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RACK1, a PKC Targeting Protein, Is Exclusively Localized to Basal
Airway Epithelial Cells

Rebecca E. Slager, Jane M. DeVasure, Jaqueline A. Pavlik, Joseph H. Sisson, and Todd A. Wyatt

Pulmonary, Critical Care and Sleep Medicine Section, Department of Internal Medicine, University of Nebraska Medical
Center, Omaha, Nebraska (RES,JMD,JAP,JHS,TAW), and Research Service, Department of Veterans Affairs Medical Center,
Omaha, Nebraska (TAW)

SUMMARY The novel isoform of protein kinase C (PKC), PKCe, is an important regulator of
ciliated cell function in airway epithelial cells, including cilia motility and detachment of
ciliated cells after environmental insult. However, the mechanism of PKCe signaling in the
airways and the potential role of the PKCe-interacting protein, receptor for activated C kinase
1 (RACK1), has not been widely explored. We used immunohistochemistry and Western blot
analysis to show that RACK1 is localized exclusively to basal, non-ciliated (and non-goblet)
bovine and human bronchial epithelial cells. Our immunohistochemistry experiments used
the basal body marker pericentrin, a marker for cilia, b-tubulin, and an airway goblet cell
marker, MUC5AC, to confirm that RACK1 was excluded from differentiated airway cell
subtypes and is only expressed in the basal cells. These results suggest that PKCe signaling in
the basal airway cell may involve RACK1; however, PKCe regulation in ciliated cells uses
RACK1-independent pathways. (J Histochem Cytochem 56:7–14, 2008)
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THE RECEPTOR FOR activated C kinase 1 (RACK1) is a
highly conserved adaptor protein that plays an im-
portant role in protein kinase C (PKC) signaling in a
variety of cell types. RACK1 is a 36-kDa protein with a
propeller-like structure of seven tryptophan-aspartate
40 (WD40) domains, enabling RACK1 to participate in
complex protein–protein interactions among signaling
molecules such as b integrins, phosphodiesterase 4D5,
and Src tyrosine kinase (Schechtman and Mochly-
Rosen 2001; McCahill et al. 2002; Sklan et al. 2006), as
well as PKC. PKC is a family of serine/threonine kinases
that are classified according to their cofactor require-
ments for activation: classical PKC isoforms require
calcium, diacylglycerol (DAG), and phosphatidylserine
(PS); novel PKC isoforms require DAG and PS; and
atypical forms require only PS. Activation of certain
isoforms such as the classical PKCb isoform and the
novel PKCe isoform induces translocation of the en-
zyme from the cytosolic cellular region to the mem-
brane. In many cell types, RACK1 stabilizes PKC at

the membrane, allowing PKC to phosphorylate tar-
get substrates and potentiate downstream signaling
(McCahill et al. 2002).

PKC is present in bronchial epithelial cells and
alveolar cells (Wyatt et al. 1997; Monick et al. 2001),
and recent data from our laboratory strongly implicate
the novel PKC isoform, PKCe, in regulation of crucial
airway epithelial cell functions. For example, we have
shown that inhibition of PKCe causes preferential
ciliated cell detachment from the basal monolayer in
cultured bovine bronchial epithelial cells (BBECs); how-
ever, the PKCe-dependent signaling mechanism con-
trolling these events is not well understood (Slager et al.
2006). Additionally, we have recently shown that PKCe
signaling mediates cytokine release from bronchial epi-
thelial cells in response to organic dust exposure (Wyatt
et al. in press). Although the PKCe/RACK1 interaction
has been shown to be important for diverse cellular
functions such as adhesion and migration (Besson et al.
2002), the role of the RACK1 adaptor protein in the
airways has not been well characterized. Liedtke and
colleagues have shown that RACK1 binding to PKCe
along with the Na1/H1 exchange regulatory factor is
necessary for cystic fibrosis transmembrane regulator
protein function in the immortalized lung cell line
Calu-3 (Liedtke et al. 2002,2004; Liedtke and Wang
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2006). This group has also shown that RACK1 is
apically localized in the membrane of the Calu-3 cell
line (Auerbach and Liedtke 2007). However, to date,
the localization of RACK1 in differentiated, primary
airway cells and tissue has not been reported.

Before identification of PKCe downstream substrate
targets, we hypothesized that RACK1 would be
localized to the ciliary axoneme or basal body region
of ciliated cells and basal cells, to regulate PKCe-
dependent cilia motility and ciliated cell attachment.
We used immunohistochemistry (IHC) and Western
blot analysis to localize RACK1 in primary BBECs,
bovine and human bronchial epithelial tissue, and the
immortalized human bronchial epithelial cell line
BEAS-2B. Surprisingly, we found that RACK1 was
localized exclusively to the membrane of the basal epi-
thelial cells and was not present in ciliated airway cells
or goblet cells, suggesting that the mechanisms of PKC
signaling are distinctly different in ciliated vs non-
ciliated airway cells.

Materials and Methods

Bronchial Epithelial Cell Culture and Isolation

Primary BBECs were prepared from bovine lung obtained
from a local abattoir, as described previously (Wyatt et al.
2003). Briefly, bronchi were dissected from the lung and
digested overnight at 4C in 0.1% bacterial protease type IV in
minimum essential media (M199 with Earl’s salts; Gibco,
Carlsbad, CA). The following day, the bronchi were repeat-
edly rinsed in M199 containing 10% FBS (Gibco) to collect a
mixture of .95% viable ciliated and basal epithelial cells
lining the lumen. Clumped, ciliated primary cells attached to a
confluent basal monolayer were collected by a 40-mm mesh
filter and grown on tissue culture dishes. This preparation
resembles the ciliated, goblet, and basal cells that populate the
normal airway. BBECs were washed in M199 media and
counted with a hemacytometer, and 105 cells were cytospun
(1200 rpm for 4 min) onto concanavalin A (5 mg/ml; Sigma-
Aldrich, St. Louis, MO)–coated slides in preparation for IHC.

BEAS-2B, an SV40-immortalized human bronchial epithe-
lial cell line (American Type Culture Collection; Manassas,
VA), were cultured in serum-free LHC9-RPMI 1640 media
at a 1:1 mix on 1% type I collagen-coated 100-mm plastic
Petri plates as previously described (Romberger et al. 2002) or
glass chamber slides (Nalge Nunc International; Naperville,
IL). LHC9 media contains LHC basal media (Invitrogen;
Carlsbad, CA), 0.5 mM phosphoethanolamine-ethanolamine
(Sigma-Aldrich), 0.11 mM calcium (Fisher; Springfield,
NJ), 50 U/ml penicillin and streptomycin (Gibco), 2 mg/ml
fungizone (Gibco), trace elements, 5 mg/ml bovine insulin
(Sigma), 5 ng/ml epidermal growth factor (Sigma), 10 mg/ml
bovine transferrin (Sigma), 10 nM 3,3¶,5-triiodothyronine
(Invitrogen), bovine pituitary extract (50 mg protein/ml;
Pel Freeze, Rogers, AR), 0.2 mM hydrocortisone (Invitrogen),
0.5 mg/ml epinephrine (Sigma), and 0.1 mg/ml retinoic acid
(Sigma) (Beckmann et al. 1992). RPMI 1640 media was
purchased from Gibco. Confluent monolayers were lysed for
Western blot analysis. For IHC analysis, BEAS-2B cells were

grown on collagen-coated glass chamber slides and fixed as
described below.

Bovine and Human Trachea Isolation and Fixation

For some IHC experiments, bovine bronchus was fixed in
10% formalin, embedded in paraffin, and sectioned. Slides
were deparaffinized in the following series: xylene twice for
5 min, 100% ethanol twice for 3 min, 95% ethanol twice for
3 min, 80% ethanol for 3 min, and 50% ethanol for 3 min.
Slides were rehydrated in PBS twice for 5 min and treated with
0.1% trypsin in PBS, pH 7.4, at 37C for 30 min. Before IHC,
slides were blocked with PBS containing 0.5% Triton X-100
and 2% BSA (PBSAT) for 1 hr at 37C.

Normal human bronchus slides (24-year-old male) were
purchased from US Biomax (Rockville, MD), deparaffinized,
rehydrated, and blocked as above, before IHC.

IHC

IHC localization experiments using airway epithelial cells were
performed similar to published methods (Jurczyk et al. 2004;
Stout et al. 2007). Briefly, BBECs or BEAS-2B cells were either
permeabilized for 30 sec with 80 mM PIPES, pH 6.8, 5 mM
EDTA, 1 mM MgCl2 and 0.5% Triton X-100 (permeabiliza-
tion buffer) and fixed for 15min in absolute methanol at 220C
(Figures 1A–1F, Figure 5) or fixed for 15 min in absolute
methanol and permeabilized with Triton X-100 containing
buffer (Figures 1G and 1H). All slides were washed twice
in PBS for 5 min and twice for 15 min in PBSAT. Slides
were stained with a primary mouse monoclonal antibody to
RACK1 (BD Biosciences; San Jose, CA), a rabbit polyclonal
anti-pericentrin (Covance Research Products; Berkeley, CA),
or a rabbit polyclonal b-tubulin antibody (AbCam; Cam-
bridge, MA) diluted in PBSAT for 1 hr at room temperature
in a humidity chamber. The slides were washed several times
in PBSAT and incubated with goat anti-rabbit or goat anti-
mouse IgG secondary antibodies labeled with Alexa488 or
Alexa594 fluor (Molecular Probes; Carlsbad, CA) diluted in
PBSAT. Slides were washed five times in PBS and five times
in PBSAT and mounted in media (for 10 ml of mounting
media: 5 ml of PBS, 5 ml glycerol, 0.1 g N-propyl gallate;
Sigma-Aldrich) or in Vectashield containing 4’,6-diamidino-
2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA).
Cells were imaged by confocal microscopy at the UNMC
Confocal Laser Scanning Microscopy Core Facility using
Zeiss Confocal LSM410 or LSM510 equipped with an argon-
krypton laser (Carl Zeiss; Thornwood, NY). Negative control
slides for all experiments contained cells or tissue incubated
with primary or secondary antibodies alone.

Bovine tracheal slides or human bronchus slides were incu-
bated with primary antibody against RACK1, b-tubulin, or a
rabbit polyclonal antibody to human MUC5AC (Santa Cruz
Biotechnology; Santa Cruz, CA) diluted in PBSAT at
4C overnight, and washed repeatedly in PBSAT and incu-
bated with secondary antibodies labeled with Alexa488 or
Alexa594 fluor for 1 hr at room temperature, washed, mounted,
and imaged as above.

Western Blot

Confluent 100-mm dishes of BEAS-2B cells were incubated
on ice for 20–30 min in cell lysis buffer containing 35 mM
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Figure 1 Immunohistochemical localiza-
tion of receptor for activated C kinase 1
(RACK1) in bovine bronchial epithelial cells
(BBECs). In the fluorescence (A) and differ-
ential interference contrast (DIC)/fluores-
cence-merged images (B), RACK1 (red) is
localized exclusively to the membrane of
BBECs and is not expressed in ciliated cells.
This finding was confirmed by the combined
fluorescence and merged images of BBECs
incubated with primary antibodies against
RACK1 (red) and a marker for the apical
basal body region, pericentrin (green; C,D)
and a marker for cilia, b-tubulin (green; E,F).
In the fluorescence (G) and DIC/fluorescent-
merged image in H, the BBECs were first
fixed in methanol and then permeabilized
in buffer containing Triton X-100 before
staining with RACK1 (red) and b-tubulin
(green) and mounting in Vectashield con-
taining 4’,6-diamidino-2-phenylindole
(DAPI) as a nuclear marker (blue), showing
that RACK1 localization is not affected by
fixation artifact and the nuclei remain
intact after cytospin. Bar 5 50 mm.
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Tris-HCl (pH 7.4), 0.4 mM EGTA, 10 mMMgCl2, and 1 mg/
ml each of leupeptin A, phenylmethylsulphonylfluoride, and
aprotinin. The cells were scraped with a cell lifter, sonicated
for 5 sec, and centrifuged at 10,0003 g for 30 min at 4C. The
supernatant was removed (soluble fraction), and the pellet
was resuspended in cell lysis buffer containing 0.01% Triton
X-100 and sonicated again (particulate fraction). Bovine
airway cilia protein, isolated as previously described (Wyatt
et al. 2005), were included as a negative control for cilia.
Protein concentrations for soluble and particulate fractions
were calculated using a Bradford protein assay, and 12 mg of
protein for each sample was loaded onto a gel, electropho-
resed on a precast SDS-PAGE gel (Bio-Rad; Hercules, CA) at
100 V for z1 hr, and transferred to a polyvinylidene difluo-
ride (PVDF; Millipore, Billerica, MA) membrane. Membranes
were probed with RACK1 antibody diluted 1:1000 or a
rabbit polyclonal antibody to b-actin (Abcam; Cambridge,
MA) diluted 1:5000 in Tris-buffered saline, pH 7.4 (TBS),
containing 3% BSA overnight at 4C, washed four times in
TBS for 1 hr, incubated with secondary anti-mouse IgG anti-
body conjugated to horseradish peroxidase diluted 1:3000 or
anti-rabbit IgG antibody conjugated to horseradish peroxi-
dase diluted 1:40,000 at room temperature for 1 hr, and
washed five times in TBS. Proteins were resolved using
SuperSignal West Pico Substrate (Pierce; Rockford, IL) and
exposing the membrane to autoradiography film.

Results

In our localization studies of RACK1 in airway epithelial
cells, we anticipated that a targeting protein for PKC
might be localized to the apical region of both ciliated
cells and basal airway cells, because PKCe is an im-
portant regulator of cilia motility and ciliated cell
attachment (Slager et al. 2006). Contrary to this
hypothesis, our IHC results showed that RACK1 is
localized exclusively on non-ciliated basal mammalian
airway cells. A mixed preparation of ciliated and BBECs
were cytospun onto slides, fixed, and stained with a pri-

mary anti-RACK1 antibody, labeled fluorescent second-
ary antibodies, and analyzed with laser scanning confocal
microscopy. In the fluorescent image in Figure 1A and
the differential interference contrast (DIC)/fluorescent-
merged image in Figure 1B, RACK1 (red) is present in
themembrane of non-ciliated BBECs.We used amarker
of the apical, basal body region of ciliated cells
(pericentrin, green) in Figures 1C and 1D to show that
RACK1 (red) is excluded from those airway cells that
express basal bodies. Similar results were found in
Figures 1E and 1F, when a marker for cilia, b-tubulin,
was stained in green, and RACK1 was labeled in red.
RACK1 is only expressed in cells that do not express
pericentrin or b-tubulin. To confirm that there was no
staining artifact from the cytospin preparation or per-
meabilization, we repeated the experiment above using
an alternate protocol. In the fluorescence (Figure 1G)
and DIC/fluorescent-merged image in Figure 1H, we
used a similar cytospin preparation as Figures 1A–1F;
however, the BBECs were first fixed in methanol and
then permeabilized in buffer containing Triton X-100
before staining with RACK1 (red) and b-tubulin
(green) and mounted in Vectashield containing DAPI
as a nuclear marker (blue). The RACK1 localization in
Figures 1G and 1H was similar to Figures 1E and 1F,
and the DAPI-stained nuclei remained intact after the
cytospin preparation.

Western blot techniques were used to verify our IHC
results. A mixed preparation of primary ciliated and
non-ciliated BBECs (similar to the preparation used in
Figure 1), a preparation of primary BBECs enriched for
basal cells (.90%), and an enriched preparation of
bovine cilia protein (Wyatt et al. 2005) were lysed and
sonicated, and the soluble and particulate fractions
were separated. The same amount of protein (12 mg)
for each sample was electrophoresed, transferred to
a membrane, stained with a monoclonal antibody

Figure 2 Western analysis of BBECs
and cilia protein. Soluble and particu-
late lysate fractions of amixed ciliated/
basal BBECs preparation, a prepara-
tion of primary basal BBECs (.90%),
and bovine cilia protein were quanti-
tated, electrophoresed, and trans-
ferred to a membrane for Western
analysis and probed with antibodies
against RACK1 and b-actin. The anti-
RACK1 monoclonal antibody detected
an z33-kDa band in the particulate
basal cell fraction and the mixed
ciliated/basal cell preparation. The
basal cell particulate (membrane) frac-
tion has the greatest amount of
RACK1 and bovine cilia protein and is
negative for RACK1. b-actin was pres-
ent in all lanes.
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against RACK1 or a rabbit polyclonal antibody against
b-actin as a loading control, and visualized. As shown
in Figure 2, an z33-kDa band (a typical molecular
mass for RACK1 binding on Western blots) was
present in the particulate fraction from the basal cells
that were enriched for RACK1, which is in accordance
with the observation that RACK1 is localized primarily
to the membrane of basal, non-ciliated airway cells. A

47-kDa b-actin control band was present in all lanes.
The mixed ciliated cell preparation contains some con-
taminating RACK1 protein, because basal cells are
present, and, as expected, the bovine cilia was negative
for RACK1 (Figure 2).

Because our previous IHC observations used cyto-
spin preparations of bovine primary epithelial cells, we
confirmed our results using intact, human bronchial

Figure 3 RACK1 and b-tubulin expression in bovine and human airway epithelial tissue. Immunohistochemistry (IHC) was performed on
formalin-fixed, paraffin-embedded human bronchus tissue or fixed bovine tracheal tissue and stained with antibodies against RACK1 or b-
tubulin. In the bovine tissue, RACK1 (red) localization is clearly distinguished in the two color fluorescence (A) and DIC/merge images (B), which
show that RACK1 is expressed in the basal region and is excluded from the ciliated columnar epithelial cells that express b-tubulin (green).
Similar results were seen in the human bronchial tissue stained with RACK1 (red) and b-tubulin (green) in the fluorescence (C) and DIC /merge
images (D). Bar 5 25 mm.

T
h
e

Jo
u
rn

al
o
f

H
is

to
ch

em
is

tr
y

&
C

yt
o
ch

em
is

tr
y

RACK1 and Airway 11



tissue (slides purchased from US Biomax) and bovine
bronchial epithelial tissue, fixed in formalin, sectioned,
and stained with antibodies against RACK1 and b-
tubulin. As shown in Figures 3A and 3B, RACK1 (red)
was localized to basal airway cells in bovine tracheal
tissue and was excluded from ciliated cells that
express b-tubulin (green). A similar staining pattern
to Figures 3A and 3B was present in the normal human
bronchus stained with RACK1 (red) and b-tubulin
(green; Figures 3C and 3D), confirming our cytospin
results in Figure 1. In both the human and bovine tissue,
the ciliated columnar epithelium was identified by the
cilia stained for b-tubulin. The basal cells exclusively
expressed RACK1 (red) and were located below the
ciliated columnar cells.

Additionally, to show that RACK1 does not localize
to airway goblet cells, human bronchus was dual-
stained with a rabbit polyclonal antibody against
MUC5AC (green), which is localized to airway goblet
cells (Rogers 2003) and RACK1 (red). In Figures 4A
and 4B, no colocalization appeared with these markers.
These results confirmed that RACK1 is present only in
basal airway cells and not in the more differentiated
airway cells.

Because previous RACK1 localization studies in
the human airway were performed using the Calu-3
lung cell line (Liedtke et al. 2002; Auerbach and
Liedtke 2007), we also used an immortalized human
bronchial epithelial cell line, BEAS-2B, to confirm our
analysis. IHC and Western blot experiments were
performed on BEAS-2B cells (Figure 5) (Ke et al.
1988; Reddel et al. 1995). In Figure 5A, BEAS-2B
cells were grown on chamber slides, fixed and stained
with RACK1 (red), and mounted with Vectashield
containing DAPI. These results showed that RACK1
is expressed in the cytosol and membrane (Figure 5A).
Western analysis showed that RACK1 is predomi-

nantly present in the particulate fraction (Figure 5B)
of this cell line.

Discussion

To date, there have been few reports detailing RACK1
localization or function in primary airway cells. This
important adaptor protein is expressed in the immor-
talized lung Calu-3 cell line, where RACK1 plays a
necessary role in regulation of the cystic fibrosis trans-
membrane regulator through PKCe-dependent signal-
ing and binding to the Na1/H1 exchange regulatory
factor (Liedtke et al. 2002,2004; Auerbach and Liedtke
2007). Using IHC localization and Western blot
analysis, we showed that the PKC targeting protein
RACK1 is localized exclusively to non-ciliated and non-
goblet bovine and human airway epithelial cells. In
fixed primary cells and intact bovine and human tissue,
RACK1 is excluded from columnar ciliated cells or
goblet cells and is localized solely in the basal cells.
These results have exciting implications for differential
regulation of PKC signaling in the subtypes of airway
epithelial cells.

We have previously shown that PKCe is an impor-
tant regulator of several important airway functions,
including cytokine release after environmental insult
from organic dust (Wyatt et al. in press) and ciliated cell
detachment from the basal cell layer (Slager et al. 2006)
after epithelial injury. In the latter phenomenon,
inhibition of PKCe by a novel PKC inhibitor, Ro 31-
8220, mimics the effects seen in viral infections or
cigarette smoke exposure (Sisson et al. 1994), produc-
ing widespread detachment of ciliated cells and cilia
loss (Slager et al. 2006). We were interested in deter-
mining how this mechanism of ciliated cell detachment
is regulated and hypothesized that RACK1 would be
localized to the cilia or apical region of ciliated cells as a

Figure 4 RACK1 is not localized to human airway goblet cells. IHC was performed on human bronchial tissue and stained with antibodies
against RACK1 (red) or the human goblet cell marker MUC5AC (green). In the individual fluorescence images (A,B) and the two-color
fluorescence image (C), RACK1 does not appear to be expressed in airway goblet cells, which express MUC5AC. Bar 5 10 mm.
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targeting protein for PKC. In some reports, activated
PKCe has been reported to use RACK1 scaffolding at
the membrane to initiate downstream signaling (Besson
et al. 2002; McCahill et al. 2002). However, our data
showed that RACK1 is not present in all airway cell
types, specifically the more differentiated columnar air-
way cells subtypes that are ciliated or produce mucus.
RACK1 is expressed in the less-differentiated basal cell
subtype within the mammalian airway. Therefore,
PKCe-mediated signaling may be regulated differently
within these cell types. Although we originally hypoth-
esized that ciliated cell detachment after environmental
insult would be induced by the PKCe/RACK1 signaling

within the damaged ciliated cell, we now revise this
hypothesis because RACK1 is not present in the ciliated
airway cell. We therefore speculate that PKCe-regulated
preferential detachment of ciliated cell detachment may
be modulated through PKCe/RACK1 interaction in the
basal cell. For instance, after an epithelial injury, acti-
vated PKCemay translocate to the basal cell membrane,
where it is anchored by RACK1 to specifically phos-
phorylate cell–cell contact substrates, causing a signaling
cascade that results in the release of damaged ciliated
cells. We recognize that there are several other
possibilities in which PKCe signaling in airway ciliated
cells could rely on other anchoring proteins such as

Figure 5 RACK1 localization in BEAS-
2B. IHC (A) and Western blot analysis
(B) were used to localize RACK1 in the
cytosol and membrane (A) and lysates
(B) of the immortalized human bron-
chial epithelial cell line BEAS-2B. DAPI
(blue) was used as a nuclear marker
in A. In B, RACK1 is present in the
membrane-containing particulate frac-
tion of BEAS-2B and the cytoplasm. b-
actin was used as a loading control for
the Western blot. Bar 5 10 mm.
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A kinase anchoring proteins, which have also been
reported to bind to PKC (Perkins et al. 2001;
Higashida et al. 2005). Further study is needed to de-
termine the mechanism of PKCe-dependent signaling
after epithelial cell injury.

The possibility that the RACK1 adaptor protein is
essential for basal airway epithelial cell signaling has
not been widely explored. RACK1 has been shown to
regulate adhesion and migration in human glioma cells
through PKCe linkage to integrins (Besson et al. 2002);
migration in keratinocytes also was enhanced by over-
expression of RACK1 (Osmanagic-Myers et al. 2006).
It would be intriguing if RACK1 also mediated wound
healing and migration in airway epithelial cells and
other crucial airway epithelial cell functions such as
cytokine release. Developmentally, RACK1 expression
may also be downregulated as the basal cell undergoes
differentiation to become a columnar ciliated cell or
goblet cell. Depletion of RACK1 by siRNA in basal
epithelial cells will determine whether RACK1 is
needed for PKCe-regulated signaling mechanisms that
regulate airway cell migration and wound repair, as
well as interleukin (IL)-8 and IL-6 cytokine release in
response to organic dust exposure.

In conclusion, we showed that the adaptor protein
RACK1 is excluded from ciliated airway epithelial cells,
and its localization in basal cells indicates that PKC
regulation in the airways is dependent on cell type. This
novel observation, although largely descriptive, pro-
vides the basis for several interesting hypotheses
regarding PKC signaling in the airways.
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