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ABSTRACT: Heat shock proteins (HSPs) play a critical role in many
intracellular processes, including apoptosis and delivery of other proteins to
intracellular compartments. Small HSPs have been shown previously to participate
in many cellular functions, including IL-8 induction. Human adenovirus infection
activates intracellular signaling, involving particularly the c-Src and mitogen-
activated protein kinases [Natarajan, K., et al. (2003) J. Immunol. 170, 6234—
6243]. HSP27 and MK2 are also phosphorylated, and c-Src, and its downstream
targets, p38, ERK1/2, and c-Jun-terminal kinase (JNK), differentially mediate IL-8
and MCP-1 expression. Specifically, activation and translocation of transcription
factor NF«kB-p6S occurs in a p38-dependent fashion [Rajaiya, J., et al. (2009) Mol.
Vision 1S, 2879—2889]. Herein, we report a novel role for HSP27 in an
association of p38 with NFxB-p65. Immunoprecipitation assays of virus-infected
but not mock-infected cells revealed a signaling complex including p38 and NF«B-
p6S. Transfection with HSP27 short interfering RNA (siRNA) but not scrambled
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RNA disrupted this association and reduced the level of IL-8 expression. Transfection with HSP27 siRNA also reduced the level
of nuclear localization of NF«B-p6S and p38. By use of tagged p38 mutants, we found that amino acids 279—347 of p38 are
necessary for the association of p38 with NFxB-p6S. These studies strongly suggest that HSP27, p38, and NFxB-p6S form a
signalosome in virus-infected cells and influence downstream expression of pro-inflammatory mediators.

Heat shock proteins (HSPs) target other proteins to the
proteasome for degradation,’ bind and refold denatured
proteins to prevent apoptosis, and chaperone proteins to
distinct cellular compartments.>* HSP27 is a widely expressed
protein and one of 10 members of a small HSP family that
includes the lens protein aA-aB crystalline and shares a
conserved C-terminal domain.* HSP27 is activated upon
infection,”™® can mediate either cytoskeletal stability or cell
motility,”~'* and prevents apoptosis.”'>~'? HSP27 is required
for IL-1-induced expression of the pro-inflammatory mediators
IL-6, IL-8, and cyclooxygenase-2.>>*' HSP27 is also linked to
various signaling pathways involved in development,>*’
differentiation, and cell growth.z‘*_26

Nuclear factor kB (NF-«B) is a well-studied transcription
factor within a five-member family, including RELA (NF«B-
p65), RELB, c-REL, NF-xBI (P50/100), and NF-«xB2 (p52/
105), and is important to the expression of significantly more
than 100 genes. The majority of these participate in regulation
of innate and adaptive immunity.””*® In viral infection, NFxB
induces strong transcriptional stimulation of both viral and
cellular genes.”** ™' Chemokine induction in infection is
controlled by NFxB transcription factors through formation of
specific homo- or heterodimers for transcriptional activation of
target genes in a cell specific manner. We have earlier shown
the kinetics of IL-8 and MCP-1 expression upon infection relate
directly to the differential regulation of specific NFxB dimers.**

Mitogen-activated protein kinases (MAPKs) are activated by
serial phosphorylation of upstream kinases upon cellular
stimulation by pro-inflammatory cytokines and cellular stresses.
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Three major members of the MAPK family, ERK, p38, and
JNK, have a conserved domain near the C-terminal region, just
outside the catalytic domain, used for docking to their upstream
activators, MAPKKs and MEKs,>*** their inactivators, MKPs,>®
and their substrates, MAPKAPKs.>**® If the aspartic acids at
positions 313, 335, and 316 are replaced experimentally with
aspargines, binding to other kinases is abrogated.>” Residues
272—364 at the C-terminus of p38a are required for TAB1
binding, which leads to autophosphorylation.*® Phosphoryla-
tion of Tyr323 at the C-terminus of p38a also leads to p38
autoactivation.>*’

Adenoviruses have been utilized to study a broad range of
cellular functions, including post-transcriptional modification
and oncogenesis.40 Human adenovirus type 37 (HAdV-D37) is
an important ocular pathogen,*' ~** and like HAdV-D19 (C), is
known to mediate multiple signal transduction events,
including activation of Src, MAPKs, and NFxB in corneal
cells.>*>* In this study, we show that p38 MAPK, HSP27, and
NFkB-p65 play interdependent roles in chemokine induction
upon viral infection, in which HSP27 mediates an interaction
between the C-terminal region of p38 MAPK and NFxB-p6S.

B EXPERIMENTAL PROCEDURES

Antibodies and Reagents. Antibodies to p38, HSP27,
MAPKAP2, NFkB-p6S, IkB, phospho-p38, phospho-HSP27,
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phospho-MAPKAP2, phospho-NF«B-p6S, and phospho-IkB
were obtained from Cell Signaling Technology (Beverly, MA)
and Santa Cruz Biotechnology (Delaware, CA). The anti-
human IL-8 antibody and biotin-conjugated anti-human IL-8
antibody were from BD PharMingen (San Diego, CA). NF«B-
p6S specific and jumbled control siRNA were purchased from
Imgenex (San Diego, CA). The NFkB-NLS mutant was a kind
gift from Dr. Fagerlund (National Public Health Institute,
Helsinki, Finland). Hsp27 siRNA was constructed as described
below.

Cell Culture and Viruses. Primary keratocytes were
derived from donor corneas as previously described.*® Briefly,
after mechanical debridement of the corneal epithelium and
endothelium, corneas were cut into 2 mm diameter sections
and placed in individual wells of six-well Falcon tissue culture
plates with DMEM (Gibco, Grand Island, NY) supplemented
with 10% FBS (Atlanta Biologicals, Lawrenceville, GA),
penicillin G sodium, and streptomycin sulfate (Gibco) at 37
°C in 5% CO,. Cells from multiple donors were pooled and the
cell monolayers used at passage three. The protocol for use of
corneas from deceased human donors was approved by the
Massachusetts Eye and Ear Human Studies Committee and
conformed to the tenets of the Declaration of Helsinki. HAdV-
D37 strain GW** was obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and grown in A549
cells [lung carcinoma cells, CCL 185 (American Type Culture
Collection)] in MEM with 2% FBS, penicillin G sodium, and
streptomycin sulfate. Virus was purified from AS549 cells with a
CsCl gradient, dialyzed against a 10 mM Tris (pH 8.0) buffer
that contained 80 mM NaCl, 2 mM MgCl,, and 10% glycerol,
titered in triplicate, and stored at —80 °C.

Viral Infection. Monolayer cells grown to 95% confluence
in six-well plates were washed in DMEM with 2% FBS and
infected with purified HAdV-D37 at a multiplicity of infection
(MOI) of 10 or mock-infected with virus-free dialysis buffer as
a control. Virus was adsorbed at 37 °C for 1 h and then
incubated for an additional 1 h before RNA isolation. For
protein analysis, cells grown to 95% confluence in six-well
plates were serum-starved for 18—24 h before infection and
then lysed postinfection at indicated time points.

Immunoprecipitation Analysis. Whole-cell lysates from
infected primary keratocytes (300 pg) were precleared with
protein A-Sepharose beads for 30 min. Precleared protein
extracts were added to anti-p38/HA (Santa Cruz Biotechnol-
ogy) or isotype control (anti-rabbit) antibodies in phosphate-
buffered saline containing protease inhibitors [phenylmethyl-
sulfonyl fluoride (S X 107> M), leupeptin (1 X 107> mg/mL),
aprotinin (5 X 107 mg/mL), and sodium vanadate (30 mM)]
and 0.1% Tween 20 and rocked at 4 °C for 2 h before the
addition of protein A-Sepharose (25 pL, 1:1 slurry) and further
incubation at 4 °C for 12 h. Immunoprecipitates were washed
five times with wash buffer [100 mM Tris-HCI, 500 mM NaCl,
and 0.1% Tween 20 (pH 8)] containing protease inhibitors,
and proteins were eluted by the addition of sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
sample buffer and boiling for S min. Samples were run on
10% SDS—PAGE gels using standard protocols and transferred
to nitrocellulose membranes (Bio-Rad, Hercules, CA). The
membranes were probed with anti-phospho-p65/myc, and the
bands were visualized with an enhanced chemiluminescence kit
(Amersham, Piscataway, NJ) using Kodak (Rochester, NY)
Image Station 4000R.
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Immunoblot Analysis. HAdV-D37 and mock-infected
keratocytes were lysed with chilled cell lysis buffer [20 mM
Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM f-glycerol
phosphate, 1 mM Na;VO,, 1 pg/mL leupeptin, and 1 mM
PMSF] and incubated at 4 °C for S min. The cell lysates were
cleared by centrifugation at 21000g for 15 min. Nuclear and
cytoplasmic extracts were prepared using the NucBuster
protein extraction kit (Novagen, Darmstadt, Germany). The
protein concentration of each supernatant was measured by
BCA analysis (Pierce, Rockford, IL) and equalized. Twenty
micrograms of cell lysates was subsequently separated by 10%
SDS—PAGE and transferred onto nitrocellulose membranes
(Bio-Rad). The bands were visualized with an enhanced
chemiluminescence kit (Amersham). Densitometric analysis of
immunoblots where indicated was performed using Image-
Quant 5.2 (Amersham) in the linear range of detection, and
absolute values were then normalized to total protein or actin
as indicated in figure legends.

Enzyme-Linked Immunosorbent Assay (ELISA). The
cell supernatants were collected 4 h postinfection, and the
levels of IL-8 were quantified by a sandwich ELISA. The
detection limit was 30 pg/mL. Plates were read on a
SpectraMax M2 microplate reader (Molecular Devices,
Sunnyvale, CA) and analyzed with SOFTmax analysis software
(Molecular Devices). The means of triplicate ELISA values for
each of the virus- and mock-infected wells were compared by
ANOVA with Scheffe’s multiple-comparison test.

Confocal Microscopy. Keratocytes were grown on slide
chambers (Nunc, Rochester, NY) and infected with HAdV-D37
or virus-free dialysis buffer for 20 min. Cells were partially fixed
in 0.05% paraformaldehyde for 10 min, washed in PBS
containing 2% FBS, and permeabilized in 0.1% Triton X-100
for 5 min. After being blocked for 30 min in 3% FBS-PBS, the
cells were incubated in 5 g/mL anti-NF«kB-p6S or p38 primary
antibody for 1 h at room temperature, washed, and incubated in
Alexafluor-488- or Alexaflour-594-conjugated secondary anti-
body, respectively (Molecular Probes, Eugene, OR), for an
additional 1 h at room temperature. Cells were then washed,
fixed in 2% paraformaldehyde, and mounted using Vectashield
mounting medium (Vector laboratories, Burlingame, CA)
containing DAPI. Images were taken on an Olympus FluoView
500 (FVS500) confocal microscope using a 60X water
immersion objective. Similarly tagged antibodies against Myc
and HA were also used in place of primary antibodies where
appropriate in transfection experiments.

Constructs and Modeling. Three regions in the HSP27
gene were targeted to construct siRNA using GenScript siRNA
target finder (GenScript, Piscataway, NJ). Sequences 5'aagtggtt-
gacatccaggg3’ (siRNA293), S'tgtatttccgegtgaagea3’ (siRNA409),
and S'ggtgactgggatggtgatc3’ (siRNAS33) were cloned into the
pRNAT-U6.2 vector (GenScript) using the BamHI/Xhol site.
Clones were then sequenced to validate the construct used in
the experiments.

Two C-terminal mutants of p38 were generated: AR2, with a
deletion of amino acids 313—347, that lacks the N-terminally
oriented domains of the aL16 helix and the L16 loop*’ and
AR3, with a deletion of amino acids 279—347, that also
removes the C-terminal domains of the aH and al helices.*® To
generate p38 mutants, a forward primer with the Kozak
sequence 5'gtggtaccgccgecaccatgtctca3’ was used, along with the
reverse primers R2 (5'gcggccgcatcgtggtggtactgagcaaagta3') and
R3 (S'geggecgcattggcaccaataaatacd’). The polymerase chain
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Figure 1. Necessity for HSP27 in NFkB-p6S activation. (A) Cells transiently expressing HSP27 siRNA targeted to either of two regions (293 and
409) were infected at a MOI of 10 for 4 h. Cells were then lysed and proteins separated on a 10% SDS—PAGE gel. Virus infection increased the level
of phosphorylation of HSP27, NFxB-p6S, MK2, and IxB (lane 2). HSP27 specific siRNA (293 and 409), but not scrambled siRNA (Ctl), knocked
down the levels of total and phosphorylated HSP27 (tHSP27 and p-HSP27, respectively) in both mock-infected (M) and virus-infected (V) cells.
Infection-associated phosphorylation of NF«B-p6S and IkB was also inhibited by HSP27 specific siRNA, but not phosphorylation of MK2. Actin
immunoblotting was used to show equivalent protein loaded in each lane. (B) Schematic diagram of the role of HSP27 in signaling in HAdV
infection. Previously published data show that p38 is activated by upstream activation of Src upon viral infection. In the data reported here, we show
a role for HSP27 (asterisk) in the activation of NFxB-p6S and IxB, association of NFxB-p65 and p38, and nuclear translocation of NFxkB-p6S and
p38.
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Figure 2. Necessity for HSP27 in p38 and NF«xB-p65 association, and IL-8 expression, during HAdV infection. (A) Control siRNA (Ctl)- and
HSP27 siRNA-transfected cells were infected or mock infected for 4 h and the cell lysates subjected to immunoprecipitation using the anti-p38
antibody followed by immunoblotting with the anti-NF«kB-p6S antibody. In virus-infected (V) but not mock-infected (M) cells, NFxkB-p6S was
successfully coprecipitated with the anti-p38 antibody (lane 2), which is not apparent in mock-infected cells (lane 1) or in HSP27 siRNA-transfected
cells (lanes 3—5). A control rabbit IgG did not pull down NFxB-p65. An equal quantity of total p38 protein was evident for all treatment groups. (B)
Culture supernatants were collected from the same experiments, and a sandwich ELISA was performed to detect soluble IL-8. Infected cells
produced more IL-8 compared to mock-infected cells, and the level of IL-8 expression was reduced to the level of mock-infected cells by HSP27
specific siRNA [*p < 0.05 (ANOVA)].

reaction (PCR) product was generated using the primers structure models of the resultant AR2 and AR3 mutants of
mentioned above, digested with Notl and Kpnl, and cloned p38 were constructed using SWISS-MODEL (http://
into the pHM6-HA vector (Roche, Indianapolis, IN), swissmodel.expasy.org/) for homology modeling.** The crystal

containing selection markers neomycin and ampicillin. The structure of p38 @ MAP kinase® [Protein Data Bank (PDB)
construct was verified by DNA sequencing and purified using a entry IWBS] was used as a template for the model, being 100%
plasmid purification kit (Qiagen, Valencia, CA). Protein identical with the mutants except for the indicated deletions.
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Figure 3. Role for HSP27 in nuclear translocation of NFxB-p65 and p38. (A) Cells were transfected with HSP27 specific or scrambled siRNA and 36
h later infected for 30 min. As compared to mock infection (row 1), virus infection induces nuclear translocation of both NFkB-p65 and p38 (row 2).
HSP27 siRNA transfection inhibited NFkB-p6S nuclear translocation but only partially inhibited p38 nuclear translocation (row 3). Isotype control
(ctl) antibody immunostaining is shown in row 4. (B) Western blot analysis of cytoplasmic (Cyt) and nuclear (Nuc) extracts from mock-infected
(M) or virus-infected (V) cells, pretransfected with control or HSP27 specific siRNA, demonstrates partial inhibition of p38 nuclear translocation.

Visualization and analysis were performed with UCSF Chimera
(http: //www.cglucsf.edu/ chimera).so

siRNA Transfection. Transfections were conducted using
Oligofectamine (Invitrogen, Carlsbad, CA) following the
manufacturer’s protocol. Briefly, the transfection mixture was
prepared by mixing 12 uL of Oligofectamine with 48 uL of
Opti-MEM (Invitrogen) and incubation at room temperature
for 5 min, followed by addition of 100 nM SMARTpool p38-
MAPK siRNA or control siRNA (Upstate, Charlottesville, VA),
and further incubated for 15 min at room temperature. The
transfection complex was then added to cells at 50—70%
confluence. Virus infections were conducted 48 h post-
transfection. Supernatants and cell lysates were collected 4 h
after infection for IL-8 ELISA and p38 Western blot analysis,
respectively.

B RESULTS

HSP27-Dependent Activation of NFxB. In adenovirus
infection, we previously showed by an electron mobility shift
assay that NFxB-p6S and cREL bind the IL-8 and MCP-1
promoters, respectively, in a time-dependent fashion and that
NFkB-p65 is phosphorylated relative of total p65.>* In the
absence of any external stimuli NFxB components are
sequestered in the cytoplasm by a tight association with
inhibitory proteins of the IkB family. Upon stimulation, IxB is
phosphorylated by IKK-containing complexes, releasing NFxB
subunits and leading to the degradation of IkB via the
ubiquitin—proteosome pathway®' and translocation of NFxB
to the nucleus for specific transcriptional activity. This process
has been shown to involve HSP27.! We transfected HSP27
siRNA into primary keratocytes and infected them with virus or
buffer control 48 h post-transfection. At 1 h post-adenovirus
infection, the level of phosphorylation of both NFxB-p65 and
IkB was increased (Figure 1). The level of phosphorylation of
p6S and IkB was reduced by two distinct HSP27 siRNA
constructs where the level of expression of HSP27 was knocked
down to 80—90% (Figure 1A and data not shown). As
expected, MK2, a kinase upstream to HSP27, was not
substantially affected by HSP27 knockdown. A hypothetical
model of these interactions, based on the existing literature and
confirmed in part by the data in Figure 1A, is shown in Figure
1B.
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HSP27-Mediated Association of NFxB with p38. In
general, NFxB transcription factors are activated rapidly, within
minutes, after virus infection.’ This activation results in a strong
transcriptional upregulation of a multitude of early viral and
cellular genes.”> In virus-infected cells, p38 and NFkB-p65
could be co-immunoprecipitated (Figure 24, lane 2); no such
effect was seen in mock-infected (buffer-treated) cells (lane 1).
Upon transfection of HSP27 siRNA, this association was
prevented (Figure 2A, lanes 3—5). An equivalent amount of
p38 was seen in all the immunoprecipitations (Figure 2A),
except in the isotype control (lane 6). These data indicate that
p38 and NF«B-p65 form a complex only upon viral infection,
and that HSP27 is necessary for the association. Culture
supernatants were also collected after infection and subjected to
an ELISA for IL-8, a paradigm neutrophil chemokine shown in
prior studies to be among the first inflammatory mediators
upregulated by adenovirus-induced signaling.>*> A significant
increase in the level of IL-8 expression was observed in virus-
infected cells compared to that of buffer-treated cells (Figure
2B). HSP27 siRNA transfection reduced the level of IL-8
expression to that of mock-infected cells [p < 0.05 (ANOVA)].

HSP27-Dependent Cellular Localization of NFxkB-p65.
NFxB and IxB shuttle continually between the cytoplasm and
nucleus under steady state conditions, resulting in a basal level
of NFxB activity.> We previously demonstrated an increased
level of nuclear localization of NF«kB-p65 upon adenoviral
infection.> By confocal microscopy, in virus-infected cells
pretreated with HSP27 siRNA, NFxB-p6S failed to localize in
the nucleus (Figure 3A, row 3). In contrast, virus-infected cells
pretreated with control siRNA showed an increased level of
nuclear localization of NFxB-p65 (Figure 3A, row 2).
Therefore, HSP27 is necessary for the translocation of NF«B-
p6S into the nucleus upon viral infection. We also observed
fluorescence for p38 in the nucleus upon viral infection (Figure
3A, row 2), but HSP27 siRNA only partially reduced the level
of p38 translocation (Figure 3A, row 3). Western blot analysis
confirmed the partial inhibition of p38 translocation by HSP27
siRNA (Figure 3B). p38 was previously reported to shuttle to
the nucleus from the cytoplasm with an Akt and MK2
complex.”>* Our results indicate that NFxB-p65 nuclear
localization is dependent upon HSP27 but suggest that p38
may utilize other pathways in addition to HSP27 to translocate
to the nucleus.

dx.doi.org/10.1021/bi3007127 | Biochemistry 2012, 51, 5695—5702
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HSP27-Independent p38 Translocation of NFxB-p65
in Viral Infection. We transfected HA-tagged p38 and Myc-
tagged NFxB-p6S to further dissect nuclear translocation of p38
and NFxB-p6S upon viral infection. p38 does not have a
nuclear localization sequence (NLS), and it is unclear how it
translocates to the nucleus upon viral infection. When Myc-
tagged NF«kB-p65 and HA-tagged p38 were cotransfected,
followed by virus infection, both p38 and NFkB-p6S5 were
observed in the nucleus (Figure 4, row 2). Transfection of a
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Figure 4. Relationship between p38 nuclear translocation and NFxB-
p6S activation. HA-p38 and either Myc-NFxB-p65 or Myc-ANLS
NEkB-p65 were cotransfected followed 48 h later by virus or mock
infection. Cells were then treated with anti-HA and anti-Myc
antibodies. Both Myc-NFxB-p6S and HA-p38 localized to the nucleus
upon virus infection (arrows, row 2). Myc-tagged p6S failed to
translocate to the nucleus when it lacked the nuclear localization signal
(Myc-ANLS NF«B-p65) (arrow, column 1, row 3), but in Myc-ANLS
NE«B-p65-transfected cells, HA-p38 showed some nuclear localization
(column 2, row 3). Columns 3 and 4 show merged images and DAPI
staining, respectively.

Myc-tagged NLS mutant of p6S prevented the expression of
p6S in the nucleus (Figure 4, row 3) but did not appear to
reduce the level of translocation of HA-tagged p38 to the
nucleus (Figure 4, row 3). Although not conclusive, these
experiments indicate that p38 can enter the nucleus without the
aid of NFxB-p6S. We cannot exclude the effect of endogenous
NFkB-p65 on p38 translocation.

Importance of the C-Terminus of p38 to the
Association of NFxB-p65 with p38. The p38 molecule is
composed of a 135-residue N-terminal domain and a 225-
residue C-terminal domain. The N-terminal domain is
composed mostly of f-sheets, while the C-terminal domain is
largely helical.***® The C-terminus of p38 was shown
previously to bind other kinases and is the site of
autophosphorylation.*® We deleted the two helices closest to
the C-terminus (AR2) and, in another mutant, a larger portion
encompassing AR2 and the two adjacent helices (AR3) to
study potential NFxB-p6S binding sites on the p38 molecule. A
schematic diagram of the mutants and the amino acid
sequences deleted in each mutant are shown in panels A and
B of Figure S, respectively. Western blotting confirmed the
expression of both mutants (Figure SC). Cells were infected 36
h post-cotransfection with Myc-NFxB-p6S and one HA-tagged
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p38 mutant or another. Immunoprecipitation analysis showed
that the AR3 p38 mutant with deletion of four helices at the C-
terminus, specifically amino acids 279—347, reduced the level
of binding of NFxB-p65 to p38 (Figure SD, lane 1). In contrast,
AR2 with deletion of amino acids 313—347 did not interfere
with association of NF«B-p6S with p38 (Figure SD, lane 2),
indicating that amino acids between positions 279 and 312 are
directly responsible for binding. Note that AR2 successfully
immunoprecipitated NFxB-p65 despite what appeared to be a
relatively reduced level of expression determined by Western
blotting (Figure SC, lane 2). Also, a faint band for NF«B-p6S in
cells treated with the AR3 mutant (Figure SD, lane 1) suggests
that the deletion in AR3 may not absolutely abrogate complex
formation. Alternatively, the absence of amino acids between
positions 279 and 312 may induce a conformational change
that prevents binding elsewhere on the p38 molecule.

The MAPK insert is a region formed by two helices in the C-
terminal domain that distinguishes MAPKs from members of
their superfamily.*® Others have shown previously that amino
acids 294, 295, and 297, deleted in AR3, are responsible for
conformational changes in the p38 MAPK insert upon
activation.*® We generated protein structure models of both
mutants using SWISS-MODEL*® with the crystal structure of
p38a MAP kinase as a template and then visualized the
comparisons using UCSF Chimera® as shown in Figure SE. On
the basis of our structural analysis and previous reports, the
absence of amino acids 294, 295, and 297 in AR3 may account
for the failure to bind NFkB-p6S, because without these amino
acids, the p38 molecule cannot undergo the required
conformational change in the MAPK insert upon activation.

B DISCUSSION

HSP27 has been implicated in diseases ranging from cataract to
cancer. HSP27 activation is important to intracellular transport,
cytoskeletal architecture, regulation of translation, intracellular
redox homeostasis, and protection against spontaneous or
stimulated programmed cell death.>*>” Therefore, HSP27 is an
attractive therapeutic target in multiple diseases.’® Potential
tissue specific functions of HSP27 in the cornea have not been
elucidated. In intestinal epithelial cells infected with Entamoeba
histolytica, HSP27 suppresses NFkB activation through
interaction with IKK-a and IKK-5.*° However, in other
experimental systems, HSP27 enhanced proteasome degrada-
tion of IkB to increase the level of nuclear localization of NFxB-
p65 and its DNA binding activity." In the studies reported
herein, we show that HSP27 is essential for the association of
p38 with NF«kB-p6S upon viral infection, with important
implications for downstream activation of pro-inflammatory
mediators.

Using fibroblast-like cells derived from human corneas and
infected with a cornea tropic adenovirus, we now demonstrate a
critical role for HSP27 in corneal cell signaling and gene
expression. In virus-infected cells, knockdown of HSP27
expression was shown to inhibit NFxB-p6S nuclear trans-
location, possibly by inhibiting IkB function,' while nuclear
translocation of the p38 MAPK protein was only partially
inhibited. These results may indicate an alternative pathway for
p38 MAPK in nuclear translocation but could also simply
represent shuttling of p38 between the cytoplasm and nucleus
through other pathways as previously reported.”>* We also
demonstrated that knockdown of HSP27 expression reduced
the level of chemokine expression similar to chemical inhibition
of p38 MAPK,” indicating that p38 and HSP27 must have a

dx.doi.org/10.1021/bi3007127 | Biochemistry 2012, 51, 5695—5702
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Figure 5. Role of p38 amino acids 279—313 in NF«B-p65 binding. (A) Diagram of p38 mutants created by PCR. (B) Amino acid sequence of the
p38 molecule. Amino acids deleted in mutants AR2 and AR3 are colored blue and green, respectively. (C) Western blot showing the cellular
expression of transfected AR2 and AR3. (D) Lysates from cells cotransfected with either HA-tagged p38, HA-p38AR2 or HA-p38AR3, along with
Myc-tagged NFxB-p6S, were immunoprecipitated with the anti-HA antibody and immunoblotted with the anti-Myc antibody. As shown, in virus
infection Myc-tagged NFxB-p6S coprecipitated (arrow) with both HA-p38 and HA-p38AR2, but not HA-p38AR3. Lane 4 shows the isotype
control. (E) Protein modeling of the p38 AR2 and AR3 mutants constructed on the basis of homology modeling from the crystal structure of p38 a
MAP kinase (PDB entry IWBS). The N-terminal domain’s aL16 helix and L16 loop are deleted in the AR2 mutant, colored blue in the intact p38
model. Deletions in the AR3 mutant include in addition the C-terminal domain’s two helix structures, @H and al, which are colored green in the

intact p38 molecule.

mutual role in chemokine induction. We have not examined
whether HSP27 binds directly to the NFkB—p38 complex, but
the finding that p38 translocation was not completely inhibited
by HSP27 knockdown is suggestive of an indirect mechanism
or interaction.

Because both NF«kB-p65 and p38 increase their level of
nuclear localization upon viral infection, we hypothesized that
p38 and NF«kB-p65 physically associate to enter the nucleus.
Nuclear transport of p38 has been reported previously.” Earlier
reports also have shown that NF«B activation is inhibited by
blocking the p38 pathway.*> However, ours is the first report to
demonstrate a role for HSP27 in nuclear translocation of a
p38—NFkB-p6S complex. As there is no nuclear localization
signal in the p38 MAPK protein, we considered that p38
nuclear translocation in viral infection might occur because of
its association with NF«B-p6S. Our experiments using tagged
proteins and a NLS mutant of NF«B-p65 showed that NF«B-
p6S without its NLS fails to enter the nucleus in viral infection,
while the level of translocation of p38 is only partially reduced.
Endogenous NFkB-p6S remains a possible mediator of p38
MAPK translocation in this experiment. However, we cannot
rule out other mechanisms. Further, we have not yet examined
the degree to which these pathways of NFxB activation are
specific to viral infection.

Finally, we sought to identify the specific amino acid
sequence in p38 responsible for its association with NFxB-p6S.
For these experiments, we created two C-terminal mutants of
p38: AR2, a deletion of amino acids 313—347, that lacks the N-
terminally oriented domains of the aL16 helix and the L16
loop47 and AR3, a deletion of amino acids 279—347, that also
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removes the C-terminal domains of helices aH and al.*® Of
these two mutants, only AR3 prevented NF«xB-p65 association
upon viral infection. In silico modeling suggested that the
deletion of amino acids 294, 295, and 297 in AR3 likely
prevents the necessary conformational change in the MAPK
insert motif region during the activation of p38, where
phosphorylation and ATP and other substrate binding normally
take place.’® Experimental confirmation of our in silico
modeling would require further examination by crystallography.
MAPK insert conformational changes may be necessary for the
binding of p38 to NFkB-p65 and subsequent nuclear
translocation of NFxB-p65. However, we did not study
translocation of NFxB-p65 using the AR3 mutant. Also, the
amino acid deletions we created in AR2 and AR3 should
increase the level of autophosphorylation of p38, because
removal of the L16 loop, deleted in both the AR2 and AR3
mutants, is known to enhance autophosphorylation.*’ Indeed,
Western blot analysis showed increased levels of phosphor-
ylation in AR2 and AR3 lysates when probed with the antibody
against phosphorylated p38 [Y180 (data not shown)].

In summary, we have shown for the first time that amino
acids 279—347 of p38 are necessary for its association with
NF«B-p6S and for subsequent NFxkB-p65 nuclear translocation.
These studies suggest that HSP27, p38, and NFxB-p65

function as a signalosome during viral infection.

dx.doi.org/10.1021/bi3007127 | Biochemistry 2012, 51, 5695—5702
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