute to improved �F508-CFTR trafficking.
We recently demonstrated that one 4PBA-regulated species
identified in this screen, ERp29 (endoplasmic reticular protein
of 29 kDa), is a novel chaperone of the endoplasmic reticulum
that promotes the trafficking of wt and �F508 CFTR, the first
such luminal chaperone to have this role (10). We also, as
described here, identified Elp2 as a potential 4PBA-stimulated
regulator of Hsp70.
Elp2, which is also known as StIP-1, was first identified in a

mouse myelomonocyte cDNA library as a scaffold protein that

promotes the interactions between Janus kinases and STAT-3,
and that is required for STAT-3 activation in response to IL-6
(33). In IB3-1 cells, exposure to 1 mM 4PBA led to a transient
activation of STAT-3 that peaks at 4 h of treatment; this tran-
sient STAT-3 activation was coincident with a transient
increase in Elp2 mRNA and protein expression. We also dem-
onstrated that 4PBA leads to increased binding of STAT-3 to
and activation of the Hsp70 promoter. Furthermore, depletion
of Elp2 using a pool of specific siRNAs blocked both the tran-
sient activation of STAT-3 and the increased in Hsp70 pro-
moter activity in response to 4PBA, as well as decreased Hsp70
protein expression.
The siRNA-mediated depletion of Elp2 and Hsp70 expres-

sion was less robust in IB3-1 cells than in T84 cells.We feel this
likely reflects experimental differences in transfection efficien-
cies; our methods for transfecting IB3-1 cells (lipofection) at
best achieves transfection of �50% of cells, while delivery of
siRNA to T84 cells approaches 100% efficiency using electro-
poration (data not shown). This issue of lesser transfection effi-
ciency of IB3-1 cells does not influence the assays of Hsp70
promoter activity, as only luciferase-transfected cells (that pre-
sumably also took up siRNA) are apparent in the assay. Thus,
these data suggest that Elp2 regulates Hsp70 expression, and
furthermore is required for 4PBA’s activation of STAT-3 and

FIGURE 5. Association of STAT-3 and Elp2 in IB3-1 cells treated with 4PBA. A, IB3-1 cells were incubated with 1 mM 4PBA for the indicated times and whole
cell lysates were prepared as described in the Immunoprecipitation section under “Experimental Procedures.” STAT-3 and its interacting proteins were then
immunoprecipitated from equal amounts of whole cell lysate protein with a specific STAT-3 mouse monoclonal antibody and resolved by SDS-PAGE, again as
described under “Experimental Procedures.” Immunodetection of Elp2 was performed with a rabbit polyclonal antibody. These data are representative of n 	
5 independent experiments. B, top panel: equal amounts of IB3-1 cell lysate were subject to immunprecipitation with either anti-STAT-3 or anti-V5. Elp2 was
readily detected by immunoblot in whole cell lysate (10% input) and in the proteins precipitated by anti-STAT-3, but not in the proteins precipitated by anti-V5.
The panel presents identically exposed non-contiguous lanes of the same immunblot. Bottom panel: equal amounts of IB3-1 cell lysate were subject to
immunprecipitation with either anti-Elp2 or anti-V5. STAT-3 was readily detected by immunoblot in whole cell lysate (10% input) and in the proteins precip-
itated by anti-Elp2, but not in the proteins precipitated by anti-V5. The panel presents identically exposed non-contiguous lanes of the same immunblot. C,
glutathione S-transferase (GST)-Elp2-(aa 402– 826) fusion protein was constructed, expressed in E. coli and purified on glutathione-Sepharose beads as
described under “Experimental Procedures.” Native GST was similarly expressed in E. coli and purified. GST or GST-Elp2-(aa 402– 826) immobilized on gluta-
thione-Sepharose beads was incubated with equal amounts of whole cell lysates of IB3-1 cells that had been treated with 1 mM 4PBA for the indicated times.
Precipitated proteins were resolved by SDS-PAGE, and STAT-3 detected by immunoblot as described under “Experimental Procedures.” These data are
representative of n 	 3 experiments.
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FIGURE 6. Elp2 depletion with siRNA. Elp2-specific or control siRNA was delivered to T84 colonic adenocarcinoma or IB3-1 CF bronchiolar epithelial cells as
described under “Experimental Procedures.” After 48 h cells were lysed, and equal amounts of whole-cell lysate protein were resolved by SDS-PAGE. Elp2,
BiP/grp78, Hsc70, Hsp70, STAT3, phosphotyrosine STAT3, phosphoserine STAT3 and, as a loading control, GAPDH were detected by immunoblot in lysates of
T84 cells (panel A) and IB3-1 cells (panel B). Data representative of three independent experiments are shown.

FIGURE 7. Regulation of the Hsp70 promoter by STAT-3 and Elp2. A, nuclear extracts were prepared from IB3-1 cells treated for the indicated times with 1
mM 4PBA. Electrophoretic mobility shift assays (EMSAs) were performed using 32P-labeled oligonucleotides encompassing the STAT-3 response elements
within the human Hsp70 promoter. The specificity of the retarded band was tested in a supershift assay by preincuation with a STAT-3-specific antibody, which
decreased the formation of this band. B, human Hsp70 promoter (nucleotides �2650/�150) was cloned into the pGL3 luciferase vector (Promega). IB3-1 cells
were transfected with 1 mg of this reporter plasmid, 500 ng of a cytomegalovirus-driven �-galactosidase expression plasmid, and 500 ng of either
pCDNA4/TO/myc-his vector expressing Elp2 or empty pCDNA-4/TO/myc-his vector; protein expression from this pCDNA4 vector is constitutive in the absence
of the tet repressor. Luciferase assays were performed with the Luciferase assay system (Promega), and were normalized for transfection efficiency by assay of
�-galactosidase activity.
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transient stimulation of Hsp70 protein expression in IB3-1
cells, as it is for the activation of STAT-3 in response to IL-6.
Elongator is a complex comprised of six proteins, Elp1–6. In

Saccharomyces cerevisiae, Elongator has roles in regulation of
transcriptional elongation via RNA polymerase II (Pol II), exo-
cytosis, and tRNA modification (30, 31, 47–51). Homologs of
Elongator subunits proteins are present in other eukaryotes,
and a six-subunit Elongator complex is present in human (21,
53). Elongator, via its regulation of Pol II, also directly influ-
ences Hsp70 expression in yeast. Elp3-induced histone H3
acetylation increases Hsp70 gene transcription (24, 54). Simi-
larly, decreasing human Elp3 and Elongator complex expres-
sion suppresses the expression of Hsp70 in human cells as a
result of histone H3 hypoacetylation (24). As Hsp70 interacts
with wt and �F508-CFTR and may promote their trafficking
(3), Elongator function could also influence CFTR trafficking
via regulation of Hsp70 expression. Recent data also suggest a
direct interaction of Elongator with DNAJB11 (55), a member
of the Hsp40 family of co-chaperones (56). Thus, in addition to
regulating Hsp70 expression, Elongator may also regulate
Hsp70 function.
In humans, tissue-specific splicing mutations of Elp1 cause

Familial Dysautonomia (FD), an autosomal recessive disease
characterized by defects in the development and maintenance
of neurons of the autonomic and sensory systems (57–59).
Although the molecular and cellular mechanisms underlying
FD remain largely undefined, impaired cell mobility andmigra-
tion may contribute to the FD phenotype, as human cells
depleted for Elp1 often have defects in migration (60).
These considerations suggest that Elp2 may act in multiple

cellular compartments, andmay shuttle between the cytoplasm
and nucleus. In the cytoplasm, Elp2 acts as a scaffold for ligand-
dependent STAT-3 activation, while in the nucleus Elp2 may
coordinate Elongator complex formation and/or Elongator/
RNA Pol II interactions. In fact, 4PBA’s regulation of Elp2 may
also portend a more general regulation of transcription via

increased histone acetylation and stimulation of RNA Pol II. As
murine Elp2 interacts with several STAT proteins (33, 33) Elp2
may also serve as a general binding partner and/or chaperone
for STAT proteins during the process of activation and nuclear
translocation.
Our data are consistent with Elp2 and STAT-3most robustly

associating when STAT-3 is unphosphorylated, and that phos-
phorylation and activation of STAT-3may destabilize this asso-
cation. Our data do not address where this dissociation might
occur. Dissociation might occur prior to nuclear translocation,
as STAT-3 has a nuclear localization signal that appears to
become functional upon STAT-3 activation by phosphoryla-
tion, and yeast Elp1 also has several putative nuclear localiza-
tion signals (61). In contrast, Elp2 harbors only a nuclear export
signal as predicted using the NetNES 1.1 Server.
Alternatively, dissociation could occur after the STAT-3/

elongator complex translocates to the nucleus. In this latter
hypothetical case, the activated STAT-3 would then bind to its
target promoter sequence(s) and simultaneously deliver Elp-2
(and Elongator) near the promoter of the STAT-responsive
gene. This STAT-3-targeted delivery of Elongator would then
locally increase histone acetylation and RNA Pol II-mediated
transcription.
The STATs may also regulate expression of molecular chap-

erones such as Hsc70, Hsp70, and Hsp90 (25, 26, 62–64). Our
group and others have suggested that interactions between
CFTR (wild type or mutant) and these chaperones regulate
CFTR intracellular trafficking (4, 5, 18, 29, 52, 65–67). Modu-
lations of these interactions by altering chaperone abundance
may allow repair of �F508 intracellular trafficking (3).
In summary, our data confirm that 4PBA transiently

increases Hsp70 expression in CF epithelial cells, which had
been previously suggested by genomic and proteomic expres-
sion profiling experiments. This transiently increased Hsp70
expression likely results from transient activation and nuclear
translocation of STAT-3 where it can bind to and activate the
Hsp70 promoter. This process is dependent on the Elp2 com-
ponent of elongator, which itself has transiently increased
expression in response to 4PBA. Taken together, these data
support the hypothesis that 4PBA improves �F508-CFTR
intracellular trafficking in CF epithelial cells by regulation of
Elp2, transient activation of STAT-3, and a resulting alteration
in molecular chaperone expression.
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